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ABSTRACT OF THE DISSERTATION

Characterization of Quantitative Loci for Morphological and Anatomical RoaitsTon
the Short Arm of Chromosome 1 of Rye in Bread Wheat

by

Sundrish Sharma

Doctor of Philosophy, Graduate Program in Plant Biology (Plant Genetics)
University of California, Riverside, August 2009
Dr. J. Giles Waines, Chairperson

Bread wheatTriticum aestivuni.) is the second most cultivated cereal crop after
rice. Many present day bread wheats carry a centric ryatvitanslocation 1RS.1BL in
place of chromosome 1B. The increased grain yield of trariglacknes is positively
associated with root biomass. To map loci controlling root charstater homoeologous
recombinants of 1RS with 1BS were used to generate an integuategtic map
comprised of 20 phenotypic and molecular markers, with an average spa@iigcM.

To identify the chromosomal region associated with rooting abibtyt, phenotypic data
were subjected to Quade analysis to compare genotypes. Talel8&i of the rye 1RS
arm may carry QTL for greater rooting ability in bread wheat.

To identify QTL for individual root traits, a phenotyping experimenasw

conducted involving recombinants from each marker interval of the 1RSg&B&tic

viii



map. An empirical Bayes method was applied to estimate addiitvesistatic effects
for all possible marker pairs simultaneously in a single modek fethod has an
advantage for QTL analysis in minimizing the error variance amekctiieg interaction
effects between loci with no main effect. Four common regions wdentified to involve
a total of 15 QTL effects, six additive and nine epistatic, fdedht root traits in 1RS
wheat. Three of four regions were localized in the distal 15% of the 1RS arm.

The effect of different dosages (0 to 4) of the 1RS transttatn root
morphology and anatomy in bread wheat was determined. TimgbFd with single dose
of 1RS and 1AS arms showed heterosis for root and shoot biomass. Roashwas
positively associated with increase in dosage of 1RS. This stsmlyprovided evidence
of the presence of gene(s) influencing root anatomical tréie. central metaxylem
vessel diameter was negatively associated with increasi8gdbBage. Wheat genotypes
with higher number of 1RS translocation arms may have inherent morptadlegd

anatomical advantage over normal bread wheat to survive under stress conditions.
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CHAPTER 1

General Introduction



Wheat

Bread wheat is the world’'s second most cultivated cereal creprade. It is a
staple food crop of the world’s human population. Its consumable produges firam
raw grains to processed foods such as bread, macaroni, pasta, noutldebgeat flour
etc. It is cultivated under a wide range of climatic conditimrgying from within the
Arctic Circle to higher elevations near the equator (Curtis 2002). The IntaralaGrains
Council (IGC) forecasts world wheat production to reach 683 m tonntbe iR008/09
season, up from 610 m tonnes in 2007/08

(http://www.igc.org.uk/en/grainsupdate/igcsd.gsp the United States (2008-2009)

wheat is grown on an area of 22.54 million hectares with an estinmxbduction of

68.03 million metric tonnes per year (Source: USDA).

Wheat is a member of the grass famiBgaceae tribe Tritiaceae and genus
Triticum. There are different species in this genus which also diffénair ploidy level
from diploid, tetraploid to hexaploid. Tetraploid durufrificum turgidumL.) and
hexaploid bread wheat are the main wheats of commerce. ldekagheat Triticum
aestivumL., 2n = 6x = 42, genome formula BBAADD), has the basic chromosome
number x = 7, which is a characteristic feature of the triftic@ae. Bread wheat has a
genome size of about 16,000 Mbp (Rota and Sorrells 2003) as compared to 5900 M

of the human genom@IicPherson et al. 2001} 400 Mbp of ric§Oryza satival., Goff



et al. 2002) and ~100 Mbp of thérabidopsisgenome. The DNA of wheat contains

almost 80% repetitive sequences (Smith and Flavell 1975).

The green revolution in the 1960s increased grain yield of bread winkaica
(Oryza.sativurp many fold. This was attributed in part to use of stem-dwarfjeges
transferred to wheat and rice cultivars. The wheat genotypeBahatug (1968) used in
his breeding program contained dominant stem dwarfing geRbé$ (ocated on
homeologous group 4 chromosomes. Dwarfing genes in those cultivars prihnadedh
responsiveness to water and fertilizer uptake and use-efficiamtypkerance to lodging

that resulted in higher grain yield.

In contemporary studies, the aneuploid stocks of bread wheat wezl®pky in
cultivar ‘Chinese Spring’ and were a powerful tool for wheat gersttidies (Sears 1954,
1966, Sears and Sears 1978), and for localization of genes on to chroma@sames
chromosomes arms (McIntosh 1988). Further, Endo (1988) developed even more
powerful novel aneuploid stocks, called deletion stocks. He reported a wgeqe&c
system for the production of deletion stocks with various sizedirtatrdeletions in
individual chromosome arms. This proved very useful for subarm locahzat genes
(Endo et al. 1991; Mukai et al. 1990; 1991; Hohmann et al. 1994; Kota et al. 1993;
Werner et al. 1992). Gill et al. (1993) described a rapid regiotifspehromosome
mapping strategy using deletion stocks and identified telomene gch regions. Later,

they studied recombination and gene distribution in chromosome 1 in wheat by



comparing physical and genetic maps. Five gene rich clusteesisentified containing

all of the 14 agronomic traits present on group 1 chromosomes (Gill et al. 1996).

Although wheat molecular genetic research has been retardeolypjoidy and
the lack of full DNA sequence information, wheat has been extdgsised for genetic
mapping using molecular markers. Expressed sequence tagshi@®&Theen a powerful
tool for designing polymorphic primers in genetic mapping expamnis. Until now, a
total of about 1 million EST have been submitted to the NCBI dagatfaS8ST (dbEST)

(http://www.ncbi.nlm.nih.gov/dbEST/dbEST summary.Dtnihere is a vast information

database in GrainGenes, for thaticeae and Avenatribes fttp://wheat.pw.usda.gdv

which is a great resource for mapping and sequence informatioou¥@enetic maps of
wheat, from genome wide to arm specific, have been developed usingas&d simple
sequence repeat (eSSR) markers (Peng and Lapitan 2005), mittesatekers (Rodor
et al 1998), deletion bin mapping (Qi et al. 2003), comparative DNA seguanalysis
(Rota and Sorrells 2004; Sorrells et al. 2003), wheat microarraat @hal. 2007), and
diversity array technology (DArT) markers (Akbari et al. 200®)mers et al. (2003)
identified single nucleotide polymorphisms (SNPs) and estimatedrélqeency and
allelic diversity of SNPs in wheat ESTs. They identified 1 Sh? 540 bp of EST

sequence in hexaploid wheat.



Rye Secale cerealé., 2n = 2x = 14, genome formula RR) is the second most
common grain after wheat used in the production of bread. It igj@ rop in Eastern
Europe, which is responsible for 80% of the total rye production (Bushuk.2a@®0)07,
rye was grown on an area of 6.9 million hectares with 15.7 million soohproduction
worldwide (FAOSTAT 2007). In the United States, rye is cultidaialy on 0.1 million
ha with total production of around 0.2 million tonnes (FAOSTAT 2007). The genome
size of rye is around 7800 Mbp (Bedbrook et al. 1980). It has about 35% mér¢hBN
the largest genome (B genome) of wheat. The smallest chromosoyee(@R) contains
about 12% more DNA than the largest chromosome of wheat (GustafsbBennett

1976).

Rye is a very adaptable crop that can be grown in cold as weknaperate
environments, on marginal lands. It has a well developed root systeomgsmred to
other cereals (Starzycki 1976; Czembor and Sowa 2001; and Nalborczykoesrad S
2001). In fact, when grown under the same kind of soil and moisture conditiohs, roo
branching is better developed in rye than in wheat or oats (W#@26J. It is resistant to
most fungal diseases. Chromosome 1 of rye carries popular ngsames genes (Zeller
1973; Schlegel and Korzun 1997). The short arm of chromosome 1 (1RS) frikus'Pe
rye carries genesr26, Sr31, Yr9 andPm8conferring race-specific resistance to leaf rust

(Puccinia reconditd. sp. tritici), stem rustRuccinia graminisf. sp. tritici), stripe rust
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(Puccinia striiformisf. sp.tritici) and powdery mildewHrysiphe graminig. sp.tritici),
respectively (Mago et al. 2002). The ‘Imperial’ rye 1RS traratloo carries the stem
rust resistance ger&R but no known leaf rust, stripe rust or powdery mildew resistance
genes (Koebner et al. 1986). The group of rust resistance g&tesSr31andYr9 from
‘Petkus’ rye andSrRfrom ‘Imperial’ rye were mapped separately, approximately 5 cM
distal to the seed-storage protein gebect} on the 1RS chromosome arm (Singh et al.
1990). In a separate study, the6 map location was confirmed to be distal to Sez-1

locus of rye on 1RS (Hsam et al. 2000).

Rye is an allogamous species and has a genome with a highzlgtesity level
(Milczarski et al. 2007) The first molecular map of all 7 rye chromosomes was developed
by Devos et al. (1993). It was further enriched with randomly iisgblpolymorphic
DNA (RAPD) (Masof et al. 2001) and amplified fragment length polymorphism (AFLP)
(Bednarek et al. 2003) loci, and used as a reference map in othes qiidrzun et al.
1998; Borner and Korzun 1998). Few, but different genetic maps of ryed lomse
restriction fragment length polymorphism (RFLP), simple sequespeats (SSRS),
AFLP, RAPD, isozyme and gene loci, have been developed so far (Philghpl©94;
Senft and Wricke 1996; Loarce et al. 1996; Korzun et al. 2001; Ma 20Gil; Hackauf
and Wehling 2003; Khlestkina et al. 2004; Milczarski et al. 2007). Even thith
information, rye still lags behind in available genomic resoursesoanpared to other
cereal crops. There is still a need to put more effort int@rgéing a high resolution

genetic map in rye.



Syntenic relationship amongTriticeae

Ahn et al. (1993) were the first to report that gene syntenyatet is conserved,
among different genera of the trifeiticeae in rice Oryza sativg, maize Zea mayp
and wheat. Kurata et al. (1994) studied the gene alignment of wheaice. The first
consensus genetic map of seven different grass species was prbgudedre et al.
(1995). Later, an extended and detailed version of the consensus genett wiegat,
rice, maize, and other grass species including rye revealedrikereation of their gene

content and gene orderfoaceagDevos and Gale 1997; Gale and Devos 1998).

All wheat homoeologous group 1 markers examined, have complete catyinear
and arm correspondence between chromosomes 1A, 1B, 1D and 1R. Thereidenoe
that any arm of 1R pairs in meiosis with any wheat chromosame outside
homoeologous group 1 (Devos et al. 1993). Sorrells et al. (2003) did a highticesol
large scale comparative DNA analysis of ESTs mapped in wihealation to rice. The
structural relationship between the genomes indicated the homolodiyosh@somes 5
and 10 of rice with the chromosome 1 homoeologous group of wheat. In othiar si
comparative mapping, DNA sequences of ESTs were aligned wihchromosomal
sequences (Hackauf et al. 2009) and they also indicated homology wioslmmme 5 and

10 with chromosome 1 of rye.



1RS Translocation in wheat

These syntenies of wheat and rye chromosomes (excepting some knmiurad
rearrangements that break the overall synteny of individual chrones3gpermit the
formation of compensating translocations of wheat and rye chromosofes.
compensating translocation is genetically equivalent to either oftwioe parental
chromosomes; that is, it carries all relevant genes, but not aebess the same order.
On the other hand, homoeology between wheat group 1S and rye 1S arntgegermi
induction of homoeologous genetic recombination, thus the development of recaimbina

of much smaller segments of rye 1RS to wheat than the entire arm.

Many of the present wheat cultivars developed by breeding faasdisesistance
carry a spontaneous centric rye-wheat translocation 1RS.1BL (or 1RSHA has been
very popular in wheat breeding programs (Lukaszewski 1990; Rajaramhn E390). This
translocation contains a short arm of rge¢ale cerealé.) chromosome 1, (1RS) and
the long arm of wheat chromosome 1BL (or 1AL). It must have ceduyy misdivision
of centromeres of the two group 1 chromosomes, and fusion of releasediad first
appeared in two cultivars from the former Soviet Union, Aurard Kavkaz. Rye
chromosome arm 1RS in the translocation contains genes foanesigb insect pest and
fungal disease (Zellar and Hsam 1984) but as it spread throughout breeding
programs it became apparent that the translocation was gi&msédse for a yield boost

in the absence of pests and disease (Merker 1982; Rajaram et alViR88al 1991;

8



Ehdaie et. al. 2003). Besides the presence of genes for resstahgeld advantage on
1RS, there is a disadvantage of 1RS in wheat due to the preseheeryd seed storage
protein secalin, controlled by ti&ec-1locus on 1RS, and the absence of the wheat loci,
Gli-B1 and Glu-B3 on the 1RS arm. Lukaszewski (2000) modified the 1RS.1BL
translocation by removing th®ec-1llocus and addingsli-B1 and Glu-B3 on the 1RS

arm.

Lukaszewski (1993; 1997) developed a set of wheat-rye translocatioivgdder
from ‘Kavkaz’ winter wheat that added 1RS to wheat arms 1AL, 1Bd,1DL in spring
bread wheat ‘Pavon 76’, a high yielding spring wheat from CIMM®iudies showed
that the chromosomal position of 1RS in the wheat genome affecteshoayc

performance as well as bread-making quality (Kumlay et al. 2003; &btal. 2003).

Using the 1RS translocation, Lukaszewski (2000) developed a total of 188 whe
rye short arm recombinant lines for group 1 chromosomes in a nganisdackground
of cv. Pavon 76 bread wheat. Out of 183 recombinant chromosomes, 110 were from 1RS-
1BS combinations, 26 from 1RS-1AS and 47 from1RS-1DS combinations. Mado et
(2002) used some of these lines to link molecular markers withasistance genes on
1RS. These recombinant breakpoint populations provide a powerful platformate loc

region specific genes.



Genetics of roots

Wheat roots have two main classes, seminal roots and nodal roais1®&3).
Seminal roots originate from the scutellar and epiblast nodesheofgerminating
embryonic hypocotyls, and nodal roots, emerge from the coleoptiler notteslzase of
the apical culm (Manske and Vlek 2002). The subsequent tillers prtthRicewn nodal
roots, two to four per node and thus contribute towards correlation of mdosheot
development (Klepper et al. 1984). The seminal roots constitute frbfflef the entire
root system and the nodal roots constitute the rest (Manske akd20@2). Genetic
variation for root characteristics was reported in wheat and othgp species
(Throughton and Whittington 1968; Zobel 1974). Genetic variability fedlggy root
number was studied among differeftiticum species at diploid, tetraploid, and
hexaploid level and it was found to be positively correlated with segght (Robertson
et al. 1979). In a hydroponic culture study in winter wheat, Miaal.e(1993) found
significant genotypic differences in root and shoot fresh weightaper of roots longer
than 40 cm, longest root lengtind total root length. Wheat genotypes with larger root
systems in hydroponic culture were higher yielding in field dooas than those with
smaller root systems (Mian et al. 1994). Also, wheat yield #talacross variable
moisture regimes was associated with greater root biomass pooduader drought

stress (Blum et al. 1983).

10



Studies in other cereal crops associated quantitative trai{Qddi) for root traits
with the QTL for grain yield under field conditions. Champoux et1&®95) provided the
first report of specific chromosomal regions in any cereallylike contain genes
affecting root morphology. They reported that QTL associated with traits such as
root thickness, root dry weight per tiller, root dry weight pgrtbelow 30 cm, and root
to shoot ratio shared common chromosomal regions with putative Qotiatesl with
field drought avoidance/tolerance in rice. Price and Tomos (1997) alsped QTL for
root growth using a different population than that used by Champoux(2995) in rice.
In a field study of maize recombinant lines, QTL for root architee and aboveground
biomass production shared the same location (Guingo et al. 1998). Tulieabg2@02)
reported the overlap of QTL for root characteristics in maiae/g in hydroponic culture
with QTL for grain yield in the field under well-watered amhdughted regimes occurred
in 8 different regions. They observed that QTL for weight of nodal samdinal roots
were most frequently and consistently overlapped with QTL fongreld in drought
and well watered field conditions. Also, at four QTL regions, irszeia weight of the
nodal and seminal roots was positively associated with grain yreldr both irrigation

regimes in the field.

There are a few reports on QTL studies for root traits in durimatbut none
has been reported in bread wheat. Kubo et al. (2004) studied root penetbditgnn
durum wheat. They used discs of paraffin and Vaseline mixturesulastitute for

compact soil. Later, a QTL analysis was done for the number of peoistrating the

11



poly vinyl disc, total number of seminal and crown roots, root pergirandex and root
dry weight (Kubo et al. 2007). The QTL for number of roots penetratiagoly vinyl
disc and root penetration index was located on chromosome 6A and foQxbot dry

weight was located on 1B.

Wang et al. (2006) demonstrated significant positive heterosigofatr traits
among wheat £ hybrids. They showed that 27% of the genes were differentially
expressed between hybrids and their parents. They suggested Higleposle of
differential gene expression in root heterosis of wheat, and posdi®r cereal crops. In
a recent molecular study of heterosis, Yao et al. (2009) spetuleteup-regulation of
TaARF, an open reading frame (ORF) encoding a putative whekt pk&ein, might

contribute to heterosis observed in wheat root and leaf growth.

Rye, wheat and barley develop 4-6 seminal roots which show a higeedefy
vascular segmentation (Aloni and Griffith 1991). Feldman (1977) traded of
metaxylem to their levels of origin in maize root apex and staveir differentiation
behind the root apex in three-dimensional model. In drier environmentsarBscand
Passioura (1989) demonstrated that genotypes, when selected faiw maot xylem
vessels as against unselected controls, yielded up to 3%-11%thaaréhe unselected
controls depending upon their genetic background. This yield incredbe iselections
with narrow root vessel was correlated with a significantlyh&igharvest index, also

higher biomass at maturity and kernel number. Huang et al. (1991) edlit&t decrease
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in diameter of metaxylem vessel and stele with increasemperature which resulted in
decreased axial water flow in wheat roots. The decrease ah \@ater flow is very
critical in conserving water during vegetative growth and makingvdilable during
reproductive phase of the plant. In a recent study on root anatomyfd® hhetaxylem
were identified on the distal end of the long arm of chromosome 10eo{Uiga et al.
2008). In another comparative study of rye DNA sequences with ricergerthe distal
end of the long arm of chromosome 10 of rice showed synteny to theltBfBosome

arm (Hackauf et al. 2009).

The 1RS.1BL (or 1RS.1AL) chromosome is now being used in many wheat
breeding programs. Rye has the most highly developed root sgsteng the temperate
cereals and it is more tolerant to abiotic stresses sucdhnoaght, heat, and cold than
bread wheat (Starzycki 1976). Introgression of rye chromatin intotwh@aenlarge the
wheat root system. Manske and Vlek (2002) reported thinner roots giner ielative
root density for 1RS.1BL translocations compared with their non-teasld bread
wheat checks in an acid soil, but not under better soil conditions.aiRepstudies with
the 1RS translocation lines of Pavon 76 have demonstrated a consisteepeducible
association between root biomass and the presence and position, gé& thRS arm
(Ehdaie et al. 2003). The increased grain yield of 1RS translaosatinder field
conditions observed and reported earlier (Rajaram et al. 1983;¢€¢lllat al. 1991;
Moreno-Sevilla et al. 1995) may be due to the consistent tendendyStd. produce

more root biomass and also to the higher transpiration rate measured (Ehdaie et.al. 2003)
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Those authors have shown a significant increase of root biomass atb hvies
with 1RS translocations, and a positive correlation between root bi@ndsgain yield.
All translocations of 1RS: with 1A, 1B, and 1D chromosomes have shaweased root
biomass and branching as compared to Pavon 76 and there was differgmaasion for
root biomass among these translocation lines with ranking 1RS.1AL S:1DR >
1RS.1BL > Pavon 76. In Colorado, the 1RS.1AL translocation with 1RS frongcAmi
(Insave rye) showed 23% vyield increase under field conditions ovevinter wheat

check, Karl 92 (Owuoche et al. 2003).

Research outline

Most plant studies concentrate on the above ground organs and neglecTheots.
evidence of increase in root biomass in 1RS translocation wheatiseaadailability of a
set of near-isogenic lines of Pavon 76 with the same 1RS chrom@somgrovided a
tool to characterize the loci for root traits in the wheattrgaslocation in bread wheat.
Until now, roots have not been studied extensively for the locaizati root traits in

bread wheat. The present study was conducted with the following three objectives:

4+ Development of a high resolution genetic map for the 1BS-1RS ayn®CR-

based mapping
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+ |dentification and physical mapping of the region on 1RS arm redperisr root
characters
+ Study the anatomy of roots of different dosages of 1RS chromosoneiar

Pavon 76 wheat background

Chapter 2 of this dissertation focuses, primarily, on creatingresensus high
resolution genetic map of the 1RS-1BS chromosome arm by using 1R&dd@binant
breakpoints. A total of 20 physical and molecular markers were mappthe 1RS-1BS
chromosome arm with an average map distance of 2.5 cM. A prelymph&notypic
analysis identified the distal 15% of the 1RS chromosome arnesdhe gene(s) for

increased rooting ability in bread wheat.

As mentioned earlier, there has not been any report on mappibgd® Tifferent
root trait in wheat. Chapter 3 of this dissertation reports theesatul mapping of QTL
for different root traits in bread wheat. This was an extendedy stticchapter 2 to
phenotype the 1RS-1BS recombinants that were used to generatie¢inated 1RS-1BS
genetic map. To map root QTL, a novel E-BAYES approach wasfosdlde statistical
analysis to calculate the additive (main) and additive x addigpistatic) effects of loci
present on 1RS in bread wheat. This study is the first report ofQ®btin wheat and
also the first report of using the E-BAYES method in the wheap.cThis work
successfully validates the approach of using recombinant breakpaointgehetic

mapping and identifying the QTL for complex agronomic traits.
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The affirmative conclusions from the previous and present researohraged the
research reported in chapter 4, where Pavon 76 genotypes, differingqgedidshe 1RS
arm, were used to study the response of different doses of roobriophenotypic
expression. The genotypes were subjected to phenotypic analysis atubthef dosage
effect on root anatomy. A single dose of 1RS and four doses of 1R@&d&agher root
biomass as compared to zero and double dosages. Histological studfso$howed
thinner roots with narrow stele diameter in quadruple doses oftH&Szero and single
dose. Results showed thinner roots but more root biomass in the presam®. This
chapter also reports the anatomical structure of xylem lgeissthe roots. It showed an
increase in the number of xylem vessels from the root tip to #e dfathe seminal root.

This is also the first report of a histological study of 1RS bread wheat roots.

16



Reference

Ahn S, Anderson JA, Sorrells ME, Tanksley SD (1993) Homoeologous Relationships of
Rice, Wheat and Maize Chromosomes. Mol Gen Genet 241:483-490

Akbari M, Wenzl P, Caig V, Carling J, Xia L, Yang S, Uszynski G, Mohler V,
Lehmensiek A, Kuchel H, Hayden MJ, Howes N, Sharp P, Vaughan P, Rathmell
B, Huttner E, Kilian A (2006) Diversity arrays technology (DArT) for high-
throughput profiling of the hexaploid wheat genome. TAG Theoretical and
Applied Genetics 113:1409-1420

Aloni R, Griffith M (1991) Functional xylem anatomy in root-shoot junctions of six
cereal species. Planta 184:123-129

Bedbrook JR, Jones MD, O'Dell M, Thompson RD, Flavell RB (1980) A molecular
description of telomeric heterochromatin in Secale species. Cell 19:545-560

Bednarek PT, Masojc P, Lewandowska R, Myskow B (2003) Saturating rye gengtic ma
with amplified fragment length polymorphism (AFLP) and random amplified
polymorphic DNA (RAPD) markers. Journal of Applied Genetics 44:21-33

Bhat PR, Lukaszewski A, Cui X, Xu J, Svensson JT, Wanamaker S, Waines JG, Close TJ
(2007) Mapping translocation breakpoints using a wheat microarray. Nucleic
Acids Research 35:2936-2943

Blum A, Mayer J, Gozlan G (1983) Associations between plant production and some
physiological components of drought resistance in wheat. Plant, Cell and

Environment 6:219-225

17



Borlaug NE (1969) Wheat breeding and its impact on world food supply. Proceedings of
the third international wheat genetics symposium:1-36 pp.

Borner A, Korzun V (1998) A consensus linkage map of rye (Secale cerealelldjngc
374 RFLPs, 24 isozymes and 15 gene loci. Theoretical and Applied Genetics
97:1279-1288

Bushuk W (2001) Rye: production, chemistry, and technology. Rye: production,
chemistry and technology, p viii + 239 pp.

Champoux MC, Wang G, Sarkarung S, Mackill DJ, O'Toole JC, Huang N, McCouch SR
(1995) Locating genes associated with root morphology and drought avoidance in
rice via linkage to molecular markers. Theoretical and Applied Genetics 90:969-
981

Curtis BC, Rajaram S, Gomez Macpherson H (2002) Bread wheat: improvement and
production. Bread wheat: improvement and production, p xi + 554 pp.

Czembor HJ, Sowa W (2001) Diseases and pests of rye. In: Bushuk W (ed) Rye:
Production, Chemistry and Technology, 2nd edn. American Association of Cereal
Chemists, Inc., St. Paul, Minnesota, USA, pp 37-52

Devos KM, Atkinson MD, Chinoy CN, Francis HA, Harcourt RL, Koebner RMD, Liu
CJ, Masojc P, Xie DX, Gale MD (1993) Chromosomal rearrangements in the rye
genome relative to that of wheat. Theoretical and Applied Genetics 85:673-680

Devos KM, Gale MD (1997) Comparative genetics in the grasses. Plant Molecular

Biology 35:3-15

18



Ehdaie B, Whitkus RW, Waines JG (2003) Root biomass, water-use efficiency, and
performance of wheat-rye translocations of chromosomes 1 and 2 in spring bread
wheat 'Pavon'. Crop Science 43:710-717

Endo TR (1988) Induction of chromosomal structural changes by a chromosome of
Aegilops cylindrica L. in common wheat. Journal of Heredity 79:366-370

Endo TR, Mukai Y, Yamamoto M, Gill BS (1991) Physical mapping of a male-fertilit
gene of common wheat. Japanese Journal of Genetics 66:291-295

Esau K (1965) Plant anatomy. Plant anatomy, p 787 pp.

Feldman LJ (1977) The generation and elaboration of primary vascular tissuespatte
roots of Zea. Botanical Gazette 138:393-401

Gale MD, Devos KM (1998) Comparative genetics in the grasses. Proceedings of t
National Academy of Sciences of the United States of America 95:1971-1974

Gill KS, Gill BS, Endo TR (1993) A chromosome region-specific mapping strategy
reveals gene-rich telomeric ends in wheat. Chromosoma 102:374-381

Gill KS, Gill BS, Endo TR, Taylor T (1996) Identification and high-density mapping of
gene-rich regions in chromosome group 1 of wheat. Genetics 144:1883-1891

Goff SA, Ricke D, Lan TH, Presting G, Wang R, Dunn M, Glazebrook J, Sessions A,
Oeller P, Varma H, Hadley D, Hutchison D, Martin C, Katagiri F, Lange BM,
Moughamer T, Xia Y, Budworth P, Zhong JP, Miguel T, Paszkowski U, Zhang S,
Colbert M, Sun WL, Chen L, Cooper B (2002) A draft sequence of the rice

genome (Oryza sativa L. ssp. japonica). Science (Washington) 296:92-100

19



Guingo E, Hebert Y, Charcosset A (1998) Genetic analysis of root traitsze.mai
Agronomie 18:225-235

Gustafson JP, Bennett MD (1976) Preferential selection for wheat-rye stidssitin 42-
chromosome triticale. Crop Science 16:688-693

Hackauf B, Rudd S, Voort JRvd, Miedaner T, Wehling P (2009) Comparative mapping
of DNA sequences in rye (Secale cereale L.) in relation to the nwerge TAG
Theoretical and Applied Genetics 118:371-384

Hackauf B, Wehling P (2003) Development of microsatellite markers in rge: m
construction. Plant Breeding and Seed Science 48:143-151

Hohmann U, Endo TR, Gill KS, Gill BS (1994) Comparison of genetic and physical
maps of group 7 chromosomes from Triticum aestivum L. Molecular and General
Genetics 245:644-653

Hsam SLK, Mohler V, Hartl L, Wenzel G, Zeller FJ (2000) Mapping of powdergeawil
and leaf rust resistance genes on the wheat-rye translocated chromosome
T1BL.1RS using molecular and biochemical markers. Plant Breeding 119:87-89

Huang BR, Taylor HM, McMichael BL (1991) Effects of temperature on the
development of metaxylem in primary wheat roots and its hydraulic consequence.
Annals of Botany 67:163-166

Khlestkina EK, Ma Hla Myint T, Pestsova EG, Roder MS, Malyshev SV, Korzun V,
Borner A (2004) Mapping of 99 new microsatellite-derived loci in rye (Secale
cereale L.) including 39 expressed sequence tags. Theoretical and Applied

Genetics 109:725-732

20



Klepper B, Belford RK, Rickman RW (1984) Root and shoot development in winter
wheat. Agronomy Journal 76:117-122

Koebner RMD, Shepherd KW (1986) Controlled introgression to wheat of genes from
rye chromosome arm 1RS by induction of allosyndesis. 1. Isolation of
recombinants. Theoretical and Applied Genetics 73:197-208

Korzun V, Malyshev S, Kartel N, Westermann T, Weber WE, Borner A (1998) A geneti
linkage map of rye (Secale cereale L.). Theoretical and Applied Genét’39
208

Korzun V, Malyshev S, Voylokov AV, Borner A (2001) A genetic map of rye (Secale
cereale L.) combining RFLP, isozyme, protein, microsatellite and gene loc
Theoretical and Applied Genetics 102:709-717

Kota RS, Gill KS, Gill BS, Endo TR (1993) A cytogenetically based physical map of
chromosome 1B in common wheat. Genome 36:548-554

Kubo K, Elouafi I, Watanabe N, Nachit MM, Inagaki MN, lwama K, Jitsuyama Y (2007)
Quantitative trait loci for soil-penetrating ability of roots in durum whelantP
Breeding 126:375-378

Kubo K, Jitsuyama Y, lwama K, Hasegawa T, Watanabe N (2004) Genotypieddéer
in root penetration ability by durum wheat (Triticum turgidum L. var. durum)
evaluated by a pot with paraffin-Vaseline discs. Plant and Soil 262:169-177

Kumlay AM, Baenziger PS, Gill KS, Shelton DR, Graybosch RA, LukaszeMdki
Wesenberg DM (2003) Understanding the effect of rye chromatin in bread wheat

Crop Science 43:1643-1651

21



Kurata N, Moore G, Nagamura Y, Foote T, Yano M, Minobe Y, Gale M (1994)
Conservation of genome structure between rice and wheat. Bio/Technology
12:276-278

Loarce Y, Hueros G, Ferrer E (1996) A molecular linkage map of rye. Theoretical and
Applied Genetics 93:1112-1118

Lukaszewski AJ (1990) Frequency of 1RS.1AL and 1RS.1BL translocations in United
States wheats. Crop Science 30:1151-1153

Lukaszewski AJ (1993) Reconstruction in wheat of complete chromosomes 1B and 1R
from the 1RS.1BL translocation of 'Kavkaz' origin. Genome 36:821-824

Lukaszewski AJ (1997) Further manipulation by centric misdivision of the 1RS.1BL
translocation in wheat. Euphytica 94:257-261

Lukaszewski AJ (2000) Manipulation of the 1RS.1BL translocation in wheat by induced
homoeologous recombination. Crop Science 40:216-225

Ma XF, Wanous MK, Houchins K, Rodriguez Milla MA, Goicoechea PG, Wang Z, Xie
M, Gustafson JP (2001) Molecular linkage mapping in rye (Secale cereale L.).
Theoretical and Applied Genetics 102:517-523

Mago R, Spielmeyer W, Lawrence J, Lagudah S, Ellis G, Pryor A (2002) idantih
and mapping of molecular markers linked to rust resistance genes located on
chromosome 1RS of rye using wheat-rye translocation lines. Theor Appl Genet
104:1317-1324

Manske GGB, Vlek PLG (2002) Root architecture - wheat as a model plant. Plant roots:

the hidden half. Marcel Dekker Inc., New York USA, pp 249-259

22



Masojc P, Myskow B, Milczarski P (2001) Extending a RFLP-based genetic map of ry
using random amplified polymorphic DNA (RAPD) and isozyme markers.
Theoretical and Applied Genetics 102:1273-1279

Mcintosh RA (1988) Catalogue of gene symbols for wheat. Proceedings of thénsevent
international wheat genetics symposium, held at Cambridge, UK, 13-19 July
1988:1225-1323

McPherson JD, Marra M, Hillier L, Waterston RH, Chinwalla A, Wallis kh®a M,

Wylie K, Mardis ER, Wilson RK, Fulton R, Kucaba TA, Wagner-McPherson C,
Barbazuk WB, Gregory SG, Humphray SJ, French L, Evans RS, Bethel G,
Whittaker A, Holden JL, McCann OT, Dunham A, Soderlund C, Scott CE,
Bentley DR, Schuler G, Chen HC, Jang WH, Green ED, Idol JR, Maduro VVB,
Montgomery KT, Lee E, Miller A, Emerling S, Kucherlapati R, Gibbs R, Schere
S, Gorrell JH, Sodergren E, Clerc-Blankenburg K, Tabor P, Naylor S, Garcia D,
de Jong PJ, Catanese JJ, Nowak N, Osoegawa K, Qin SZ, Rowen L, Madan A,
Dors M, Hood L, Trask B, Friedman C, Massa H, Cheung VG, Kirsch IR, Reid T,
Yonescu R, Weissenbach J, Bruls T, Heilig R, Branscomb E, Olsen A, Doggett N,
Cheng JF, Hawkins T, Myers RM, Shang J, Ramirez L, Schmutz J, Velasquez O,
Dixon K, Stone NE, Cox DR, Haussler D, Kent WJ, Furey T, Rogic S, Kennedy
S, Jones S, Rosenthal A, Wen GP, Schilhabel M, Gloeckner G, Nyakatura G,
Siebert R, Schlegelberger B, Korenburg J, Chen XN, Fujiyama A, Hattori M,
Toyoda A, Yada T, Park HS, Sakaki Y, Shimizu N, Asakawa S, Kawasaki K,

Sasaki T, Shintani A, Shimizu A, Shibuya K, Kudoh J, Minoshima S, Ramser J,

23



Seranski P, Hoff C, Poustka A, Reinhardt R, Lehrach H (2001) A physical map of
the human genome. Nature 409:934-941

Merker A (1982) "Veery" -- a CIMMYT spring wheat with the 1B/1R chromosom
translocation. Cereal Research Communications 10:105-106

Mian MAR, Nafziger ED, Kolb FL, Teyker RH (1993) Root growth of wheat genotypes
in hydroponic culture and in the greenhouse under different soil moisture regimes.
Crop Science 33:283-286

Mian MAR, Nafziger ED, Kolb FL, Teyker RH (1994) Root size and distribution of
field-grown wheat genotypes. Crop Science 34:810-812

Milczarski P, Banek-Tabor A, Lebiecka K, Stojaowski S, Myskow B, Masojc P (2007)
New genetic map of rye composed of PCR-based molecular markers and its
alignment with the reference map of the DS2 * RXL10 intercross. Journal of
Applied Genetics 48:11-24

Moore G, Devos KM, Wang Z, Gale MD (1995) Grasses, line up and form a circle.
Current Biology 5:737-739

Moreno-Sevilla B, Baenziger PS, Shelton DR, Graybosch RA, Peterson CJ (1995)
Agronomic performance and end-use quality of 1B vs. 1BL/1RS genotypes
derived from winter wheat 'Rawhide’. Crop Science 35:1607-1612

Mukai Y, Endo TR, Gill BS (1990) Physical mapping of the 5S rRNA multigene family
in common wheat. Journal of Heredity 81:290-295

Mukai Y, Endo TR, Gill BS (1991) Physical mapping of the 18S.26S rRNA multigene

family in common wheat: identification of a new locus. Chromosoma 100:71-78

24



Nalborczyk E, Sowa W (2001) Physiology of rye. In: Bushuk W (ed) Rye: Production,
Chemistry and Technology, 2nd edn. Americam Association of Cereal Chemists,
Inc., St. Paul, Minnesota, USA, pp 53-68

Owuoche JO, Sears RG, Brown-Guedira GL, Gill BS, Fritz AK (2003) Hetexff&cts
of wheat-rye chromosomal translocations on agronomic traits of hybrid wheat
(Triticum aestivum L.) under an adequate moisture regime. Euphytica 132:67-77

Peng JH, Lapitan NLV (2005) Characterization of EST-derived microsatetlitbhe
wheat genome and development of eSSR markers. Functional & Integrative
Genomics 5:80-96

Philipp U, Wehling P, Wricke G (1994) A linkage map of rye. Theoretical and Applied
Genetics 88:243-248

Price AH, Tomos AD, Virk DS (1997) Genetic dissection of root growth in ricezg@ry
sativa L.). I: A hydroponic screen. Theoretical and Applied Genetics 95:132-142

Qi L, Echalier B, Friebe B, Gill B (2003) Molecular characterization s¢teof wheat
deletion stocks for use in chromosome bin mapping of ESTs. Functional &
Integrative Genomics 3:39-55

Rajaram S, Mann CE, Ortiz-Ferrara G, Mujeeb-Kazi A (1983) Adaptation,istanitl
high yield potential of certain 1B/1R CIMMYT wheats. In: Sakamoto S (ed) Sixth
International Wheat Genetic Symposium. Plant Germ-Plasm Institutéo Kyo
Japan, pp 613-621

Rajaram S, Villareal RL, Mujeeb-Kazi A (1990) The global impact of 1B3fifig

wheat. Agronomy Abstracts. ASA, Madison, WI, USA, p 105

25



Richards RA, Passioura JB (1989) A breeding program to reduce the diameter of the
major xylem vessel in the seminal roots of wheat and its effect on grainryiel
rain-fed environments. Australian Journal of Agricultural Research 40:943-950

Robertson BM, Waines JG, Gill BS (1979) Genetic variability for seedling roabensm
in wild and domesticated wheats. Crop Science 19:843-847

Roder MS, Korzun V, Wendehake K, Plaschke J, Tixier MH, Leroy P, Ganal MW (1998)
A microsatellite map of wheat. Genetics 149:2007-2023

Rota MI, Sorrells ME (2004) Comparative DNA sequence analysis of mapped wheat
ESTs reveals the complexity of genome relationships between rice and wheat
Functional & Integrative Genomics 4:34-46

Schlegel R, Korzun V (1997) About the origin of 1RS.1BL wheat-rye chromosome
translocations from Germany. Plant Breeding 116:537-540

Sears ER (1954) The aneuploids of common wheat. Research Bulletin Missouri
Agricultural Experiment Station, p 58 pp.

Sears ER (1966) Nullisomictetrasomic combinations in hexaploid wheat. Chromosome
manipulations and plant genetics, pp 29-45 pp.

Sears ER, Sears LMS (1978) The telocentric chromosomes of common wheat.
Proceedings of the fifth international wheat genetics symposium Volume 1
Session IV Cytogenetics:389-407

Senft P, Wricke G (1996) An extended genetic map of rye (Secale cere&aht)

Breeding 115:508-510

26



Singh NK, Shepherd KW, Mcintosh RA (1990) Linkage mapping of genes for resistance
to leaf, stem and stripe rusts and omega-secalins on the short arm of rye
chromosome 1R. Theoretical and Applied Genetics 80:609-616

Smith DB, Flavell RB (1975) Characterisation of the wheat genome by ratiatur
kinetics. Chromosoma 50:223-242

Somers DJ, Kirkpatrick R, Moniwa M, Walsh A (2003) Mining single-nucleotide
polymorphisms from hexaploid wheat ESTs. Genome 46:431-437

Sorrells ME, Rota MI, Bermudez-Kandianis CE, Greene RA, Kantety R, Munkvold JD,
Miftahudin, Mahmoud A, Ma XF, Gustafson PJ, Qi LL, Echalier B, Gill BS,
Matthews DE, Lazo GR, Chao S, Anderson OD, Edwards H, Linkiewicz AM,
Dubcovsky J, Akhunov ED, Dvorak J, Zhang DH, Nguyen HT, Peng JH, Lapitan
NLV (2003) Comparative DNA sequence analysis of wheat and rice genomes.
Genome Research 13:1818-1827

Starzycki S (1976) Diseases, pests and physiology of rye. Rye: production, ghemistr
and technology, pp 27-61

Troughton A, Whittington WI (1968) The significance of genetic variation in root
systems. Root growth Proceedings of the fifteenth Easter School in Agatultur
Science, University of Nottingham, 1968, pp 296-314 pp.

Tuberosa R, Sanguineti MC, Landi P, Giuliani MM, Salvi S, Conti S (2002)
Identification of QTLs for root characteristics in maize grown in hydraysoand
analysis of their overlap with QTLs for grain yield in the field at twoewa

regimes. Plant Mol Biol 48:697-712

27



Uga Y, Okuno K, Yano M (2008) Qtls underlying natural variation in stele and xylem
structures of rice root. Breeding Science 58:7-14

Villareal RL, Rajaram S, Mujeeb-Kazi A, Toro ED (1991) The effect of chromes
1B/1R translocation on the yield potential of certain spring wheats (Triticum
aestivum L.). Plant Breeding 106:77-81

Wang Z, Ni Z, Wu H, Nie X, Sun Q (2006) Heterosis in root development and
differential gene expression between hybrids and their parental inbreds in wheat
(Triticum aestivum L.). TAG Theoretical and Applied Genetics 113:1283-1294

Weaver EJ (1926) Root habbits of rye. McGraw-Hill Book Company Inc., New York

Werner JE, Endo TR, Gill BS (1992) Toward a cytogenetically based physical g of
wheat genome. Proceedings of the National Academy of Sciences of the Unite
States of America 89:11307-11311

Yao Y, Ni Z, Du J, Han Z, Chen Y, Zhang Q, Sun Q (2009) Ectopic overexpression of
wheat adenosine diphosphate-ribosylation factor, TaARF, increases gramith rat
Arabidopsis. Journal of Integrative Plant Biology 51:35-44

Zeller FJ, Hsam SLK (1984) Broadening the genetic variability ofvaiéd wheat by
utilizing rye chromatin. In: Sakomoto S (ed) 6th Int Wheat Genetics Symposium,
Plant Germplasm Inst., Koyoto Univ., Koyoto, Japan, p p. 161-173.

Zobel RW (1975) The genetics of root development. In: Torrey JG, Clarkson DT (eds)
3rd Cabot Symposium -The Development and Function of Root. Academic Press,

New York, Harvard University, pp 261-275

28



CHAPTER 2

Integrated genetic map and genetic analysis of agen associated with

root traits on the short arm of rye chromosome 1 irbread wheat
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ABSTRACT

A rye-wheat centric chromosome translocation 1RS.1BL has baektywised in wheat
breeding programs around the world. Increased vyield of translodimgenwas probably
a consequence of increased root biomass. In an effort to map loci loogtrolot
characteristics, homoeologous recombinants of 1RS with 1BS were agetdrate a
consensus genetic map comprised of 20 phenotypic and molecular markkranwi
average spacing of 2.5 cM. Physically, all recombination events lveated in the distal
40% of the arms. A sample of 68 recombinants was used and recombinatikpdants
were aligned and ordered over map intervals with all the nsiikézgrated together in a
genetic map. This approach enabled dissection of genetic componeqiamntitative
traits, such as root traits, present on 1S. To validate our hygmmtipdenotyping of 45-
day old wheat roots was performed in five lines including thremomeinants
representative of the entire short arm along with bread wheattpdRavon 76’ and
Pavon 1RS.1BL. Individual root characteristics were ranked and the gen@tyk sums
were subjected to Quade analysis to compare the overall reduility of the genotypes.
It appears that the terminal 15% of the rye 1RS arm cargead(g) for greater rooting

ability in wheat.
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Introduction

Many present day bread wheat cultivars carry a centdemyeat translocation
1RS.1BL in place of chromosome 1B (Braun et al. 1998). Originallytrireslocation
was thought to have been fixed because the 1RS arm dbegalé cerealé., 2n = 2x =
14, genome formula RR) carries genes for resistance to vagati@mnd stem fungal
diseases and insects (Zellar and Hsam 1984). However, thiotedim increased grain
yield even in the absence of pathogens (Villareal et al. 1991, 199Bas been shown
recently that this yield increase may be a direct consequéracsubstantially increased

root biomass (Ehdaie et al. 2003).

Studies by Ehdaie et al. 2003 showed a significant increase obimyogass in
wheat lines with 1RS translocations and a positive correlationeketwoot biomass and
grain yield. In sand cultures, all three 1RS translocations on 1AL, &Bd 1DL in
‘Pavon 76’ genetic background showed clear position effects with motdiomass and
root branching over Pavon 76 (a high yielding spring wheat from CINIMYhe root
biomass among these translocation lines ranked as follows: PavohAlRS Pavon
1RS.1DL > Pavon 1RS.1BL > Pavon 76. On the other hand, in Colorado, thgd’Ami
1RS.1AL translocation from a different rye source (‘Insave’wimeat cv. ‘Karl 927,
showed 23% vyield increase under field conditions over its winter vdneak, Karl 92
(Owouche et al. 2003). In 1RS.1BL translocation wheats grown irsaitg] roots were

thinner and there was a higher root length density, and this lé@hanced the root
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surface area (Manske and Vlek 2002). The yield advantage of 1R$otation lines
may be partly attributed to the increase in root biomass thatises uptake of water and
nutrients from the soil (Ehdaie et al. 2003; Snape et al. 2007 and Emdhi/aines

2008).

To elucidate the mechanisms responsible for increase in root biomd$sS
wheats, it is necessary to genetically map and identifyrésgonsible for enhanced root
traits. The objective of this study was to develop a consensus geragiiof the 1RS-
1BS chromosome arms using a population of induced homoeologous recombinants, and
subsequently use the genetic map to tag the 1RS chromosomal regionibésgons

increased root traits.

Molecular linkage maps of cereals are being improved rapidladayng new
types of markers, merging different species-specific mapscamgarative mapping of
markers between related genomes. Efficient use of resultmggdeaps requires detailed
insights into the relationship between genetic and physical destgKc¢inzel et al. 2000).
Various types of markers have been mapped on the 1S arm of whdat @ al. 1998;
Peng et al. 2004) and rye (Mago et al. 2002). PCR-based mar&srsdeveloped for
1RS.1AL and 1RS.1BL wheat-rye translocations in wheat (Weng et al.. 200Wgver,
these translocations have not been used extensively to generate e®@msapsf wheat
and rye chromosomes which would be a useful tool to study differenha@ygic

characters influenced by the presence of rye chromatin. Recombinapping has an
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advantage over deletion-bin mapping in generating higher resolution rirajpeletion
mapping, the number of available breakpoints, hence the number of biits, the
resolution, and after the set developed by Endo (Endo and Gill 1996) theredssvao
further efforts to generate new breakpoints. In genetic mappasglution is limited
primarily by the number of available markers, and these ineretsadily. Another
advantage of recombination mapping is the ability to study the genesyeon
chromosomes, where, because of diploidy, it is difficult, if not irsilbs, to practice
deletion bin mapping. In this study, using a set of recombinants, werajed a
consensus map of 1RS-1BS that integrates physical and molecutarsrend attempted

to narrow the regions containing major QTL for root characteristics.

Materials and Methods

Plant material

Experimental material was provided by Dr. A.J. Lukaszewski, Usitye of
California, Riverside. It consisted of a set of rye-wheat réxoamt lines in a near-
isogenic background of bread wheat cv. Pavon 76. Pavon 76 is a spdngheat from
the breeding program at Centro Internacional de Mejoramiento de Warrigo
(CIMMYT), Mexico. The set includes centric translocation 1RS.1iBPavon 76, where

the 1RS arm is from cv. Kavkaz and 1BL arm is from Pavon 76 (Luka&z&993) and
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a set of 68 recombinants of the 1RS arm with 1BS in Pavon 76 (Luk&sZ2009).

1RS-1BS recombination was induced by the absence é&thhéocus. All recombinants
are single breakpoints; therefore, the short arm of each recamhbthaomosome
contains one segment of 1RS (either terminal or proximal tocéiéromere) and a
complementary segment of 1BS. Each recombinant has a normalohBlaim. Since
they were produced by crossing over, they can be used to genegatgetec map.
However, since recombination in wheat is predominantly in the distabpaf each arm
(Gill et al. 1996), physically, these recombination breakpointsrconky the terminal

40% of the arm’s length.

Genetic mapping

The primary source of PCR-based markers were DNA sequences of
cDNAs that had been used to define 763 expressed sequence tags (EST)
allocated by low-resolution deletion mapping to wheat 1S chromosomes (Peng et

al. 2004, http://wheat.pw.usda.gov/cgibin/westsqgl/map_locus.cgi). Based on

posted Southern blot images, 91 EST loci allocated to 1BS were selected for
primer design. The unigenes corresponding to these ESTs were identified from
HarvEST: Wheat assembly WK (www.harvest-web.org) and used for primer
design. Primer pairs were designed using PRIMER 3 software

http://frodo.wi.mit.edu/ (Rozen and Skaletsky 2000). It was expected that a

majority of thus produced markers would be polymorphic in the wheat-rye
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context. Additionally, 16 1BS specific SSR/eSSR primer pairs were chosen from
earlier studies (Roder et al. 1998: Peng et al. 2005). Nine eSSR primer sequences
were provided by Dr. N. Lapitan of Colorado State University, Bmflins, CO, and
information on seven SSR primers was from Roédor et al. 1998sdreening was

done using five genotypes: Pavon 76, Pavon 1RS.1BL, Pavon Dt.1BL, T-1, and 1B+5.

DNA Extraction

DNA was extracted from young leaf tissue of rye-wheabmdmnants and their
parental lines using Plant DNAzol (Promega, Madison, WI) anttiduipurified using a
DNeasy plant kit (Qiagen, USA). Quality and quantity of the pdifDNA were

assessed on a 0.8% agarose gel by electrophoresis and using a UV spectetphotom

PCR, gel electrophoresis and scoring for EST-basadarkers

PCR was performed in a DNA Engine Dyad® PELTIER Thermal €y8lstem
(MJ Research, USA). The 20 ul reaction mixtures consisted of 50tegipfate DNA, 2
pl of 10X PCR Buffer with 15 mM of MgGl(Qiagen, USA), 1 unit of HotStarTaqg DNA
Polymerase (Qiagen, USA), 0.2 mM dNTPs (Sigma Chemical Cd.p8is, MO), and 2
pmole each of forward and reverse primer synthesized by OperorciBiotegies, Inc.
After 10 min of denaturation at 95°C, amplifications were perfdrifioe 35 consecutive

cycles each consisting of 45 sec at 95°C, 30 sec at 60°C, 45 sec at 72°C, followed by an 8
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min extension step at 72°C. About 5 pl of PCR products were run on a@é@t%se gel.
Gels were stained with ethidium bromide and gel images captured as gel
documentation system. Gel images were scored manually foengeeor absence of

bands/ polymorphism.

PCR, gel electrophoresis and scoring for SSR-basetarkers

A tailed primer approach (Oetting et al 1995) was used for simple segepec
(SSR) analysis. To facilitate labeling, unlabeled M13  tail5’
CACGACGTTGTAAAACGAC 3) was added to the 5 end of forward RBESSR
primers (see Table 1) while reverse SSR primers did ncaicoattail. An IRDye-labeled
M13 forward primer (third primer) was included in the PCR whielmagated labeled
PCR product in the subsequent cycles of PCR for easy detectiBawBEperformed in
a DNA Engine Dyad® PELTIER Thermal Cycler System (REsearch, USA). The 10
Ml reaction mixtures consisted of 10 ng of template DNA, 1X TherniopbBDNA
polymerase buffer (50 mM KCI, 10 mM Tris-HCI (ph 9.0 at 25°C), and Orite4T X-
100, Promega, Madison, WI ), 2.0 mM MggCl0.5 unit of Tag DNA polymerase
(Promega, Madison, WI), 0. 2 mM dNTPs (Sigma Chemical Co., St. Lih@3, 0.25
pmoles forward and reverse primers synthesized by OperorecBiutlogies, Inc., and
0.25 pmoles of M13F primer labeled at the 5’ end with an infraredRIp&00 (LI-COR,

Lincoln, NE). After 4 min of denaturation at 94°C, amplifications evperformed with
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35 cycles each consisting of 1 min at 94°C, 1 min at the specifi@lampéemperature

(see Table 1), 90 sec at 72°C, then followed by a 15 min extension step at 72°C.

The PCR products were separated on 18cm denaturing 7% Long Rahtfer (B
Rockland, ME) polyacrylamide gels using a LI-COR #R200LR Global DNA sequencer
dual dye system (Lincoln, NE). Formamide loading dye was addad appropriate ratio
to get sharp bands (Caruso et al. 2008). PCR products were derat@dC for 3 min
and transferred to ice before loading on the gel. Approximatelyd.2% diluted and
denatured PCR product was loaded in each lane of the gel. ABleadts in each gel
were loaded with 50-350 bp sizing standard (LI-COR, Lincoln, NExd¢ditate scoring.

Gels were scored manually for presence (1) or absence (0) of whest. allel

Phenotyping of shoot and root traits

A phenotyping experiment to study root characters was set up ghaisghouse in
sand-tube cultures (Champoux et al. 1995) in PVC tubes, 80 cm long amd 0 ¢
diameter during 2006, 2007 and 2008. The study involved five lines: Pavon 76 and Pavon
1RS.1BL as the parents, and recombinants T-14, 1B+38, and 1B+2 (Ehdaie iaed Wa
2006). The three recombinant lines were chosen from the set of 6&dliseldivide the

recombining portion of the arms into three segments of roughly equal lengths.
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Seed of these five lines were surface sterilized with 5%nential bleach for 5
min, washed for 10 min in distilled water, soaked in water for 2&mgdsthen germinated
on wet filter paper in Petri dishes. Five day old seedlings tWarsplanted to 80 cm
PVC tubes containing 1 m polythene tubing, closed at one end, with 8.5sHkigansand
#30. Two small holes were made at the bottom of polythene tubéote dlainage of
excess water. The PVC tubes were supported in metal frantesarsanged in a
randomized complete block design with four replicates. Plants axeested 45 days
after germination when the differences for root characters dmukfficiently measured
among different recombinant lines. Data for different shoot chasastere recorded and
the tubes containing roots were stored °@ 4ntil processing. Roots were washed and
recovered without damage using a floatation technique (B6hm 1979). The shoot
characters measured were longest leaf length (LLL),j)m&x width of the longest leaf
(LLW), leaf area (LA), plant height (PH), number of tilleM¢T(), and dry shoot biomass
(SB). The root characters measured were number of roots giteate80 cm (NR >30),
longest root length (LRL), total length of roots greater than 3(TdRL), shallow root
weight (SRW - root weight above 30 cm), deep root weight (DRW t-weaght below

30 cm), dry root biomass (RB), and root biomass to shoot biomass ratio (R/S).

Statistical analysis

The shoot and root data were subjected to the analysis ohe@iANOVA) for

each year (Steel et al. 1997). The combined ANOVA across yesmerformed for
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each measured and calculated trait. The overall rooting abiliach genotype was
calculated by ranking each genotype for individual root traits ih egalication in each
of the three years. Genotypes with the highest values weredrén&rd those with the
lowest values were ranked 1. Subsequently, all the ranks of roactdrar for each
genotype were summed providing a measure of the rooting abibiigx for each
genotype at different replications (blocks). The genotypic rank sumeraged across the
years were subjected to the non-parametric Quade analystopked for randomized
complete block designs (Conover 1980; Quade 1979) to differentiate gendtypes

overall rooting ability.

Results

PCR-based 1BS specific markers

To map a locus specific marker, we targeted the 3' UTR of ESTs for
primer design due to its polymorphic nature. Primers were designed from the
corresponding unigenes from the HarvEST assembly. Ninety one EST loci were
selected from the 763 EST loci assigned to wheat 1S by Peng et al. (2004).
These 91 primer pairs were screened against five genotypes: Pavon 76, Pavon
1RS.1BL, Pavon Dt.1BL, T-1, and 1B+5. In the initial screening, eigmegripairs

showed polymorphism for the presence/absence of a DNA band. Thespréner pairs
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were used for screening the population of 68 primary recombirnaeg. lFour of the
primer pairs (see Table 1) showed reproducible polymorphism. The amgizes
ranged from 500 bp to 1.1kb. Two were the expected fragment sizekeanthér two
primer pairs Xucr_4andXucr_6 produced longer amplicons than the expected size due
to amplification of introns (Table 1). The primer pair %ucr_4 amplified two PCR
products, of 700bp and 575 bp, but only the 575 bp band was polymorphic (Fayére 1

b).

SSR-based 1BS Specific markers

To add more markers, we selected 16 1BS specific primer sexpuéo the
lists of Roder et al. 1998 and Peng et al. 2005, Pre-screenihgsaf primers against the
same five lines produced polymorphism for eight markers, but onlyofainese showed
a convincing polymorphism for the entire population. Amplified PCR prisduere

comparable to the expected size range of 150-200 bp (Table 1).
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Table 2.1Primer sequences and PCR conditions for amplification of bread wheat 1BS spackers

Annealing Expected Observed

Locus Marker Primer sequences (5’ to 3’) Genebgnk HarvEST: Source  SSR Motif t%?mp Fragment  Fragment
name accession Unigene # (&©)] size (bp) size (bp)
Xucr_3 F: TGCCTCTCTTGCACTTAGCA

B8 R TGGGCTGCTAAAAGGATCAC BE498153 27072 EST - 60 486 500
Xucr_4 F: CAAGGAGGTTGGTTTCCTGA

F6 R: CGAATACAAGCCGTTOATCA BE497177 12930 EST - 60 440 575
Xucr_5 F: CTTGCGTCTACGTCGAGGAT

c7 R: GGTCATTTGATCGGCTTCAT BE490021 22324 EST - 60 499 500

E5 Xuer 6  F: TEGAAGGAGAATACGCTGGT BF483035 9666 EST - 60 442 1100

R: GCCCATAAGATTTTGCAACG

Xucr_8 F: CACGACGTTGTAAAACGAC
Xcwemé6e CCTGCTCTGCCATTACTTGG BF483588 10053 SSR (AG)12 55 165 165
R: TGCACCTCCATCTCCTTCTT

Xuer_1 F:CACGACGTTGTAAAACGAC
Xgwm18-1B TGGCGCCATGATTGCATTATCTTC - - SSR (CA)17GA(TA)4 50 188/182 180
R: GGTTGCTGAAGAACCTTATTTAGG

Xucr_7 F: CACGACGTTGTAAAACGAC
Xgwm264-1B GAGAAACATGCCGAACAACA - - SSR (CA)9A(CA)24 60 157/165 160
R: GCATGCATGAGAATAGGAACTG

Xucer_2 F: CACGACGTTGTAAAACGAC
Xgwm273-1B ATTGGACGGACAGATGCTTT - - SSR (GA)18 55 171/165 165
R: AGCAGTGAGGAAGGGGATC
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Figure 2.1: Polymerase chain reaction amplicon from 1BS-specific dominsarker
Xucr_4(575 bp) among different wheat lines on 1.2% agarose gel elctrogh@e&i b),
The numbers at the top of panels correspond to lines carrying differegths of 1RS
chromatin in wheat backgrounds. 1B+ lines are 1BS arm with diR&lchromatin and
T-lines are 1RS arm with distal wheat chromatin

42



Genetic map based on the 1RS-1BS recombinant breasants

A calculative approach was used to generate a genetic map bRS-1BS arms.
The 1RS-1BS map from the previous study (Lukaszewski, 2000), basedetue tw
markers and 103 recombinants, was enriched by eight additional molearkers and
recalculated using 68 lines. The population of recombinants was dividedtwo
configuration groups, 1B+ lines with distal 1RS, and T- line¢h wdistal 1BS,
comprising 34 lines each. Both groups were scored seperatehefprasence/absence of
each of the 20 markers, with the presence of a marker denotedcase of 1 and the
absence as 0. Each line was then ranked according to its tomalfecatl markers and
each group was further divided into 11 subgroups on the basis of its rahkung the
entire mapping population was divided into 22 subgroups (Figure 2). Ifaghi®n, the
20 markers subdivided the genetic maps of the arms into 15 intéifigise 2). Since
each of the 68 primary recombinants used in mapping was predelgtteanteed
recombining cell having single crossingover event, the totaltigeeagth of the map is
50cM, and each breakpoint is then equal 50/68 cM while the distance beanmgéwo
given markers is calculated by the formula:

Genetic distance = (50/total no. of lines) x no. of breakpoints per interval

and no mapping functions needed to be applied.
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Figure 2.2: Diagrammatic representation of genetic positions of recombinaak/boints
of 1RS-1BS in Pavon 76 bread wheat. White bars are representingMd&and black
bars represent rye 1RS. On the left side of the figure isgheflmarkers present starting
from the centromere at the bottom (represented by circle; whitbeat and black = rye
centromeres) to the top towards telomeres. Each black and whitepbesents the 1RS-
1BS arm showing the position of the markers with respect to t@oamt breakpoints
and these bars represent only the 40% distal end of the chromosome
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Phenotyping of shoot and root traits

Phenotyping of recombinants was necessary to test the gappliahbility of the
consensus 1RS-1BS map in locating a 1RS region showing better rdmtityg darious
shoot and root traits were studied using two parents and three recotslmogering the
whole 1RS-1BS map. There were significant differences amoags y@r all shoot
characters measured, except for the maximum width of the lohggst(Table 2).
Significant differences were found among the genotypes for sho@otbies, except for
maximum width of the longest leaf and leaf area. Genotypgear interaction was
significant only for the number of tillers per plant (Table 2)isTinteraction was due to
changes in the magnitude of the genotypic means across diffe@st (non-crossover
interaction) rather than changes in ranking of the means. Thershkme{ characters in
Table 2 are represented by means averaged across years. P&vbBL1Ras taller, had
longer leaf length and a greater root to shoot ratio than Pavon 76.Famon 1RS.1BL
and Pavon 76 had similar shoot biomass (Table 2), greater root to shoasbi@to in
the former genotype indicated greater root biomass in 1RS.1BL theimF6 (Table 3).
Leaf area in 1B+2 was the highest (30.1%cfollowed by Pavon 1RS.1BL (29.7 ém
Despite significant differences observed among the genotypeshdot characters, the
differences were relatively small, except for the shoot bgsnia 1B+2 in the third year
(not shown) which was due to greater number of tillers per plantlantdheight (Table
2). Otherwise, the rest of the genotypes did not show large diffesefor combined as

well as for individual years for most of the shoot traits.
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There were significant differences among years forat characters measured
(Table 3). Significant differences were found among the genotypeslifdhe root
characters measured, except for longest root length. The genoygae interaction was
significant only for the number of roots greater than 30 cm. Therefoeans for root
characters were averaged across three years (Table 3). Thermnofmoots greater than
30 cm and root biomass in Pavon 1RS.1BL were greater than those in #awtich
confirmed the results reported earlier (Ehdaie et al. 2003; Elad@ieWaines 2006).
Number of roots greater than 30 cm in Pavon 1RS.1BL, 1B+2 and 1B+3&ivelar,
but greater than those in Pavon 76 and T-14 (Table 3). A simelad tvas observed for
the total length of roots greater than 30 cm. Shallow root weighthighest in Pavon
1RS.1BL (267 mg plai followed by 1B+2 (255 mg plan}, and 1B+38 (227 mg plant
1. The lowest shallow root weight belonged to T-14 (193 mg Plabteep root weight
in Pavon 1RS.1BL, 1B+2, and 1B+38 were similar, but greater than thd3avon 76
and T-14. Greater dry root biomass observed in Pavon 1RS.1BL compdPasidn 76
was due to a combination of greater shallow and deep root weidig former than the

later genotype (Table 3).

Quade analysis was used to compare the rooting ability index) (B¥Athe
examined genotypes based on the mean rank sums of root characté€psia@ibestatistic
(Sj) ranged from -11.0 for T-14 to 11.5 for Pavon 1RS.1BL (Table 3).iftees among

Sj were statistically significant at P< 0.10 (Quade 1979). Pav&1BR had the highest
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RAI (26.3) followed by 1B+2 (22.0) and 1B+38 (20.2). Pavon 76 (11.3) and T-14 (10.2)

had the lowest RAI (Table 3).

Table 2.2: Summary of combined ANOVA andiean values of plant height (PH),
number of tillers (NT), longest leaf length (LLL), maximumditi of the longest leaf
(LLW), leaf area (LA), shoot biomass (SB), and root to shoot biomsss (R/S) for
bread wheat Pavon 76, Pavon 1RS.1BL, and three recombinant lines 1BS-1RSngrow
sand tubes for 45 days (mid-tillering stage) averaged across three yea

Genotype PH NT LLL LLW LA SB R/S
cm no. cm cm ch mg
Pavon 76 458cC 42b 322 c 1.01a 27.3 b  725bc 0.41bc
1RS.1BL 48.0 b 41b 35.6 a 1.00 a 29.7ab 798 b 045 a
T-14 47.7 bc 41b 346ab 094 a 274 b 634 c 0.39bc
1B+2 49.4 a 5.1a 33.6bc 1.05 a 30l a 862 a 040 c
1B+38 46.3 bc 41b 33.7bc 0.96 a 271 b 730bc 0.42ab
Year wok wok Hok NS ok wok ok
Genotype * *x * NS NS *x *x
Genotypex year NS ** NS NS NS NS NS
CVit 6 14 7 9 14 18 11

T Means followed by the same small letter within a colummatesignificantly different

at P < 0.05 and according to LSD test.
CV1 = Coefficient of variation.
* = Significant (p = 0.05)
** = Significant (p = 0.01)
NS = Not Significant (P)
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Table 2.3: Summary of combined ANOVA angiean number of roots greater than 30 cm (NR>30), longest root length (LRL),
total root length of roots greater than 30 cm (TRL), shallow roogiwgSRW), deep root weight (DRW), dry root biomass
(RB), Quade statistic (Sj), and rooting ability index (RAI bvead wheat Pavon 76, Pavon 1RS.1BL, and three recombinant
lines 1BS-1RS grown in sand tubes for 45 days (mid-tillering stage) adesagess three years.

Genotype NR>30 LRL TRL SRW DRW RB Overall
L — CM------- mg------------ S RAIY
Pavon 76 53thb 91 a 350 b 220 bc 69 b 289 cd -7.0 11.3B
Pavon 1RS.1BL 6.5 a 91 a 422 a 267 a 89 a 355 a 115 26.3 A
T-14 53 Db 88 a 347 b 193 ¢ 65 b 258 d -11.0 10.2 B
1B+2 6.2 a 89 a 389 a 255 ab 94 a 350 ab 3.5 22.0A
1B+38 6.1 a 94 a 390 a 227 b 83 a 311 bc 3.0 20.2 A
Year * Hok ok Hok - wok
Genotype wok NS ok wok ok wok
Genotypex year ** NS NS NS NS NS
CVit 15 10 14 19 24 16

Tt Means followed by the same small letter and capitar$etvehin a column are not significantly different at P < 0.08 at
P <0.10 according to LSD test and Quade test, respectively.

CVi = Coefficient of variation.

% The critical value for a differend8; - S| to be significant = 9.06

* = Significant (p = 0.05), ** = Significant (p = 0.01)

NS = Not Significant (P > 0.05)

¥ Mean rank sums for root characters



Discussion

Genetic mapping in wide hybrids has been performed for many plant
species, particularly in diploids including barley (Graner et al. 1991), chickpea
(Winter et al. 2000), lentils (Eujayl et al. 1998), onion (van Heusdeal.€2000),
Nicotiana species (Lin et al. 2001), and tomato (Bernatzky and Tanksley 1986;
Helentjaris et al. 1986). In the early days of genetic magppiitth molecular markers,
wide hybrids were the approach of choice, for it guaranteed mudterhigvels of
polymorphism than in intra-specific hybrids. Despite notable instanceon-Mendelian
segregation and skewed distribution of recombination, wide hybrids pbdissful
genetic maps with higher marker saturation at considerably dest and effort (van
Heusden et al. 2000). Use of wide hybrids in allopolyploids is more cmatgd than in
diploids as allopolyploids tend to have some kind of chromosome pairinglcsydtem
in place that limits crossing over to homologues. Hence, homoeolpginrsg may be
low or even non-existent. In this study, 68 recombinants produced byngyassr were
used. These recombinants were selected at random from a populatid}8 afuch
recombinants developed by Lukaszewski (2000). The entire recombinanttpopulas
selected from a population of ca. 17,000 progeny withPihg system disabled. If the
assumption is made that crossing over inRh&+ andPhl-wheats is the same, and they
appear to be, except for the absence of multiple crossovers péridaszewski, 2000)
then the sample analyzed here would be equivalent to a population of 136obackcr

progeny, a sensible number giving the maximum resolution level (spacing of breakpoi
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of 0.7 cM. Physical distribution of 68 recombinant breakpoints used iprésent study

is shown in Figure 3.
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Figure 2.3: Physical distribution of recombinant breakpoints of short chromosome ar
of 1R-1B along Centromere (0) — telomere (t) axis
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With a total of 20 physical and molecular markers, we constrabtedombined
genetic map of 1RS-1BS recombinant breakpoints in Pavon 76 backgroungenéie
map produced here has an average density of 2.5 cM. The maps showmen Eigad 4
represent only the physical 40% of the distal ends of the 1S ams recombination
took place in the proximal 60% of the arm. Any loci in this regiaul show complete

linkage with the centromere.

The advantage of using these recombinant breakpoints in developing & geneti
map is in their physical differences from one another. Here, we useddthods to map.
Firstly, we used the recombinant breakpoints to develop a genaticofrthe arm, and
secondly, we used the map to classify the breakpoints. Each inbergahetic distance
between two markers is represented by one or more recombimeakipbints that most
often include both reciprocal configurations of the chromosomes. This cphysi
separation of the breakpoints further refines the genetic map toMD.[ével. This
reciprocal nature of chromosomes with breakpoints in any givervahtenll permit
allocation of identified genetic loci to very narrow physicalmsegts of rye chromatin.
This may be a useful tool in dissecting the genetic componeraspafticular gene of

interest or an important agronomic trait present on 1RS.
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distances (in cM) between markers. Genetic map is repregetti¥n of the distal end of
1RS and 1BS chromosomes

53



Somers et al (2003) detected an average of one single nucleotide
polymorphism (SNP) per 540 bp ESTs in wheat and demonstrated the reliability
of designing PCR primers for locus-specific amplicon production. In this study,
we targeted a single chromosome arm, 1BS, and expected that most of the 91
EST loci allocated to this arm could be converted to 1BS locus-specific amplicon
markers. Given that the recombination was intergeneric, we expected that most
of these markers would be polymorphic between wheat and rye, and so would
produce a highly saturated map. However, only four PCR-based markers showed
reliable polymorphism, though we can not rule out sequence-based
polymorphisms that we could not detect. The sequences of the 91 EST loci on
wheat 1S arms were used to search rice orthologs using TIGR rice version 4.0
gene models, and 54 of these sequences had rice blastx hits of e-20 or better,
comprising 52 rice gene models. Of the 52 models, 27 were clustered on
chromosome 5 of rice, which is known to be syntenic to chromosomes 1S of
Triticeae (Sorrells et al. 2003; Peng et al. 2004; Gale and Devos 1998). In the
present study, two gene models with genebank accessions viz; BE497177 and
BF483588 were found to be represented as markers, Xucr_4 and Xucr_ 8,
respectively (see Table 1). The rice annotation of Xucr_8 is described as a
drought induced 19 protein (Dil9) which can be helpful in studying drought.
However, a high frequency of insertions and deletions in rice and maize make
these genomes more fluid at the DNA sequence level than indicated by Southern

analyses (Sorrells et al. 2003).
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Testing a total of 16 SSR and eSSR markers yielded four polymapiptfied
products which were comparable to the previous studies (Rodor et al. P&88;et al.
2005). Rodor et al. (1998) found different band sizes for cultivar and signifietat,
though the differences were comparable. Only 1 out of 9 eSSR nmarkdd be mapped
on 1BS-1RS. This low success rate may be due to low polymorphisredretvheat and
rye 1S arms. Whether this indicates high conservation of gegigmgeacross species we
cannot tell at this point. Peng et al. (2005) showed amplification ofvigat eSSR
markers in rye as well as barley. They detected polymorphismebe wheat and barley
but did not mention polymorphism between wheat and rye. A comparison ciirtteat
1RS-1BS map with the SSR (Rédor et al. 1998) and eSSR maps (Reng085) of the
1B chromosome shows a good agreement in marker order, location, amve i@baitions
in its distal part, regardless of the projection mode used. Aaiagiproach was used to
generate a genetic mapmilbinduced 2R-2B intergeneric recombinants, with a similar

success (Lukaszewski et al. 2004), validating the wide-hybrid approach tagappi

The integration of physical and molecular markers in the prdde8t1BS map
also provided the alignment of recombinant breakpoints over each maplintEnis
information offers great potential to study agronomic traitcedtéby the introduction of
alien 1RS chromatin into wheat. Our working hypothesis was if4alitl® shows some
specific trait then this trait should be absent in its complinngritaline, and vice-versa.

To check the applicability of this concept, we looked at differentaloatacters in wheat.
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Studies during the past few years showed an increased root biamaseat
with the alien 1RS chromosome arm over standard spring wheat Pavon itGiathch
positive correlation of increased root biomass with grain yiekd @t90) (Ehdaie et al.
2003). Recent studies in ric® (sativalL.) and maize{ea mayd..) have also correlated
the QTLs for root traits with QTLs for yield under field conditiqf¥adav et al. 1997,
Price et al. 1997, 2000; Tuberosa et al. 2002). A major limitationutty sbots is the
difficulty in making observations as the process is very laboaadsime consuming. In
the present study, we tested only three recombinant chromosome®brestkpoints
selected to divide the recombining portion of the arm into thrgeneets of roughly
similar lengths. The experiments were conducted in thres gdine same months of the
year, in replicated trials, to determine the magnitude of thetgpex year interaction
and the repeatability of results from the sand-tube techniqueifi&gt variation was
observed from year to year (Table 3), with considerably highansni the third year.
This might have been due to relatively lower temperatures ithtrek year providing
better conditions for vegetative growth. The significant genotypgear interaction
observed for number of roots greater than 30cm (Table 3) was dué/tone genotype,
T-14, producing more roots only in year 2. Otherwise, other genotyyoeged similar
trends for this character across the three years. The ladcgndiceint genotypex year
interaction for most of the root characters examined (Takled8ated high repeatability
for these root traits. Quade analysis used on rank sums segamtie genotypes in

two groups viz., Pavon 1RS.1BL, 1B+2 and 1B+38 containing distal rye chinowiti
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higher rooting ability and Pavon 76 and T-14 lacking the distasegenent with lower
rooting ability (Table2).

Overall, the five genotypes examined showed relatively svaaihtion for shoot
characters but they differed in root characteristics includwoeg) biomass. Based on the
results, we propose the presence of quantitative trait locus dJdti) for root traits in
the distal 15% of the physical length of 1RS arm. In cereals, most ofnieerigh regions
for agronomic traits are concentrated in the distal ends of tleenosomes (Gill et al.
1996). Kim et al. (2004) conducted field studies for the agronomic peafare of 1R
from different sources of origin. They found 1RS increase the greid significantly,
and interestingly, all the lines with 1RS did not show significhfierences for shoot
biomass. They did not look at the root traits which could have also bekn. lisea
similar study, Waines et al. (2004) compared 1RS from differamtces to study root
biomass in hexaploid as well as tetraploid wheats. The translobateaploid wheats
with 1RS\migo @and 1RRawkaz Showed 9% and 31% increase in root biomass than Pavon
76, respectively. Similar results were reported for the durimmatv*Aconchi” (without
1RS) versus Aconchi with the 1RS arm. These studies point towards the defiretecpres
of gene(s) for greater rooting ability on 1RS, and also thereiftal expression of
alleles from different sources of 1RS in root traits. In @mestudy on rice root anatomy,
Uga et al. (2008) identified a QTL for metaxylem anatomy on th&ldend of the long
arm of chromosome 10. In another comparative study of rye DNA sezpi@nth rice
genome, the distal end of the long arm of chromosome 10 of riceymésnic to 1RS

(Hackauf et al. 2009). Both these studies provide evidence to supporteniegalg
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applicability of our mapping method to locate the probable region on 1RE&jing
gene(s)/QTL for root traits.

Our present finding on root studies prepares a platform to find g&p&lsfor
root traits on 1RS. Future work will focus on use of a larger nuaix@combinant lines
to narrow down the QTL region of 1RS responsible for increasedreotst and find the
molecular markers linked to these QTL. Ultimately, this wouladléo our goal of

physical mapping and then positional cloning of the root QTL.
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Chapter 3
Dissection of QTL effects into additive and epistat

components for root traits on the short arm of ryechromosome
1 in bread wheat
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ABSTRACT

A high resolution chromosome arm-specific mapping population was usefirgt ever
attempt to locate/detect gene(s)/QTL for different roatstran the short arm of rye
chromosome 1 (1RS) in bread wheat. This population consisted of induced
homoeologous recombinants of 1RS with 1BS, each originating from feredif
crossover event and therefore distinct from all other recombinartke iproportions of
rye and wheat chromatin present. It provides a simple and poweptdamh to detect
even small QTL effects using fewer progeny. A promising ecalilBayes method was
applied to estimate additive and epistatic effects for allsiptess marker pairs
simultaneously in a single model. This method has an advantage foraalysis in
minimizing the error variance and detecting interaction efteet&een loci with no main
effect. A total of 15 QTL effects, six additive and 9 epistatiere detected for different
root traits in 1RS wheat. Epistatic interactions were funplagtitioned into inter-genomic
(wheat and rye alleles) and intra-genomic (rye-rye or wivbatt alleles) interactions
affecting various root traits. Four common regions were identifiedlving all the QTL
for root traits. Two out of four regions carried QTL for almdkttee root traits and also
were responsible for all the epistatic interactions. Evidencater-genomic interactions
is provided. Comparison of mean values of recombinants from theseefpans further

supported the QTL detection.
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Introduction

The root, the hidden half of a plant, is important for numerous fundtichaling
water and nutrient uptake that make it difficult to over look the rawifgrtance to plant
productivity (MacMillan et al 2006). It is an irony that this ordeas inspired fewer plant
scientists to work on it than the number who work on above-ground plant pdres.
limited research effort in improvement of roots may be becaug@eofifficulty in

observing, measuring and manipulating them (Shen et al. 2001).

Rye Secale cerealé., 2n = 2x = 14, genome formula RR) is well known for its
abiotic stress tolerance (Hackauf et al. 2009) and resistagaiast diseases and pests
(Zeller and Hsam 1984). Very likely, those resistances fatgtit the selection and
establishment of a spontaneous centric rye-wheat translocatiodlBIR® place of
chromosome 1B of bread whedirificum aestivuniL., 2n = 6x = 42, genome formula
BBAADD) (Mettin et al. 1973). The translocation spread throughout thedweven
when these resistance genes were not important, and eventuallyt inéaéundreds of
released cultivars (Braun et al. 1998). It was realized thatrémslocation increased
grain yield even in the absence of pathogens (Villareal et al)),188d eventually, the
yield gain was attributed to a substantially increased root ls®r{tehdaie et al. 20083;
Ehdaie and Waines 2008). A larger root system increases uptalaesfamd nutrients

from the soil (Ehdaie et al. 2003).
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Cereal roots have two main classes, seminal roots and nodal Esats (L965).
Seminal roots originate from the germinating embryonic hyposioghd nodal roots
emerge from the coleoptile nodes at the base of the apical®ldnske and Viek 2002).
Weaver (1926) compared the root systems of rye and bread wheatpaned rye had
longer seminal roots. The genetic control of root charact=igipoorly understood as
the growth pattern changes greatly depending on the environmentawst always it is
obscured from direct observation. Root traits are believed to be comnpiiezontrolled
by many genes, each with a small genetic effect. Geneticdntrolling such traits are
called quantitative trait loci (QTL). With the advent of molecutarkers, it has become
possible to estimate the genome location and size of QTL, inclubose for root
characters. Research has recently been undertaken to map romt KCEL(Champoux et
al. 1995; Price and Tomos 1997; Zheng et al. 2000), maize (Lebretain E995),
common bean (Ochoa et al. 2006), &rdbidopsis(Gerald et al. 2006). In wheat, many
QTL have been identified for above ground traits of agronomic impzatéBpielmeyer
et al. 2007; Maccaferri et al. 2008; Zhang et al. 2008) but no informationot genes or
QTL has been reported. Disregarding root pathogens, the most nebeat gene

catalogue contains not a single reference to roots (McIntosh et al. 2008).

Most quantitative traits are determined by many interactogy Wwith small
genetic effects that are modified by environmental facteascOner and Mackay 1996).
Interaction of these alleles at different loci is called tagis (Fisher 1918; Holland

2001). Epistasis is now considered an important source of genetitoramath some
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components, especially Additive x Additive receiving more attent@oo(inight 2000;
Jannink 2003) due to their heritable nature (Ehdaie and Cress 1973rEffieethods
have been developed to map QTL with additive (main) effects (LaaagrBotstein
1989; Xu 2003; Zhang et al. 2005) but mapping QTL with epistatic sffedtill at the
juvenile stage. There were efforts to detect epistasis usaygsian models (Yi et al.
2003; 2006) but they were unable to guarantee detection of all sucls.eTieetBayesian
approach uses a given prior distribution (a prior estimate of an unotbgeavemeter)
and Markov chain Monte Carlo (MCMC) sampling to infer posteriorribistion
conditional on the data (observable) (Wu et al 2007). Recently, Xu (2@9&)oped an
empirical Bayes method (E-BAYES) that requires no MCMC @damgs, yet still
estimates the variance parameters for the priors of the ssigme coefficients.
Simultaneous estimation of additive (main) effects of all indivisgoarkers along with
epistatic effects from all combination of marker pairs mauke dpproach for estimation

of significant epistatic effects where many may go undetected.

Recent studies have shown the efficiency of chromosome speciping
populations over traditional crosses in detecting a given effett f@wer progenies
(Singer et al. 2004). The power of such a population, in a stdtisecae, has been
demonstrated in animal studies such as mice (Nadeau et al. 200G; &iage2004). In
plants, stepped aligned recombinant inbred strains (STAIRS) wgenerated in
Arabidopsis using chromosome substitution strains (Koumproglou et al. 2002), but there

is no detailed report until now on using such a mapping populatiomrfalysis of
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complex traits. It is another irony that chromosome substitutioes | have been
incorporated in wheat breeding programs since the 1950s (Sears 1858t &h 1983)

but it is only now that they are being appreciated for generaticiyomosome specific
mapping population to study quantitative traits. This paper preseinss ever attempt to
characterize QTL effects for wheat root traits, using th&8ANES method in

combination with a chromosome specific mapping population. Here, wet répor
detection of additive and epistatic effects and also furtheratisseof gene interaction

effects into inter-genomic and intra-genomic epistatic effects.

Materials and Methods

Mapping population

The root study was done on a total of 29 recombinant lines, each having a
different recombination breakpoint. These 29 lines were selectedaffmopulation of 68
1RS-1BS recombinants, as used to generate 1RS-1BS integrate(Shaama et al.
2009). This map consisted of a total of 20 markers in 15 intervals spanning 35-40% of the
physical length of the chromosome arm, with average spaciog.d.5¢cM. Assuming
the total map length of 50 cM (each chromosome is a single breakpoint translpche
68 1RS-1BS recombination breakpoints bring the average resolution of dipistan

0.7cM.
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Phenotyping

Plants were grown in PVC tubes, 80 cm long and 10 cm in diameteegularly
watered. After 45 days plants were harvested, roots were wdaghdke floatation
technique (Bohm 1979) and various characters were measured. The expenmoked
32 lines including Pavon 76, Pavon 1RS.1BL and Pavon Dt. 1BL as checks, grown in a
glasshouse for four seasons in a randomized complete block designfomith
replications. The shoot characters measured were; the longederigth, maximum
width of the longest leaf, leaf area, plant height, number ofdilber plant, dry shoot
biomass, and the root characters were; number of roots greate83Glamn, longest root
length, total length of roots greater than 30 cm, shallow root wéigimith < 30 cm),
deep root weight (depth > 30 cm), total root weight (TRW), and rootdssrnto shoot

biomass ratio.

The genotype of each marker was coded as +1 for the wheataalke-1 for the
rye allele. The overall mean phenotypic value of each linesadhe environments was
taken as the input phenotype for that line representing the genotypic vda¢ lofe. All

QTL detected would represent those showing consistent effects acrosmemvits.
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Statistical analysis

The empirical Bayes method was used in the data analysis (Xu. 20@7)inear

model to describe the vector of phenotypic values for a trait is:

y=1u+> Zy + (2 %2 )y, +e 0

B
where,y is annx1vector,p is the population mear, is genotype indicator variable for
a given locud, v, is the additive effect for locus vy,. is epistatic effect between loki
andl’, ande is the residual error. The notatidf) x Z,. represents the direct product of
vectorsZ, and Z,.. Excludingy, the total number of QTL effects fon = 15 markers is
p=m(m+1)/2=120. including m=15 main effects andm(m-1)/2= 10t pair-wise

epistatic effects. We now ugéo index thgth genetic effect (including additive and pair-

wise epistatic effects) fgr=1, . . . p. We can rewrite model (1) as
p
y=lu+) X B +¢ (I
j=1

Comparing model (I1) to model (I), we can see thgt=7, andf}; =y, if thejth
effect is a main effect, anX; =Z xZ. and B, =y,. if the jth effect is an epistatic

effect. Therefore, model (2) is a general model for both the amalrthe epistatic effects.
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As far as the method of estimating genetic effects is ¢nade distinction between a

main effect and an epistatic effect is unnecessary (Xu and Jia 2007).

QTL effects were estimated by the two step approach of Xu (200&t,
variance components were estimated by a typical random modehosdamponent
analysis using maximume-likelihood method (Hartley and Rao 1967) aodnde
estimation of QTL effect by best linear unbiased predictionUB)given the estimated

variance components (Robinson 1991; Xu and Jia 2007). This analysis providéd BLU

estimates of QTL effectB, and that value was squared to calculate the genetic variance

explained by the QTL. Therefore, the total genetic variancehefpopulation was

p p
calculated ag;, = > p%x1 for jth additive (main) effect and,, = > B%xc’(mx m)
i=1 j=1

for jth epistatic effect, where*(m x m) is the variance of interaction between markers

at| and!' loci. The total phenotypic variance for the population for each tas

calculated ag, =Z(W?)2/( n-1), whereY, is the mean value of thigh genotype

i=1
across environment, is the average of all the mean values of all the genotypes for
trait, andn is the number of genotypes. The proportion of the phenotypic variangs that

explained by thgth QTL was calculated abl =V, /V, for additive (main) effect and

H =V, /V, for epistatic effect. To declare an estimated effectsagnificant”, each

estimated effect was converted intot-fest statistid; =B, II%J_, and then further
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converted in a LOD score usirgdD,; :tj2 /4.61. All effects with the LOD scores larger

than a critical value were declared as significant. Thecalitialue was calculated by a
permutation analysis (Churchill and Doerge 1994). The) (%-100th percentile of the
distribution of the LOD scores of the reshuffled sample was a gppbximation of the

true critical value, where is a controlled experimental type | error (Xu and Jia 2007).

Results

We used the eBayes option of PROC QTL (Hu and Xu 2009) to analyze the
phenotypic data for different traits (see materials and methdts).eBayes option of
PROC QTL implements the empirical Bayes method of Xu (2007). Tmepater

program can be downloaded frdrtip://www.stratgen.ucr.edrhe critical t-values were

calculated for all additive (main) and epistatic effects and staagent values for all the
phenotypic traits fell in the 3.8 — 4.0 range at an experimentall tgper ofa = 0.007,
but we chose a maximum critical value of 4.0 to avoid any fatection of QTL (Table
1). To check the effect of the presence of 1RS in wheat, the mé&davoin 76’ (spring
wheat from CIMMYT, Mexico) was compared with all the recombinargs with 1RS
segments including Pavon 1RS.1BL across the environments (TabletBerFmeans of
different recombinants were compared relative to the position & 4&ments in

recombinants to validate the mapping of root QTL located in the present study.
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Table 3.1 Significant genetic effects of different QTL linked withffdrent root traits,
namely, number of roots greater than 30 cm (NR>30), longest root ldrigth), (total
root length of roots greater than 30 cm (TRL), shallow root wei§RW), deep root
weight (DRW), and total root weight (TRW)

Proportion of Types of
Root Trait| Marker | [ Marker Il |Genetic effe( LOD Score
Phenotypic variancg Effect
NR > 30cn 9 - 0.64 0.34 4.86* Additive
2 13 0.79 0.26 4.69* Epistatjc
13 - 0.83 0.57 3.90* Additive
10 - 0.75 0.47 3.60* Additive
LRL 12 14 2.29 0.18 5.68* Epistatic
5 - 2.74 0.52 3.36 | Additive
TRL 13 - 56.01 0.56 4.92* Additive
2 13 52.82 0.24 4.19* Epistatjc
10 - 47.28 0.40 3.91* Additive
SRW 4 5 71.47 0.15 5.57* Epistatic
13 14 55.55 0.18 3.53* Epistatic
DRW 13 14 32.81 0.31 7.61* Epistatic
4 5 26.79 0.11 4.67* Epistatjc
TRW 4 5 96.72 0.14 5.42* Epistatic
13 14 89.77 0.23 4.88* Epista1ic

* = significant LOD scores (p = 0.007)
8§ = close to LOD threshold value

76



Ll

Table 3.2 Mean phenotypic values of root and shoot traits for both the parents Pavon 76 and Pavon 1RSLRS- 1836

recombinant lines

N NR LRL TRL SRW DRW TRW NT PH LL LW LA SB RI/S
Pavon 76 16 9.0 897 5597 3747 1489 5236 65 521 357.061 311 16236 0.36
Pavon 1RS.1BL 16 11.2 90.0 691.7 4055 152.0 5574 58 543 35805 31.0 16047 0.39
Recombinant lines 464 102 83.0 611.9 4112 1580 569.2 6.8 532 347.05 30.2 16419 0.39
> T —lines 224 98 812 5794 3977 1486 5463 6.5 526 344.03 294 1559.9 0.39
& 1B + lines 240 107 847 6422 4238 1668 5906 7.1 539 349.07 309 17185 0.38
% (1B +lines) I, 1I, IV QTL 128 10.8 845 6537 4193 1622 5815 7.1 534 34806 305 1703.6 0.39
% (1B +lines) I, 1, llland IV QTL 64 10.7 85.1 6327 4634 1888 6522 7.5 538 36.1.06 31.1 1803.1 0.39
Range of recombinants 7.5- 71.9- 411.2- 2834- 77.0- 360.2- 5.1- 484- 30.8- 0.96- 26.6- 1207.8- 0.34-
12.0 91.9 7332 5863 2327 819.0 84 584 397 117 354 21198 044

N = number of plants per mean across genotypesir<siasons x four replications

NR = number of roots greater than 30 cm, LRL = kstgoot length, TRL = total root length of rooteater than 30 cm, SRW = shallow root weight, DR\eep root
weight, TRW = total root weight, NT = number ofdils, PH = plant height, LL = longest leaf lendthY = maximum width of the longest leaf, LA = leaka, SB =

shoot biomass, and R/S = root to shoot biomass rati
Recombinant lines = all 29 recombinants used

T - lines = 14 recombinants with distal wheat segime
1B + lines = 15 recombinants with distal rye segmen

(1B + lines) Il, 1ll, and IV QTL = 8 recombinantstiv distal most 1RS region containing QTL regionH,land IlI
(1B + lines) I, 11, 11, and IV QTL = 4 recombinasitvith distal most 1RS region containing QTL regiph, IIl, and IV



Root traits

All root characters measured showed significant QTL effecth®rshort arm of
chromosome 1 of rye; a total of 15 QTL effects were found. Sikede were additive
and nine showed epistatic interactions. Of the nine epistati@ati@ns, five were inter-
genomic interactions between wheat and rye alleles and theveestintra-genomic
interactions (Table 1). The highest single additive effect exgulab57% of the phenotypic
variation for the number of roots > 30cm long; the same effecaievgal 56% of the total
phenotypic variation for the total root length. This QTL is tighthkéid to markePm8 a
powdery mildew resistance locus. The highest intra-genomic episféct explained
31% of the phenotypic variance for deep root weight with a LOD scoresaf(Table 1,
Figure 1d). It was detected between two adjacent regions markeékde map by loci
Pm8(13)& Gli-1,Glu-3(14) (Figure 2). The highest inter-genomic epistatic effect was
detected for the number of roots > 30 cm. This inter-genomic int@mactvolved
Pm8(13)& Xucr_2(2) (Figure 2), and explained 26% of the phenotypic variation with

LOD score of 4.69 (Table 1, Figure 1a).

Shoot traits

With the exception of shoot biomass, no significant QTL was detdoteany

shoot trait measured and no significant QTL effect was detdotethe root to shoot
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biomass ratio. Two significant intra-genomic epistatic e$fegere detected for shoot
biomass. The first on&ucr_4(5)& Sr31(10)loci explained 42% (LOD = 7.34) and the
second oneXucr_8(12) & Gli-1,Glu-3(14) explained 16% (LOD = 6.80) of the

phenotypic variation (Data not shown).

Mean comparisons

The means for all phenotypic traits of Pavon 76, Pavon 1RS.1BL, and h# of t
genotypes with 1RS segments are presented in Table 2. Pavon 1RS.HBLcaittiains
the entire 1RS arm showed higher means for root traits comparBdvon 76.The
recombinants had, in general, higher means for root traits than Pavdalié 2). The
recombinants were divided into two groups on the basis of the locatione ofye
segment: distal (1B + lines) or proximal (T — lines). In bothugs, the overall means for
root traits were higher than that of Pavon 76, but means of 1B +Wieeshigher than

those of T — lines (Table 2).
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Figure 3.1 Three dimensional graphic representation of QTL effectsifodifferent
root traits of the 1RS-1BS recombinant bread wheat population. (a) nwhheots
greater than 30 cm (NR>30), (b) longest root length (LRL), (@) tobt length of roots
greater than 30 cm (TRL), (d) shallow root weight (SRW), (epdeot weight (DRW),
and (f) dry root biomass (TRW). The main (additive) effectsoaréhe diagonals and the
epistatic effects are on the left triangle of the 3D plothe(@raphical scales for LOD
scores in individual graphs are different, as generated by theasef program).
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Figure 3.2: (a—c) Diagrammatic representations of QTL for root traitghe consensus
genetic map of 1RS-1BS recombinant lines. (a) Values on thsidieftof the 1RS-1BS
map are genetic distances and right side of the map showeedifimarkers. Values in
the parentheses are the number of markers used in this stuefier@nce starting at 1
from the proximal side of the 1RS-1BS map to 15 at the distallendlll, and IV are
the main regions comprising most of the QTL effects for roatsiréb) location of
different QTL effects on 1RS-1BS map, yellow rectanglestaeadditive effects, green
rectangles are intra-genomic epistatic effects (betwgemye or wheat-wheat loci), and
(c) location of inter-genomic epistatic interaction (betweem and wheat loci) - red
rectangles connected by curved dashed line. Boxes with borders dstherent root
traits, R- rye alleles are responsible for QTL effect, andwh\eat alleles are responsible
for QTL effect.
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Discussion

Preliminary studies (Ehdaie and Waines 2006; Sharma et al. 2009tautlibe
distal region of 1RS covering ca. 15% of its genetic map, in thetigebackground of
bread wheat Pavon 76, had a significant effect on root traits. $outetraits are
guantitative in nature and controlled by polygenic inheritance (Ehtlaie 2001), it was

expected to find several QTL associated with the root traits studied.

Advantage of E-Bayesian Statistics

There were many statistical approaches to identify amehatst QTL effects such
as linear regression model, interval mapping, maximum likelihootdadetind Bayesian
statistics. Also, there were a number of software, such aPNAKER/QTL and
Cartographer to map QTL for different phenotypic traits in glgiftrice and Tomos
1997; Spielmeyer et al. 2007) as well as in animals (Carlbaal 2005; Yi et al. 2006).
The E-BAYES method used in this study was chosen for its advantags other
commonly available software and methods. E-BAYES outperformed all Bthgesian
methods, stochastic search variable selection (SSVS), penakiekioolod (PENAL), and
least absolute shrinkage selection operator (LASSO), in termsniinizing the error
variance. It made shrinkage very selective by providing optisi@inates of variance
components, with unshrinking of large effects while small effetsshrunk to zero (Xu

2007). There were reports of an empirical Bayes method developed lygoblps

84



(George and Foster 2000; Yuan and Lin 2005) but they did not shrink eachsigres
coefficient by its own prior and also they were not as ¢éasynderstand as E-BAYES
developed by Xu (2007). In this study, E-Bayesian approach was apmli¢effirst

time in wheat to dissect QTL for root traits.

Chromosome arm specific mapping population

The mapping population was novel and different from conventional breeding
populations. It is analogous to near-isogenic lines (NILs) wheeelines differ for a
genomic segment in an otherwise homogeneous background, the distivecgas cross
genome differences. In a recent study (Keurentjes et al. 200Bnpadson between
mapping power of the RIL (recombinant inbred line) and NIL populationsaledehat
population size of RIL is more important than that of replication bemmwhere due to
Beavis effect (Xu 2003), the explained variances are overeéstiman smaller
populations. On the other hand, mapping power of a NIL population relies anore
replication number than population size (Keurentjes et al. 2007). Thex lowalization
resolution of NILs can be increased by generating chromosomegmn repecific
mapping populations. The population in this study was a set of singlmehome arm
recombinant lines. In such sets, the two parents differ by aesohigbmosome arm, the
remaining chromosome arm pairs being as identical as chatktrosses can achieve.
This population has statistical advantage in detecting QTL walhtively small

phenotypic effects in fewer progeny than by analyzing a laegeegating population
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(Nadaeu et al. 2000). It is due to the absence of phenotypic n@egrefjating unlinked
QTL in wusual mapping populations with heterogeneous background. Thus, an
undetectable effect in a large segregating population can be twmahvera detectible
effect even in fewer progeny in a chromosome specific populatiada@u et al. 2000;
Singer 2004). Nadaeu et al. (2000) proved this concept, explaining a saEn28lenice
specific for a single chromosome, was sufficient for the stdmtgction of a specific trait
locus which they could detect with weak evidence in an intercrazgepy of 300
individuals. The present study was a step further in using a chromcsomgpecific
population. Here, the parent lines differed by the presence/absérnbe 1RS.1BL
wheat-rye translocation. A set of 1RS-1BS recombinant chromosonsegenerated
(Lukaszewski 2000), each one originating from a different crosseeet @nd therefore
differing from all other recombinants in the proportions of rye andatviceromatin
present. This near-isogenic line approach in essence elisthatguestion of population
size as a factor in QTL detection. If a QTL is present orstheied arm, it will manifest
itself in any properly conducted experiment. The number of lir@sfibinants used only
affects mapping resolution, that is, the size of the segmemthich a trait can be
assigned. Thus, 29 lines used in this study, each originating freimgke crossover,
produce an average resolution of ca. 1.7 cM, a feat not frequentgvadhin mapping

populations.
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Dissection of QTL effects for root traits

We examined a total of 13 phenotypic traits including seven shotst &rad Ssix
root traits. A total of 15 QTL effects for root traits werdedted using the E-BAYES
method. Further partitioning of the root QTL showed six additiveceffand nine
epistatic effects. Two different types of epistatic e@ewere recognized that we termed
intra-genomic and inter-geomic epistatic effects. Intra-geaapistatic effect resulted
from interaction between the alleles of two different loci diexi rye or wheat. Inter-
genomic epistatic effect involved interaction between differelefeal of two loci of
different genomes, such as one from wheat and one from rye. Pumplakey(2009)
reported allelic interactions between different genomes of breadtwh a synthetic
hexaploid T. aestivum The differential root traits among wheat genotypes with 1RS
translocation on 1AL, 1BL, and 1DL (Ehdaie et al. 2003) could likely be due to inter- and

intra-genomic epistatic interactions.

Common QTL for different root traits

Most of the additive and epistatic effects detected for vaniah different root
traits shared common QTL regions. Mark&r81(10)andPm8(13)shared the QTL with
additive (main) effects for the number of roots >30 cm and totalength. One of these
markers, Pm8 showed inter-genomic epistatic interaction wihicr_2(2) and this

epistatic effect was again common for number of roots >30 cm aaldroatt length.
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Number of roots >30 cm was affected by four QTL involving almdstatkers within
the distal 15% of the 1RS-1BS genetic map. Three QTL effeete mvolved in the
expression of total root length and all three shared the sajom 1@s for number of roots
>30 cm. All the three characters for root biomass viz; shaltmw weight, deep root
weight, and total root weight, showed two epistatic effects eadhath epistatic effects
were common. Pairs of loci involved were N@R & Xucr_4(5) for inter-genomic
epistatic effect andPm8(13) & Gli-1,Glu-3(14) for the other intra-genomic epistatic
effect. Pm8(13) and Gli-1,Glu-3(14) also showed significant interactions with other
markers for other root traits. This repetitive detection of #meschromosome regions or
the associations of the same markers with QTL effects fucthresolidates our approach

to map QTL for root traits in wheat.

Epistasis between loci without main effect

In conventional QTL mapping, the focus is on detecting the QTL wgm m
(additive) effects and then applying an epistatic model to exarhie epistatic effect
between the QTLs with main effects. In nature, there arewikismall genetic effects
which sometimes go undetected in a phenotype but their interactibrotier similar
loci may have a significant effect. It would be a disadvantag¢onoclude them in the
genetic model. Here, we proved the superiority of our method ectieg epistatic
effects between two pairs of loci and none of those two péilsci had main effects as

against other methods where epistatic effects were estirfatdotci with main effects
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only (Kao and Zeng 2002; Maccaferri et al. 2008). This has gleadn shown in the
intra-genomic epistatic effects between pairs of Igagr_8(12)andGli-1,Glu-3(14)for
longest root length. Similar intra- and inter-genomic epistdfacts were also explained
for shallow root weight, deep root weight, and total root weight. tAdse three
characters for root biomass showed two pairs of loci involved in tifereht epistatic

interactions and none of these loci had detectable additive effect for tlaeaetels.

We studied seven shoot characters for the estimation of QTL tsffec
Interestingly, we did not find any significant main or epistaffect for any of the shoot
characters except shoot biomass. Variation in shoot biomassxpiasned by two intra-
genomic epistatic effectXucr_4(5)with theSr31(10)region andXucr_8(12)with Gli-1,
Glu-3(14) (data not shown). The second epistatic effect was also detiectéongest
root length”. It is not unexpected that shoot biomass shares @fLsame of the root
characters as they are involved in the growth and development ofathe glant.
Recently, a QTL study was conducted for only three shoot chesagant height,
heading date, and grain yield, in durum wheat (Maccaferri et al. 2088y found five
QTLs for plant height and one out of the five was on chromosome 1BShianQTL
was detected only in 7 out of 16 environments. Similar to thesesieseltalso found a
very weak QTL effects for number of tillers and plant heigheyffell short of our LOD
threshold value, but QTL for number of tillers shared the same docatith shoot

biomass in our study (data not shown) which was expected.
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Major QTL regions

Four regions were identified that carry almost all the QTihwbth additive and
epistatic effects (Figure 2). In Figure 2, they have been mage, 11, Ill, and IV as we
move from the centromere towards the telomere. Region | was invialvwe of the six
root traits and covered 0.7 cM, which is the highest resolution we obtdth. Region Il
involved only one markeiSec-1(10) showing a single additive effect (number of roots
>30 cm). Region 1l covered 0.7 cM and was involved in two main QTéectfffor
number of roots >30 cm and total root length along with one epistiigict for shoot
biomass. Region IV covered 3.7 cM with three markers. This regiooaitedi presence
of QTL effects for all the root traits and also for shoot bisnd$iree out of four QTL
regions were located in the satellite region of chromosome 1RS.of them were
located in the distal most 10% of the 1RS region which is in agneewith previous

studies (Ehdaie and Waines 2006; Sharma et al. 2009).

Validation with mean comparisons

In Table 2, mean comparisons of Pavon 76, Pavon 1RS.1BL, and all the
recombinant lines also revealed the higher mean values of rdetitrdhe presence of
1RS chromatin. The presence of distal 1RS segments (1B + lhmsgd higher mean
values for root traits than the presence of proximal 1RS (es)i Lower mean values of

T-lines may be attributed to the missing distal segment withrmarkers in all T-lines,
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one of which belonged to QTL IV. As discussed earlier, three out ofQ@dir regions
identified were located in the distal 10% of the 1RS-1BS arm. fedher mean
comparisons, 1B + lines involving QTL regions IV, Il and Il weh®gen due to their
close proximity with each other. As expected, they showed thethigkan values for
root traits compared to T — lines, and significantly higher thase of Pavon 76. The
comparison of 1B + lines with distal 1RS up to region IV showed higtean values
than Pavon 76, Pavon 1RS.1BL, and all the different sets of recombinantTimese
mean comparisons confirmed the detection of QTL using the E-BAYiERod. From
the above discussed mean comparisons of recombinant lines, it was abealistal
part of 1RS is important for root traits in bread wheat. Hencggry@ose the rye loci as
major contributors in most of the additive effects and intra-genemstatic interactions

detected for the root traits.

Root traits in cereals were associated with drought tolerakitesarlier study
(Waines et al. 1998) revealed the association of rye 1RS, 2RSn&RRachromosomes
and chromosome arms with drought tolerance. Other recent studiesmeashfthe
involvement of these rye chromosomes in drought tolerance in the brbeadt w
background (Koszegi et al. 1996; Mohammadi et al. 2003). In cv. Chinese ,Sgting
seven rye chromosomes appeared to carry genes influencing drolegahde and the
evapo-transpiration efficiency (Waines et al. 1998). The methodolagy insthis paper
may provide a general method to analyze these other chromosom®a@Td. analysis

and study of epistatic effects.
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Here, we addressed the nature of QTL effects for root traitheat by studying
the additive allelic effects and the intra- and inter-genomictap interactions
contributed by rye 1RS. This study provided important information on geoetics
which can be pivotal for alien introgressions of genes involvedimnptex traits. This
may also be helpful in marker assisted selection by selectirgdesired combination of
alleles for root manipulation towards better adaptability and #tatol drought stressed
environments. The combinatorial use of chromosome arm-specific mappingitoapul
and E-Bayesian approach makes it novel and possible to study getetictions with
greater sensitivity and precision than can be done in naturabagsting populations.
This may also be another valuable approach to understand complexirtraiteer

organisms.
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Chapter 4

Dosage effect of the short arm of chromosome 1 ofe on root

morphology and anatomy in bread wheat
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ABSTRACT

The spontaneous translocation of the short arm of chromosome 1(GR$g in
bread wheat is responsible for higher grain yield and root biomassnR&udies have
confirmed the presence of QTL for different root morphologicatgron the 1RS arm in
bread wheat. The present study was conducted to address two questidreat root
genetics. First, does the presence of the 1RS arm in breat affeea its root anatomy?
Second, how does root morphology and anatomy of bread wheat respond tatdiffere
dosages of 1RS? Near-isogenic plants with different number, 0 to 4, &f 1R
translocations were studied for the root morphology and anatomy. j;ThgbRd, with
single doses of the 1RS and 1AS arms, showed heterosis for rodiatd®mass. In
other genotypes, with 0, 2 or 4 doses of 1RS, root biomass was inaenvéhtthe
increase in the dosage of 1RS in bread wheat. This study also previdedce of the
presence of gene(s) influencing root xylem anatomical traitsead wheat. It was found
that root vasculature follows a specific developmental pattern #dt@eng/hole length of
the seminal root and 1RS dosage tends to affect the root anatbengrdiy in different
regions. This study indicated that the inherent differencesoh morphology and
anatomy of different 1RS lines have advantage over normal bread twlseavive under

stress conditions.
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Introduction

All higher plants have roots and the root fraction of the plant’s to#as varies
widely, even within the same species. Although, roots encounter fharyations in
their external environmentbat affect their growth, it is their tendency to accommodate
and survive these as a whole system that makes them strongly statice(Barlow
1986). Knowledge of these modifications in the root system at a morptal and
anatomical level, whether due to environmental changes or genetiolcadatrof

importance (Weaver 1926).

In response to the external environment, root morphological traitoahdrowth
have been studied widely in a number of crop species. Droughtesttegsim perenne
plants have increased number and growth of lateral roots (Jupp andaNe 1987). In
barley, potassium deficiency is associated with reduced lend#teodls and larger root
diameter compared to phosphorus deficiency (Hackett 1968). In wheatyatumgdas a
profound effect on dry weight and root length (Bowen and Rovira 1971; HL@8).
Besides root morphology, anatomical traits are also influencedygbgahe surrounding
environment and have been widely studied in different crop speciessunhize (Hose
et al. 2001), rice (Uga et al. 2008), and other cereals (AloniGaiifith 1991; Erland
1995). In winter and spring wheat, chilling and high temperature dmtdhe diameter

of the central metaxylem vessel (Terizioglu and Ekmekci 1995; Huang et al. 1991).
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There are reports which suggest specific morphological and acalamot traits
help stress tolerant plants survive a particular stress conditioicel traits such as deep
root to shoot ratio and deep specific root length were found to comtribudrought
avoidance in the field (Yoshida and Hasegawa 1982; Fukai and Cooper 1995). Drought
tolerant wheat varieties have smaller xylem vessel diamé¥ang et al. 2007). This
anatomical adaptation of the tolerant wheat genotypes proved to advantage for
survival and higher grain yield under water stress (Richard$Pasdioura 1989; Huang

et al. 1991, 1993; Ou et al. 2005).

The genetic control of root characteristics is poorly understoodielpéc bread
wheat. Robertson et al. (1979) characterized genetic varialtityeledling root number
within the genudriticum to examine its value in a breeding program and found this trait
to be positively correlated with seed weight. In bread wheatnxykessel diameter was
found to have greater genetic variation and higher heritability sigthificant response to
selection (Richards and Passioura 1981). In a wheat backcross brpegirgm, lines
selected for reduced xylem vessel diameter yielded 3-1d% m driest environments
than unselected controls, depending on genetic background (Richards and Passioura
1989). Besides these findings, there is still no report in breadt whéda chromosomal

localization of genes that affect root anatomy.

Weaver (1926) compared the root systems of rye and bread wheat undal nat

conditions and reported rye had deeper seminal roots. The spontaneslecateon of
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the short arm of chromosome 1 of rye (1RSgdale cereald..) to the long arm of
chromosome 1B (1BL) in bread whedtificum aestivuni.) was first identified in the
late 1930s (Kattermann 1938; Mettin et al. 1973). Over the pastdeadds, there have
been several reports of better performance of 1RS trangloecdteats for grain yield
over other commonly grown wheat genotypes (Rajaram et al. 1983¥llletr al. 1991;
Kim et al. 2004; Owuoche et al. 2003). In other studies, increase m \geddl among
1RS wheats was found to be positively correlated with higher rootdss (Ehdaie et al.
2003) while there were no significant differences found for shoas {ft&im et al. 2004).
Roots of 1RS.1BL translocation wheats were thinner and there wabex hoot length
density when grown in acid soils and this likely enhanced the roaicsuarea (Manske

and Vlek 2002).

Lukaszewski (1993) reconstructed the complete chromosomes of 1B drmhiR
1RS.1BL translocation and later, produced three new centric translocations viz., LRS.1A
1RS.1BL, and 1RS.1DL in ‘Pavon 76’ (Lukaszewski 1997). Each of three traimsisca
had the same 1RS arm but in different location in the genome andvaaahitotically
stable. All three translocations performed better for graghddyunder field conditions
(Ehdaie et al. 2003; Kumlay et al. 2003) and had greater root biomasse The
translocation lines were ranked for root biomass as Pavon 1RS.1akonRRS.1DL >
Pavon 1RS.1BL for root biomass (Ehdaie et al. 2003). Recently, a qyemsd was

generated using 1RS-1BS recombinant breakpoints in wheat and thdic gaadysis
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indicated the distal 15% of the physical length of chromosome 1RS mayleaggre(s)

for better rooting ability and root morphological traits (Sharma et al. 2009).

The present study was conducted to address the dosage effect of 1RS
translocation in bread wheat. We used wheat genotypes that diffezit number of the
1RS translocations in a spring bread wheat ‘Pavon 76’ genetic backgr For
generating F seeds, Pavon 1RS.1AL was the preferred choice due to its better
performance for root biomass than other 1RS lines (Ehdaie et al.. 20€¥8) we report
the dosage effect of a 1RS chromosome arm on the morphology anthyarad wheat
roots. The results from this study validate previous results opribgence of genes for
rooting ability on the 1RS chromosome arm. This study also providdsnee for

presence of genes affecting root anatomy on 1RS.

Material and Methods

Plant Material

Five genotypes, Pavon 76; fPavon 1RS.1AL x Pavon 76), Pavon 1RS.1AL,
Pavon 1RS.1DL, and Pavon 1RS.1AL-Pavon 1RS.1DL were used. They were coded as
Ro, RA;, RA;, RD,, and RAD, respectively. Here, ‘R’ denoted the dosage of

chromosome arm 1RS, the second letter A and D denoted the chromosontbel of
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respective genome of wheat to which 1RS is translocated and numlikessubscripts
are dosage number of 1RS chromosome arms present in the genotype. P&/@n 76
spring bread wheat from the breeding program of Centro Internaciendejoramiento

de Maiz y Trigo (CIMMYT), Mexico. For a single dose of 1RS, sesswere made
between Pavon 1RS.1AL and Pavon 76 ansled was used as RAeeds of RA RD,,

and RAD, genotypes were provided by Dr. A.J. Lukaszewski, University offcZaia,

Riverside.

Experimental Set up

To study the effect of different dosages of the 1RS chromosomefarge in
wheat background and their effect on root morphology, an experimergetvag in the
glasshouse in a randomized complete block design with six replipategenotype for
four seasons. Anatomy of the primary seminal root was studidgd/éoof these seasons.
Seeds from the above mentioned five genotypes were surfacezetentith 5%
commercial bleach for 5 min, washed for 10 min in distilled water, soakeden fwa 24
hrs and then germinated on wet filter paper in Petri dishes. 3-bldaseedlings were
transplanted to two gallon pots, lined with a plastic bag containingged silica sand
#30. Plants were watered when necessary with half strengthandaglsolution Small

holes were made at the bottom of the plastic bags to allow drainage of eaterss w
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Phenotypic data

Plants were harvested 45 days after germination and pots cogtaiats were
stored at AC until processed. Roots were washed and recovered without damage usi
the floatation technique (Bohm 1979). Different plant characters wesasured
including plant height (PH), number of tillers (NT), longest leafgth (LLL), maximum
width of the longest leaf (LLW), leaf area (LA), longest rteigth (LRL), root biomass

(RB), shoot biomass (SB), and root biomass to shoot biomass ratio (R/S).

Heterosis

Mid-parent heterosis (MPH) and best-parent heterosis (HPHhyeoht hybrid
(RA,) over its parents (Rand RA) for root biomass and shoot biomass were calculated
as:
MPH = (R - mean P)/mean P in percent,

HPH = (R - high P)/high P in percent
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Root Anatomy

Microscopy

After washing, root samples were collected in two differezgsens from the
seminal roots of up to six plants of each genotype at three diffecations viz; root tip,
middle of the root and 1 cm from the base of the root adjacent to seed. Root seenples
immersed in half-strength Karnovosky's fixative (2.5% gluteraldeh and 4%
formaldehyde in 50 mM phosphate buffer, pH 7.2). The roots were ldfeifixative at
4°C for 24 hours. The roots were dehydrated by passing through a gthdedl eeries
of 10%, 35%, 50%, and 70% and then left overnight in 70% ethanol followed by anothe
2 hour treatment in 85%, 90%, and 100% and then subsequently overnight in 1860% wit
1% Erythrosine B (C.l. 11A). Then the samples were transfetredugh an
ethanol/xylene series of 3/1, 1/1, and 1/3 for 30 min to 1 hour each. T¢mrestiwere
placed in pure xylene for 2 hours followed by overnight treatmenttration and

embedding was done in paraffin.

Paraffin blocks containing tissues were sectioned 10 pum thick @sing/O
rotary Microtome and stainless steel knives, sections were moomtgdies and stained
with Safranin O (C.I. 50240) and Fast Green FCF (C.I.19) using Sass’s pe¢{edain,
1999). Samples were observed on a Zeiss standard compound brigimiGeddcope.

Digital images were taken using an Infinity 1 digital esen (Luminere Inc, Canada).
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Root tips were serially sectioned in the transverse planengtattthe tip of the root cap.
Data were recorded for the different root anatomical featauch as root diameter, stele
diameter, central metaxylem (CMX) vessel diameter, CMXsgk area, CMX vessel
number, and number of xylem poles from different regions of the roa8 tife above
mentioned five genotypes. Data on CMX vessel diameter and aresa mede on
transverse sections of root tips at a distance of 1370 um frotptfer all genotypes.
Calibrations and measurements were carried out by camera aotrggitware ‘Analyze
Infinity’ (Luminere Inc, Canada). Correlation coefficients weatculated and regression

analysis was performed.

Statistical analysis

The morphological data were subjected to analysis of varianS©YA) for
each year (Steel et al. 1997). Data of all the genotypesdifdrent dosages of 1RS
were analyzed using a split plot design and the combined ANOVAss@asons was
performed for each measured and calculated trait. The anatodatal were also
subjected to ANOVA to determine the genetic differences among yg&EsotSimple
correlation coefficients were calculated to determine theigakhip among different
anatomical traits. Linear regression analysis was caotédor different anatomical root
traits to assess the relationship between dosage of 1RS chromasunaad the root
anatomical traits in bread wheat. Statistix 8 program (Aralyboftware, Tallahassee

FL) was used to carry out correlation and regression analysis.
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Results

Phenotypic study

There was lesser total root biomass in Pavon gp ttRn any of its 1RS sister
lines. Among the 1RS lines; FRA;) and RAD had higher root biomass (Figure 4.1).
There were significant differences among genotypes for plaghthgiumber of tillers,
length of longest leaf, maximum width of longest leaf, root laissn shoot biomass, and
root to shoot ratio (Table 4.1). For leaf area, differences angengtypes were not
significant. All the genotypes showed significant differencealbthe phenotypic traits
across the seasons. Genotypaeason interactions were not significant for leaf area and
root to shoot ratio. The RADPgenotype performed better for no. of tillers, longest leaf
length, and root to shoot ratio but performed least for plant heightymaaxiwidth of
longest leaf, and leaf area. The RRBybrid performed significantly better for root
biomass and shoot biomass than other genotypes. Mean values ofeRAhigher for
maximum width of the longest leaf and leaf area. For root bigrissand RAD, were
significantly better performers followed by double dosage ggestyRA and RD) and
then Pavon 76 (§ (Figure 4.1, Table 4.1). All the genotypes were similar for shoot

biomass except RAvhich outperformed them.
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Mid-parent and Best-parent heterosis

Mean values of the ;Fhybrid (RA) were significantly higher than both of its
parents (Rand RA) for root biomass and shoot biomass (Table 4.1). MPH and HPH for
root biomass were calculated to be 34.4% and 25.7%, respectivblg @.2). For shoot
biomass, heterotic gain of; Bver mid-parent and high parent was 15.3% and 13.6%,

respectively (Table 4.2).
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Table 4.2 Summary of combined ANOVA andean values of plant height (PH),
number of tillers (NT), longest leaf length (LLL), maximumditi of the longest leaf
(LLW), leaf area (LA), root biomass (RB), shoot biomass (SB), and root to shoadsom
ratio (R/S) for bread wheat Pavon 7)H; - Pavon 1RS.1AL x Pavon 76 (RAPavon
1RS.1AL (RA),Pavon 1RS.1DL (RP, and Pavon 1RS.1AL-Pavon 1RS.1DL (RAD
grown in sand pots for 45 days (mid-tillering stage) averaged across four seasons

Genotype PH NT LLL LLW LA RB SB R/S
cm no. cm cm cm mg mg
Ro 54tb 11b 35 c 1.38ab 38.1 ab 1073bc 3692b 0.33bc
RA; 55 b 11b 37 b 131 b 37.7ab 1549a 4319 a 0.36 ab
RA; 58a 11b 37b 142 a 409a 1232b 3802 b 0.36ab
RD; 58 a 9c¢c 36bc 135 ab 383 ab 1087b 3637 b 031 c
RAD,4 52¢C 13 a 39a 120 c 371 b 1461a 3743b 0.38a
Season * * * % * * * *
Genotype * * * * NS * * *
Genotypex x « . NS * * NS
Season
CV (%)t 7 15 I 10 14 24 17 16

T Means followed by the same small letter within a colummatesignificantly different

at P < 0.05 and according to LSD test.
CV1 = Coefficient of variation.
* = Significant (p = 0.05)

NS = Not Significant (p = 0.05)
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Table 4.2 Mid-parent heterosis (MPH) and best-parent heterosis (BPH) formdot a
shoot biomass of bread wheat hybrid Pavon 1RS.1AL x Pavon 76 (RPover parents
Pavon 1RS.1AL (R4 and Pavon 76 (fgrown in sand pots for 45 days (mid-tillering
stage). Mean values are averaged across four seasons

Mean
Hybrid Best-parent
Trait Mid-parent MPH (%) BPH (%)
(RA1) (RA2)
----------------- (mg)
Root
1549 1153 1232 34.4 25.7
biomass
Shoot
4319 3747 3802 15.3 13.6
biomass
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Figure 4.1  Roots of different wheat genotypes with different number of YRS®locations in spring bread wheat ‘Pavon
76’ background harvested 45 days after germination (grown in pots). Pavéty) 786 Q dose of 1RS, Pavon 1RS.1AL x
Pavon 76 (RA) = 1 dose of 1RS, Pavon 1RS.1AL (BA 2 dose of 1RS on 1AL, Pavon 1RS.1DL @RB 2 dose of 1RS on
1DL, and Pavon 1RS.1AL 1RS.1DL (RAD= 4 dose of 1RS on 1AL and 1DL



Root anatomy

The size, number and arrangement of metaxylem vessels variegithk length
of the root from top to tip region for each genotype. In the top regioe there 3-6
metaxylem vessels that were not necessarily central inigrosi More of these were
present in the transverse sections gf RA; and RA than in RD and RAD, (Figures
4.2a-e). The diameter of the stele was largeriariRl RA. In the middle region of the
root, there were two centrally located metaxylem vesselwistele of Rand RA and a
single CMX vessel in RPand RAD, (Figures 4.2 f-j). The diameter of the stele was
smaller than in the top region of the root for all genotypeshénroot tip region, there
was a single differentiating central metaxylem vesselllitha genotypes which was
narrower in RA, RD,, and RAD genotypes (Figure 4.2 m, n, 0). There was not much
variation for other anatomical traits in the root tip region betwihe genotypes (Figure

4.2).

Top-region of the root (TOP)

There were significant differences among genotypes foe stelmeter, total
metaxylem vessel area, number of central metaxylem veaselsiumber of xylem poles
in the top region of the seminal root. Differences among genotypes ot significant
for xylem diameter, CMX number, and root diameter but all genotypewed the same

trend in their performance for all the root anatomical traitasueed (Figure 4.3). Hybrid
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RA; was ranked first among genotypes followed Ryfdr all the traits in the top region

of the seminal root while RAPwas at the bottom in rankings.

The calculation of correlation coefficients (r) revealed a gtraegree of
association among traits of root anatomy in the top region ofothte(Table 4.2). Stele
diameter showed positive correlation with CMX vessel area (Or@#hber of xylem
poles (0.81), and root diameter (0.84). CMX area was further assbdaihly with
CMX vessel diameter (0.77), number of xylem poles (0.71)), and root @iai{@e86).
There was also high correlation between root diameter and numbgdeof goles (0.79)

(Table 4.3).

Linear regression analysis showed significant R-squared valuei &ratomical
root traits measured in this study. The number of central metaxykssels in top of the
root was the best explained trait (51%) due to 1RS dosage. $&weén percent of the
variation of two root traits, CMX area and number of xylem poles, exaplained by the
linear regression on the number of 1RS dosages in a genotype 4¥9blEhe number of
1RS dosages explained 45% and 38% of the variation in stele diame:teoa diameter,
respectively. The negative slope of the regression equation showed tvenega
relationship between root traits and number of 1RS dosages (TableTHdigl)is also

evident from the negative correlation coefficients (Table 4.4).
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Mid-region of the root (MID)

ANOVA showed no significant differences among genotypes fogr @inthe
anatomical root traits in the mid-region of the seminal rooggxacumber of xylem poles
(data not shown). But, all the traits showed stronger association dahemgelves except
CMX vessel number (Table 4.3). Regression analysis showed negldgpendence of

root traits on the number of 1RS dosages (data not shown).

Tip of the root (TIP)

In root tips of the seminal roots, there were significant diffees among
genotypes for CMX vessel area and CMX vessel diameter. Fortlettraits, B and
RA;: showed significantly higher mean values than 1RS double dosage gen{®/A
and RD) and quadruple dosage of 1RS in RAgenotype (Figure 4.4). Correlation
coefficient values of both the above traits also showed highly positiseciation with
each other followed by stele and root diameter (Table 4.3). Agaigression analysis,
both the traits, CMX vessel area and CMX vessel diametae significantly influenced
by different 1RS dosages in the genotypes. Their regression @gsabwed negative
slope and variation explained for CMX vessel area and CMX vesa®letikr was 54%

and 52%, respectively (Table 4.4).
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Figure 4.2 Stained transverse sections of different regions of roots oftwleeatypes.

a, f, k -Pavon 76 (§; b, g, i - . of Pavon 1RS.1AL x Pavon 76 (RAc, h, m - Pavon
1RS.1AL (RA); d, i, n - Pavon 1RS.1DL (R} e, j, 0o - Pavon 1RS.1AL-Pavon
1RS.1DL (RADL). C = cortex, E = endodermis, XP = xylem poles, CMX = central
metaxylem vessel. Scale Bar = 100 micron
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Table 4.3 Simple correlation coefficientst between different root anatalntraits in
different root regions in the genetic background of spring bread Paabn 76’ with

different number of 1RS translocation arms

Root traits
ereO(i)ct)ns Stele CMX CMX CMX Xylem
9 diameter vessel vessel vessel ())/Ies
area diameter number P
TOP 0.82**
CMX vessel MID 0.96%
area
TIP 0.68**
TOP 0.46* 0.77**
CMXvessel iy gge  0.96
diameter
TIP 0.73** 0.99**
TOP 0.86** 0.85** 0.68**
CMX vessel /1 0.29 0.19 0.21
number
TIP - - -
TOP 0.81** 0.71* 0.53* 0.84**
Xylem poles MID 0.91**  0.88** 0.89** 0.27
TIP 0.14 -0.02 -0.01 -
TOP 0.84** 0.86** 0.56* 0.84** 0.79**
E.OOt MID 0.83** 0.75** 0.78** 0.08 0.84**
iameter
TIP 0.75** 0.59** 0.64** - -0.08

Tt n =20 for TOP and TIP regions, n = 25 for MID regions

** = significant (p<0.01)

* = significant (p<0.05 >0.01)
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Table 4.4 Summary of regression analysis. The independent dependent vasable
number of 1RS translocation arms in the spring bread wheat ‘Pavorgengtic

background (n = 20)

Dependant variable Intercept  Slope R’ F P
Root Top

Stele diametenn) 363.4 -36.5 0.45 14.66 0.00
Total CMX area jim?) 15720 —2540 0.47 16.01 0.00
CMX diameter um) 59.0 —4.2 0.21 4.65 0.04
CMX (number) 5.4 -1.0 0.51 18.63 0.00
Xylem pole (number) 12.9 -1.2 0.47 15.78 0.00
Root diameterym) 667.7 -44.5 0.38 6.60 0.03
Root Tip

Stele (um) 250.8 5.4 0.10 2.00 0.17
CMX area (im?) 6161.4 —773.5 0.54 21.30 0.00
CMX diameter um) 87.7 -6 0.52 19.69 0.00
Xylem pole (number) 8.8 0.1 0.01 0.21 0.65
Root diameterym) 655.8 -15.1 0.06 1.19 0.29
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Stele diameter Metaxylem vessel area
400 AB A 20000
A A
30 375 BC 15000 |
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Figure 4.3  Graphical representation of mean performances of anatomigigs tr
measured from top region of the roots of different wheat genotypleslifferent number
of 1RS translocation arms in the genetic background of spring brezat \##avon 76’.
Same capital letters within a graph are not significantly different.
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Figure 4.4  Graphical representation of mean performances of anatomigigs tr
measured in root tips of the roots of different wheat genotypesdifiiient number of
1RS translocation arms in the genetic background of spring brbadtwWPavon 76'.
Same capital letters within a graph are not significantly different.
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Discussion

From previous chapters of this dissertation and earlier studies (Ehdai2@23)),
it was clear that there was a gene (or genes) presebR8nchromosome arm which
affects root traits in bread wheat. But there was no report onclihemosomal
localization of any root anatomical trait in bread wheat. The purpbtes study was to
look for variation in root morphology and anatomy among different wheaitgpes and
then determine how these differences are related to differengetosd 1RS in bread
wheat. During this study, we came to some very interestinglesions: 1) k hybrids
showed a heterotic effect for root biomass and there was anvadeftect of the 1RS
arm number on root morphology of bread wheat; 2) There was dismksielopment
pattern in the root vasculature from top to tip in wheat roots anddbR&ge tended to
affect root anatomy differently in different regions of the sehiroot. Further, the
differences in root morphology, and especially anatomy of the ditfggenotypes have

specific bearing on their ability to tolerate water and heat stress.

Effect of 1RS dosage on root morphology

The effect of number of 1RS translocation arms in bread wheatcleady
evident from their averaged mean values for root biomass.aRé RAD, were ranked
highest while R ranked at the bottom (Figure 4.1, Table 4.1). These results supported the

previous studies on the performance of wheat genotypes with 1R®deditsn where
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1RS wheats performed better in grain yield but similar for shootdssn(Ehdaie et al.
2003, Ehdaie and Waines 2006; Sharma et al. 2009). Genotyppdribrmed slightly
better than Rfor root biomass because of its poor performance in one season otherwise it
showed better rooting ability in the other three seasons. Hetke glenotypes with 1RS
translocations showed higher root biomass thgnwRich carried a normal 1BS
chromosome arm. Data in this study suggested two types ofsetiedRS on wheat
roots. First, an additive effect of 1RS, there was increaseah biomass with the
increase in 1RS dosage from zerg)(® two (RA & RD,) and then to four (RAE).
Second was a heterotic effect of 1RS on root biomass and shoot ®idnrds and HPH

of the K hybrid (RA) were higher for root biomass than for shoot biomass (Table 4.2).
This further explained the more pronounced effect of 1RS on root bidmassshoot
biomass. Significant positive heterosis was observed for roo$ taitong wheat F
hybrids and twenty seven percent of the genes were differgnéairessed between
hybrids and their parents (Wang et al. 2006). The possible role ofediffd gene
expression was suggested to play a role in root heterosis of akather cereal crops
(Wang et al. 2006). In a recent molecular study of heterosis sitspeculated that up-
regulation of TaARF, an open reading frame (ORF) encoding a ymtatieat ARF
protein, might be contributing to heterosis observed in wheat root and leaf ¢iautlet

al. 2009)
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Root anatomy in three dimensions in different dosesf 1RS arms

There is large void in root research involving study of root anatomyheat as
well as other cereal crops. Most of the anatomical literatureither limited to root
anatomy near the base of the root (Watt et. al. 2008, Aloni andti&difibl) or near the
root tip (Huang et. al.1991) in young seedlings (Richards and Pasi@8@a There is
still a general lack of knowledge about the overall structure andrpatf whole root
vasculature during later stages of the growth in cerealsiaigen wheat. In the present
study, root anatomical traits were studied in the primary seémooé of different wheat
genotypes containing different dosages of 1RS translocationarmg-tillering stage
(around 7 weeks). Root sections were made from three regionsthmength of the
root, viz. top of the root, middle of the root and root tip, to get an owerefethe
complete structure and pattern of root histology relative to diféte® in 1RS dosage.
Comparison of different regions of root of a genotype showed a teemit metaxylem
vessel number and CMX area from higher in top region of the rootstngée central
metaxylem vessel in the root tip. Diameter of the stelelasame narrower towards the
root tip as the plant roots grow into deeper layers of soil. Inrdbetip only central
metaxylem vessel diameter and area were traceable as cwlietypes were still
differentiating. This developmental pattern was consistent achesslifferent wheat
genotypes used in this study. Interestingly, there was variatiotiming for the
transitions in root histology among genotypes and this variatiorew@ained by dosage

of 1IRS arm in bread wheat. RAnd RAD transitioned earlier from having multiple
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metaxylem vessels and a larger stele to a single, cenétaxylem vessel and smaller
stele than did Rand RA. In the top region, all the root traits were significaulifyerent
among genotypes except average CMX vessel diameter and CMe{ nassber (Figure
4.3). Here, the average CMX diameter was calculated fromvétrage of diameters of
all the CMX number of that subsequent genotype and hence, the number of CMX vessels,
was different in each genotype so was the total CMX vessel lategestingly, all the
root traits in the top region showed negative slope in regressidysisnand most of
them were significant especially stele diameter, total CixXsel area, and peripheral
xylem pole number. Variation in all the traits was explainedhioyber of 1RS dosages
in wheat genotypes and root traits were smaller with higher nuob&RS dosage
(Figure 4.2 a-e). Significant positive correlation among almoshalfoot traits from top-
region and mid-region of the roots (except CMX vessel number) sedgteir inter-
dependences in growth and development. Root diameter could not be méasalidte
replicates of each genotype because of the degeneration ahdnicat damage to the
cortex and epidermis. Earlier, a study on the rate of cortigghde seminal roots was
investigated in different cereals. It was found that rate oficabrtleath was faster in

hexaploid wheat and positively associated with root age (Liljeroth 1995).

In the root tip, only two traits, CMX vessel area and CMX vedseheter, were
traceable because of the status of root tip development (FigyreNédative slope and
significant R value in regression analysis explained the effect of 1RS dosadeeon t

CMX vessel area and CMX vessel diameter. This suggesteoMnaretaxylem vessels
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with increase in 1RS dosage (Table 4.4, Figure 4.2 k-0). In roots, Icerdtaxylem
vessel is the first vascular element to be determined andedifigte (Luxova and Lux
1974). Here, serial cross sections of the root tips also confinnes the first
differentiated vascular element in wheat. The other vascular comigod#ferentiate
thereafter in relation to first formed metaxylem vesseldiman 1977). Feldman (1977)

first reported that all the metaxylems were not initiated at the samle le

Structural adaptation to stress

Root morphology and root architecture are responsible for the adenutrient
uptake while in root anatomy, xylem vessels are essential dorttansportation to the
shoots to allow continued photosynthesis. Variations in xylem anatomyaireulic
properties occur at interspecific, intraspecific and intraplewels (Zimmermann 1983;
Sperry & Saliendra 1994; Jackson et al. 2000). Variations in xylesel/diameter can
drastically affect the axial flow because of the fourth-povelationship between radius
and flow rate through a capillary tube, as described by the H&geseuille law
(Zimmermann 1983; Tyree & Ewers 1991). Thus, even a small increasean vessel
diameter would have exponential effects on specific hydraulic ctindydK ) for the
same pressure difference across a segment (McElrone et al. 20l diameters tend
to be narrower in drought tolerant genotypes (Ou et al. 2005; Yang2a041), and at
higher temperature (Huang et al. 1991). Smaller xylem diametse higher flow

resistance and slower water flow which helps the wheat plantrtove water stressed
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conditions. Richards and Passioura (1989) increased the grain yiede dfustralian

wheat cultivars by selecting for narrow xylem vessels in seminal roots.

The results of this study showed that the presence of 1RS il wbeat
increased the root biomass (Figure 4.1, Table 4.1) and reducednéesdins of some
root parameters especially the central metaxylem vessglaamd diameter in the root tip
as well as in the top of the root (Figure 4.2, 4.3, 4.4). Manske and Vlek (23@R)
reported that wheat genotypes with 1RS translocated chromosontead thinner roots
and higher root-length density compared with normal wheat withcliB@nosome arm
under field conditions. These results might suggest higher root nuonlegtensive root
branching in 1RS translocation wheats. Among 1RS translocationtsytsegnificant
association was observed between root biomass and grain yield undemteetd and
droughted environments (Ehdaie et al. 2003). Narrow metaxylem vesddhsgher root
biomass provide 1RS translocation wheats with better adaptabilityater stress and

make them better performers for grain yield.

Conclusion

In a recent study on rice root anatomy, QTL for metaxylerssels were
identified on the distal end of the long arm of chromosome 10 of ga ét al. 2008)
which showed synteny to the 1RS chromosome arm of rye (Hackalf2§09). These

reports also support the present findings and validate the purposecafret study on
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the wheat root anatomy. This study confirms that the short achromosome 1 of rye
carries important genes affecting root morphology and root anatobimgad wheat. The
1RS arm showed heterotic effect and significant dosage effectobibbiomass and root
anatomy in bread wheat. Thus, higher root biomass and narrow metaxgtsels in

1RS wheat strongly advocate their inclusion as a selectiomianiten wheat breeding

programs.
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Chapter 5

General Conclusions
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Since the beginning of agriculture, selection for improvement im giald was
based mostly on observation of visible above ground plant parts which exotudther
half of the plant that is root. Roots provide support and are responsibleater and
nutrient uptake for the plant. Although roots have been studied in detather crops
and many genes have been identified, there is no information oreaeyf@ root traits
in bread wheat. The present studies were conducted to fill that vemdricCrye-wheat
translocations on chromosome 1 have a grain yield advantage over othegematypes
with normal wheat chromosomes. The positive association of graid wigh root
biomass strongly indicated the possibility of the presence of §gjemethe short arm of
chromosome 1 of rye (1RS) which affects root traits. The objact¥ehis dissertation
research were 1) to generate a genetic map of 1RS-1BS recatnbreakpoints, 2)
identify different QTL for different root traits in bread wheat, and 3) ingate the effect
of different doses of the 1RS chromosome arm on root morphology and ramhgredt

bread wheat.

A total of 68 recombinants were screened for 91 EST based ranesrspecific
to short arms of chromosome 1 of bread wheat and 16 SSRs/eS$Hs gpd&BS arm
of wheat. Eight polymorphic markers showed their specificity to .1Bfdally, a
consensus genetic map of 1RS-1BS recombinant breakpoints was egn&hath
comprised of 20 phenotypic and molecular markers, with an average spa@igcM.
These 68 recombinant breakpoints distributed among 20 markers provekmlwion of

0.7 cM. Further, a phenotypic study was conducted to identify the chromosoral oégi
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1RS which may possibly carry the gene(s) for better rootinigyaini bread wheat. The
statistical analysis showed that the terminal 15% of the ry dff carried gene(s) for
greater rooting ability in wheat. This present finding on roadiss prepared a platform

to find gene(s)/QTL for root traits on 1RS in bread wheat.

In a first ever attempt to find QTL effects explaining elifint root traits, a 1RS-
1BS arm specific mapping population of 29 recombinants was used innaiimabiwith
powerful empirical Bayesian (E-Bayes) statistical method.o®& hand, this mapping
population provided high resolution of QTL detection even in a low progenyieqre
and on the other hand, E-Bayes method was advantageous in minimiziegrdahe
variance and simultaneous estimation of additive (main) eftdéat individual markers
along with significant epistatic effects where many may go undetektedal of 15 QTL
effects, including six additive and nine epistatic, were dedeftteall the root traits on
the short arms of 1RS-1BS chromosomes while no QTL effects dedeeted for shoot
traits except two for shoot biomass. Epistatic effects wather partitioned into Inter-
genomic (wheat-rye) and Intra-genomic (wheat-wheat or ryetnyeractions. All the 15
QTL were distributed over four common regions of the 1RS-1BS maphaeel out of
four regions were located in the distal 15% of the chromosomalrreghus, the QTL
detection conformed to our findings in the previous experiment. Frocothparison of
mean values from these four regions, we conclude that 1RS chromosoncaraes

QTL for important root traits.
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In order to elucidate the effect of 1RS arm on root morphology andrapaif
bread wheat, a study was carried out involving different bread \gkeatypes in Pavon
76 background which differ in their dosage of 1RS arms from zero toThark hybrid
with single dose of 1RS and 1AS showed heterotic effect for rootds®rand shoot
biomass while other genotypes, with 0, 2, and 4 doses of 1RS, showed aftitven
the root biomass. A root anatomical study revealed a spedcifterp of transition in
vascular development especially central metaxylem vessets tiop to tip of the root
among all the genotypes. The transition varied from one genotype toearoid was
explained by the different number of dosages of 1RS arms in brbhadt.wResults
showed that transition for metaxylem vessel number in two and fougeld$S lines
was earlier than zero and single dosage 1RS lines. Centrakyiesh vessel area and
number are found to decrease as the number of 1RS in wheat linease=r In
conclusion, this study suggested that higher number of 1RS linesnoagbkological and
anatomical advantage in combating stress environments over noresad krheat

genotypes.

For the first two goals of this research study, a total of 68-1BS recombinant
breakpoints were used to generate a consensus genetic map of 20 polymaniieirs.
Now, there are availabile a total of 91 1RS-1BS recombinant breakpdirds indicate
an average resolution of up to 0.5 cM. There is still a possibility to enrich thiécgea
with more number of markers so that each breakpoint is saturatedatvleast one

specific marker. This will be a great resource to study tt&®locations in bread wheat.
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The immediate application of the enriched map could be the fine mapp@gL for
different root traits in bread wheat which can further be usetthéopositional cloning of
those QTL. Though there are many other methods to look for polymargariers, the
Diversity Array Technology (DArT) offers a great potential the map enrichment
because of its sequence information independent genotyping methodstulhe is

underway.

The results from the dosage effect of the 1RS arm on root morphofmgy a
anatomy also suggested some possible future research directiesentPfindings
indicated the presence of gene(s) on 1RS affecting the root stredpeeially the
anatomy. To unravel the candidate gene(s) affecting root anatwamscriptome
expression analysis of 1RS lines with different dosage number |ooksising. The
genetic background of these lines is the same except number atidnlafalRS in
wheat genome which would facilitate the identification of 1RS sigedifferentially
expressed transcripts affecting root traits in bread wheat. ortler to identify
differentially regulated transcripts which are locally esgexl during early
differentiation of central metaxylem vessel in the root tipetacapture micro-dissection
(LCM) can be an option for central metaxylem vessel spetifiscriptome analysis.
Functional characterization of the potential candidate genepmitide insight into the

function and development of roots in bread wheat and other cereals.
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The overall conclusion and take home message from this dissenmtasearch is
that the 1RS translocation carries important genes which affettproperties, both
morphological and anatomical, in bread wheat. This explains the advaniggen yield
and better performance under irrigated and stressed environmentacllisen of 1RS
translocations in wheat breeding programs with an emphasis onasaisselection

criterion is strongly recommended.
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