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ABSTRACT

Meiosis is a specialized cell division that haleesomosomes and generates haploid
gametes in eukaryotes. It is a dynamic cellulacess governed by a complex genetic network.
Two key players of this networRec8andCdch were cloned and analyzed using comparative
genomics and subcellular immunolocalization methagies in wheatTriticum turgidumL.,
genome AABB) TtRec8andTtCdc5were localized to group 1 anccBromosomes, with two
homoeoalleles in sub-genome A and B, respectivahe of the twdl'tRec8homoeoalleles
TtRec8-Alcontains 20 exons in a 6.5 kb-genomic DNA fragmant| the coding region
encodes 608 amino acids. Two homoeoallele&GticSseparately encode 1,081 and 1,084
amino acids. The expression profilingsTaRec8andTtCdc5were meiotic tissue dominant in
LDN, and the highest levels 8tRec8andTtCdc5were at interphase through early prophase |
and at pachytene stage of meiosis, separatelythemddecreased as meiosis proceeded. TtRec8
protein was detected along the entire chromosohmesgh the early stages of prophase |I.
Thereafter, TtRec8 protein was mostly removed ftbenchromosomes. The DNA sequences
and conserved domains of TtRec8 and TtCdc5 asasdheir kinetics through the meiotic
process in LDN were very similar as the cohesiarigin Rec8 and polo-like kinase Cdc5 in

models, suggesting their specific roles in meiosis.

Chromosome pairing (or synapsis) may play a rokanetochore orientation during
meiosis. Special genotypes that contained botlegdbivalents) and unpaired (univalent)
chromosomes in the LDN background were constructetbtermine the orientation of sister
kinetochores in the univalent and bivalent chromos®in meiosis I. Among the special
genotypes included the hybrids from the crosseseotlisomic LDN D-genome substitution

lines LDN 1D(1B), LDN 2D(2A), LDN 2D(2B), LDN 3D(3}, LDN 4D(4B), LDN 6D(6A),



LDN 6D(6B), LDN 7D(7A), and LDN 7D(7B) with LDN, LIN 1D(1A) with rye Secale
cerealeL., genome RR) ‘Gazelle’, LDN witAegilops tauschiigenome DD) RL5286, and LDN
1D(1B) with Ae. tauschiRL5286. All univalents were found amphitelicallyemtated and all
bivalents syntelically orientated at metaphasedgesting meiotic pairing mediates kinetochore

orientation and subsequently chromosome segregatioDN.
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CHAPTER |. GENERAL INTRODUCTION

Meiosis is an essential cell division involved angetogenesis, which is specific
for eukaryote reproduction. It is characterizecbhg round of DNA replication followed
by two continuous rounds of nuclear divisions, h&sg in formation of four daughter
cells with halved chromosome number (Cnudde an@t§e2005). The first round of
meiotic division,i.e. meiosis I, involves homologous chromosome pairing,
recombination, and segregation. It reduces chromeson half and thus called
reductional division. The second round of meiotiggion, i.e. meiosis I, involves
segregation of sister chromatids and is similantiosis. It is called equational division
with an outcome of four haploid daughter cells. iat male and female gametes
developed from haploid daughter cells fertilizédon diploid or polyploid offsprings
with the same chromosome number as their parentkid way, meiosis maintains
genome integrity over sexual generations. On therdtand, meiosis results in genetic
variability by recombination between non-sisterachatids. Moreover, independent
assortment and segregation of different pairs afidlogous chromosome at anaphase |
provide another mechanism for genetic variatiomeré&fore, not only can meiosis

maintain genome integrity, but also can create erariability.

Deviation from normal meiosis often leads to chrepmal deletions,
duplications, rearrangements, aneuploidy, and palyp. This is thought to be the
natural driving force for gene and genome evolytaswell as polyploidization (Stadler,
1973;Bretagnolle and Thompson, 19%age and Hawley, 2003; Zhang, 2003; Cai and

Xu, 2007).



Normal meiosis includes two successive nucleastias and results in reduced
gametes. Failure of chromosome segregation in msdios Il leads to the formation of
restitution nuclei with unreduced chromosomes,unreduced gametes. This variant
meiotic cell division process is termed meiotiditaon orunreductional meiotic cell
division (UMCD). There are two types of meiotictregions, including first division
restitution (FDR) and second division restituti®DR). They result from the failure of
homologous chromosome segregation at meiosis | DR failure of sister chromatid
segregation at meiosis Il (SDR), respectivéagenaar, 1968a,b; Bretagnolle and
Thompson, 1995Xu and Joppa, 1995). Meiotic restitution or UMCDs Heeen
documented in many plants, including wheat andtpd&olanum tuberosuin) (Harlan
and deWet, 1975; Bretagnolle and Thompson, 19961dRaa and Jacobsen, 2003).
Unreduced gametes provide a unique tool for bregidimpolyploid crops, including
potato and alfalfaMedicago sativa They were utilized to transfer the agronomically
favorable gene combinations from diploid parentthotetraploid offersprings (Veilleux,
1985). Unreduced gametes could be produced inrh@mtosporogenesis and
megasporogenesis, respectively (Ramanna and Jac@@83). The fertilization of
unreduced female and male gametes results in cls@mm®doubling and increase of
ploidy level. This has been reported as a majavlogical mechanism of
polyploidization in plants (Harlan and deWet, 19F&Gkuda and Sakamoto, 1992a,b;
Wendel, 2000; Xu and Joppa 2000a; Lyrehal, 2003; Ramanna and Jacobsen 2003;
Jauhar 2007). Furthermore, unreduced gametes haverpuseful in gene introgression
through intergeneric/interspecific hybridizatiordgwolyploidization, particularly in

Triticeae(Islam and Shepherd, 1980; Balatero and Darve§3;1Bretagnolle and



Thompson, 1995; Ramanna and Jacobsen, 2003; MatsamokNasuda, 2004; Jauhar,

2007; Shamina, 2012).

Cultivated wheats, including common and durum wheat the most consumed
food grain around the world. They are allohexapbmd allotetraploid, respectively, and
taxonomically placed ithe genudriticumunder theribe Triticeae Common wheat
originated from spontaneous hybridization betwetraploid wheatT. turgidumL.,
genome AABB) and diploid goatgragsegilops tauschiCoss., 2n=2x=14, genome DD),
followed by chromosome doubling (Kihara, 1944; Md&en and Sears, 1946; Riley and
Chapman, 1958; Dweék et al, 1993; Takumet al, 1993; Huangt al, 2002). Among
the three diploid ancestors of common wh&ayrartuis considered the A genome
donor andAe. tauschiis the D genome donor (Kihara, 1944; McFaddenSedts, 1946;
Dvorék et al, 1993; Takumet al, 1993;Peterseret al, 2005. Ae. speoltoidebas been
considered a possible donor of the B-genome (RifelyChapman, 1958; Zohary and

Feldman, 1962; Blaket al, 1999).

Haploidy-dependent UMCD has been observed in tpéolts of tetraploid wheat
and the hybrids between tetraploid wheat Ardilopsspecies (Xu and Dong, 1992; Xu
and Joppa, 2000a,b; Gatial, 2010). This unigue UMCD has been considered them
mechanism of chromosome doubling in the evolutioedge of common wheat, if not
the only one (Lyrenet al, 2003; Jauhar, 2007). Recently, €aal. (2010) reported that
the bipolar microtubule-kinetochore attachmentl@univalent chromosomes and
persistence of centromeric cohesion contributedtiset of the haploidy-dependent
UMCD in tetraploid wheat. However, the molecularcma&nism and genetic network

underlying this special UMCD remain obscure.
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Kinetochore orientation and chromosome cohesiondioately ensure proper
segregation of chromosomes during meiosis (Yokakaw al, 2003). The orientation
of sister kinetochores is regulated by a compléwaok involving multiple proteins,
including meiotic cohesin Rec8, polo-like kinasec&dVioal, monopolin compleric
(Watanabe and Nurse, 1999; Clyateal, 2003; Lee and Amon, 2003; Chelysheval.,
2005; Yokobayashi and Watanabe, 2005; Coutedt, 2010). Both cohesin Rec8 and
polo-like kinase Cdc5 have been found highly coregacross many eukaryotes. In this
study, the wheat homologueské&c8andCdc5were targeted for cloning and
characterization to reveal the molecular mechanisderlying the haploidy-dependent

UMCD in wheat.

Wheat has a large and complex allopolyploid gendrhes has made the genome
study of wheat lag behind other cereal crops, satice, corn, and barley. However,
wheat is a great model for investigating polyploadion and related processes due to the
availability of its genome ancestors, large chrooness and spindle microtubules, and
various cytogenetic stocks (Bodenal, 2007; Cai and Xu, 2007; Cei al, 2010). Here,
this research focused on the two major meiotic géiRec8andCdc) involved in
kinetochore orientation and chromosome segregaiitime tetraploid wheat ‘Langdon’
(LDN) that undergoes haploidy-dependent UMCD, ticai meiotic process for
polyploidization in wheat. In addition, this studitempted to determine the role of

meiotic pairing in kinetochore orientation and ahasome segregation in LDN.

The primary objectives of this research were:



1. to clone thé&kecBandCdc5homologues in tetraploid wheat and characterize

their functions in meiosis; and

2. to determine the effect of chromosome pairindsioetochore orientation in

tetraploid wheat.

This is a foundational research for further stutiy®ICD in polyploidy wheat.
Accomplishment of this research will enhance knalgkeof meiotic cell division in

wheat, especially the haploidy-dependent UMCD iwgdlin polyplodization.
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CHAPTER II.LITERATURE REVIEW

Meiosis promotes plant genome evolution

Meiosis is a critical cell division involved in sexl reproduction of eukaryotes. It
maintains genome integrity as well as creates gewneatiability. It is characterized by
one round of DNA replication followed by two sucse® rounds of nuclear divisions,
giving rise to four haploid gametes (Chudde anda@e2005). The first meiotic division
(meiosis I) involves homologous chromosome pairiegombination, and segregation, in
which the genetic information from both parents weshuffled and recombined. The
second meiotic division (meiosis Il) resembles sig@nd generates four haploid
daughter cells that eventually develop into gaméitegured male and female gametes
derived from haploid daughter cells fertilize torfoprogeny with the same
chromosome/genome as their parents. In this waisisemaintains genome integrity
over sexual generations. On the other hand, meiesists in genetic variability by
recombination between maternal and paternal chromes. Additionally, meiosis
generates genetic variability through independssbdament of different homologous

chromosome pairs at anaphase |I.

Meiotic recombination creates genome variation

Meiotic recombination, which occurs at prophasenefosis |, results in the
exchange of genetic materials from paternal ane&mat parents through a breakage-
exchange event, called crossing over, between ister-shromatids in the synapsed
homologous chromosomes. Crossovers generate chiamaaphysically connect two

paired homologous chromosomes together. Chiasmatatar resolved, allowing paired



homologous chromosomes to segregate at anaptRsedmbination could occur along
the entire chromosome, but recombination frequenaie not evenly distributed along
the chromosomes (Zhang and Gaut, 2003; @aal, 2007). Some chromosome regions
tend to recombine more frequently than others, wvaie termed recombination hot and
cold spots, respectively (Schnabkleal, 1998; Fari®t al, 2002; Cnudde and Gerats,
2005; Mezard, 2006; Gaat al, 2007). It has been observed that recombinatsomlly
occurs in a higher frequency within gene-rich regi¢Tanksleet al, 1992; Gillet al,
19964a,b). Also, it has been found that recombimatan occur within the coding regions
of a gene (intragenic recombination) as well agvbeh genes (intergenic
recombination). Moreover, homologous chromosomaseaaligned unequally because
of the sequence similarity, particularly in theiogg harboring repetitive DNA sequences
and/or among members of gene family, resultingnequal crossing-over. Interestingly,
recombination could occur between non-homologued) as illegitimate recombination,
resulting in chromosome deletions, duplicationgersions, and translocations of the
involved sequence blocks. Hence, recombinatiorntesegenome variations, and

consequently leads to evolution of genes and geadma species.

Intragenic recombination was first reportedirosophila melanogasteas early
as 1940 (Oliver, 1940). When recombination occutkiwthe coding region of a
functional gene, it is often accompanied by norcfiomalization, sub-functionalization,
or neo-functionalization of the involved gene. Thés been found true especially in plant
disease resistance genes. It has been commonlyreggaant resistance genes often co-
evolve with corresponding avirulence genes in @h@gen following the gene-for-gene

model (Flor, 1971). For example, tom&69 and9DC genes both show resistance
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against the fungal pathog@tadosporium fulvumCf-9 was evolved fron®DC by
intragenic recombinatio(Renieret al, 200]). As a result, intragenic recombination is
capable of creating diverged versions of alleles g¢éne locus and facilitates gene

evolution.

The discovery of unequal crossing over could beetldback to the 1920s
melanogaste(Sturtevant, 1925). This variant recombinatioatisibuted to the sequence
similarity among the members in a gene family ooagithe repetitive DNA sequences
within the genome. The misalignment between thddanrepeats, commonly seen in
plants, often leads to deletion and duplicatiothefrepeats as well as the flanking
sequences (Flavedt al, 1974; Farigt al, 2002). This variant meiotic recombination has

been thought important for genome evolution.

lllegitimate recombination happens between non-Hogous chromosome
regions under the circumstance where they shaileadtides, often in short repeats.
Together with unequal crossing-over, illegitimageambination has been considered a
major mechanism to shrink the genome size expabgeetrotransposon amplification

and polyploidization (Devost al,, 2002; Maet al, 2004).

Meiosis may gener ate aneuploidy and polyploidy

Meiosis involves two rounds of successive nucl@asidns,i.e. meiosis | -
reductional division and meiosis Il - equationalisiion. In meiosis |, homologous
chromosomes synapse and recombine with each dthey@hase and the synapsed
homologues are held together by chiasmata and ioohpioteins (cohesin) until

anaphase. At metaphase |, sister kinetochoresafr ef the synapsed homologous
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chromosomes are attached by microtubules emanfabimgthe same pole of the cell
(monopolar attachment). However, the two pairssies kinetochores in the synapsed
homologous chromosomes orient in opposite direstigenerating a tension between the
homologues linked by chiasmata. This tension stasilthe pulling force created by
microtubules, ensuring proper segregation of chsomees (Yoshidat al, 2011). At
anaphase |, chiasmata are resolved and cohesig tlerthromosome arms is removed,
resulting in segregation of homologous chromosoimesopposite poles. However,
cohesin remains intact around centromeres, holti@gister chromatids together until
anaphase Il. At metaphase I, sister kinetochorestached by microtubules from
opposite poles (bipolar attachment) and the cohasinnd centromeres is removed. As a

result, the sister chromatids are pulled into défe poles, making meiosis Il equational.

A complex network composing a series of genes/pretgoverns the proper
chromosome segregation at each step of meiosis,aaitomologous chromosomes
pairing, recombination, and kinetochore orientatroboth meiosis | and Il (Bat al.,
1999; Ohiet al, 1999; van Heemsdt al, 1999; Watanabe and Nurse, 1996thlet al,
2000; Qiaret al, 2001; Smitet al, 2001; Caket al, 2003; Clyneet al, 2003; Lee and
Amon, 2003;Rabitschet al, 2003;Yokobayashet al, 2003; Hauf and Watanabe, 2004;
Hutchinset al, 2004;Kitajima et al, 2004; Marston and Amon, 2004; Zhaatcal,
2004; Chelyshevat al, 2005; Watanabe, 2005; Yokobayashi and Watar2lix;
Golubovskayaet al, 2006; Nonomurat al, 2006; Petronczlet al, 2006; Zhangt al.,
2006; Ishiguro and Watanabe, 2007; Monje-Casad, 2007; Tacet al, 2007,
Sourirajaret al, 2008;Brar et al, 2009; Nasmyth and Haering, 200&;ovellaet al,

2010;Xiong and Gerton, 2010; Goreg al,, 2011). Loss-of-function or other changes of
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involved genes/proteins often result in abnormaboiosome segregation and gametes

with unbalanced chromosome numbers and eventuadiypoidy.

Environmental factors may influence homologous oiosomes paring and result
in abnormal meiosis in addition to meiotic genesi@ins. For example, homologous
chromosomes may occasionally fail to synapse vétthether, termed asynapsis due to
some unknown environmental factors. In additioomblngues can synapse with each
other normally, but the connection in-between soheed prematurely, termed
desynapsis. Both asynapsis and desynapsis leagpsired chromosomes (univalents).
The unpaired chromosomes either get lost or ranglsegregate during meiosis |,

subsequently producing unbalanced gametes and larceppogeny.

Changes in the critical genes/proteins involveth@osis can lead to polyploidy.
It is known that the balanced tension between thing force of microtubules from
opposite poles and persistence of centromeric cmmes well as chiasmata connection
permit proper segregation of homologous chromosahasaphase I. Elimination of
chiasmata often leads to non-disjunction of homalsgchromosomes, resulting in
gametes with unreduced chromosomes (Hawley, 1988hidaet al, 2011). In fission
yeast Schizosaccharomyces pombells without meiotic cohesin Rec8, sister
kinetochores showed bipolar orientation, rathen immnopolar orientation at metaphase
| (Watanabe and Nurse, 1999). Since the centroraehiesion between sister chromatids
was not established during meiosis in those muglig, an equational segregation was
observed at anaphase I, resulting in separatismstdr chromatids. Chromosomes
randomly segregated at anaphase Il due to theolaohesion, subsequently leading to

aneuploidy and/or polyploidy.
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Meiotic restitution resultsin polyploidization

Normal meiotic cell divisioeads to haploid daughter cells with chromosome
number reduced by half. However, chromosomes mbiofaegregate in the first or
second meiotic cell division, leading to restitatiouclei with unreduced chromosomes in
the variant meiotic cell division, such as meiggstitution. Two types of meiotic
restitutions or termed unreduced meiotic cell dondUMCD), have been documented in
plants,i.e. first division restitution (FDR) and second diwis restitution (SDR). The first
and second division restitution result from théufie@ of chromosome segregation at
meiosis | and I, respectively (Harlan and deW®ét3; Bretagnolle and Thompson,
1995; Ramanna and Jacobsen, 2003; Zleaiad), 2010;Brownfield and Kohler2011;
Silkovaet al, 2011) Both FDR and SDR result in unreduced gametes hairt §enetic

compositions may differ from each other.

In FDR, homologous chromosomes fail to segregasmaphase |, and instead
they stay on the equatorial plate to form one uwnced nucleus after the first division.
The unreduced nucleus usually undergoes normalsisdio As a result, FDR is featured
by an equational division of chromosomes and the#&bion of two daughter nuclei with
the same chromosome number as their mother cel®DR, first division is normal,
leading to the separation of homologous chromosphwsever, the sister chromatids
fail to segregate at anaphase ll, resulting indaoghter nuclei having unreduced
number of chromosomes. The daughter cells restribed FDR and SDR differ in the
chromosome complements. The FDR-derived unredugel@ircontain an entire set of
paternal as well as an entire set of maternal chsmmes, making FDR resemble

mitosis. However, the SDR-derived unreduced nueletive a combination of paternal
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and maternal chromosomes rather than a completé paternal and maternal
chromosomes. Polyploidy has been widely observeuaints. Fertilization of unreduced
gametes has been considered a major mechanisnhypf@dization in nature

(Wagenaar, 196&amanna and Jacobsen, 2003).

Two types of polyploidy are found in planig. autopolyploid and allopolyploid.
Autopolyploid is polyploid that contains more thimo homologous chromosome sets
(genomes), while allopolyploid is the polyploidyattcomprises more than one
heterozygous chromosome set (genome). Fertilizatiamreduced gametes generated
from meiotic restitution and/or other variant magirocesses has been considered a
major mechanism for the formation of autopolyplsingh, 2002). Allopolyploid is
thought to be originated from the spontaneous orgdsetween genetically different
species, followed by chromosome doubling of infezesfic hybrids most likely through
meiotic restitution Fukuda and Sakamoto, 1992a,b; Bretagnolle and TeomEa.995;
Xu and Joppa, 2000b; Lyreetal, 2003;Silkovaet al, 2003; Matsuoka and Nasuda,
2004; Jauhar, 2007; Silkoet al, 2011). Both autopolyploidization and
allopolyploidization can dramatically increase tf@ome size as the whole genome

duplication is involved.

The evolution of wheat

Wheat taxonomy
Wheat is currently the most consumed food grainrdahe world. It
taxonomically belong® the genudriticumunder theribe Triticeag which comprises

of about 30Gspecies (Clayton and Renvoize, 1986). Witia genus of riticum, there
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are about 30 different wild and cultivated wheaa@es at three ploidy levelise. diploid,
tetraploid, and hexaploid (Kimber and Sears, 198p;//www.k-

state.edu/wgrc/Taxonomy/taxkas.html).

Evolutionary lineages of polyploid wheat

Genetic evidences have revealed that polyploid whastwo evolutionary
lineages. The origin of tetraploid wheat turgidumL. 2n=4x=28, genome AABB) and
hexaploid wheatT. aestivuni., 2n=6x=42, genome AABBDD) comprises one lineage,
andT. timopheevi(Zhuk.) Zhuk. (2n=4x=28, genome AAGG) ahdzhukovskyMen. &
Ericz. (2n=6x=42, genome"M"AAGG) comprise the other. Common wheat was
originated from spontaneous hybridization betwadtivated tetraploid wheail(
turgidumL., genome AABB) and diploid goatgragseQilops tauschiCoss., 2n=2x=14,
genome DD), followed by chromosome doubling (Kihdr@44; McFadden and Sears,
1946; Riley and Chapman, 1958; D&oet al, 1993; Takumet al, 1993; Huangt al.,
2002; Cai and Xu, 2007; Jauhar, 2007; €al, 2010). Among the three diploid
ancestors of hexaploid wheat, urartucontributed the A genome aAg. tauschii
contributed the D genome (Kihara, 1944; McFaddehSears, 1946; Dvék et al,
1993; Takumkt al, 1993;Peterseret al, 2005. Though there remains some
controversyAe. speoltoides generally considered as the B-genome anceRilay(and
Chapman, 1958; Zohary and Feldman, 1962; Béika, 1999). In the other lineagg,
zhukovsky{genome AAMAAGG) was evolved from amphiploidization followirlge
hybridization betweeil. timopheevi(genome AAGGRNd cultivatedl. monococcum

(2n=2x=14, genome PA™).
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Evolution of common wheat

Although the evolutionariineage of common wheat described above has been
widely accepted, direct evidences are needed itonasbme of the evolutionary events.
A series of reproductive and genetic events arengisd for the success of common
wheat speciation,e. spontaneous hybridization betwekrturgidumandAe. tauschii
normal growth of fertile triploid Fhybrids, and genome doubling in the subsequent
generations of hybrids, as well as later genetitepigenetic changes in the common

wheat genome.

The spontaneous hybridization betw@eriurgidumandAe. tauschiis the
prerequisite for the origin of common wheat. Altgbuspontaneous intergeneric hybrids
betweenAegilopsandTriticum species have been reportedly observed in the Kliddl
Eastern regions, there has been no report abonteaspous hybrids betwedn turgidum
andAe. tauschi(VVan Slageren,1994). The ancestors of common wdreat
reproductively isolated with each other becaush®fphysiological and ecological
barriers such as differential flowering time (Kia&t al., 1965; Matsuokat al, 2008).
How and under what conditions the spontaneous thigation betweefl. turgidumand
Ae. tauschibccurred remain unknown. The normal growth andagyction of the
triploid F, hybrids are also critical for the origin of commeheat. Apparently,
spontaneous chromosome/genome doubling had talkea wiith the triploid hybrids,
making them fertile and produce viable progeny. @ee-wide doubling could be made
possible by either somatic chromosome doublindnerformation and union of
unreduced gametes. Some recent studies favortteeraute with regarding to the origin

of common wheat (Harlan and deWet, 19#8kuda and Sakamoto, 1992a,b; Xu and
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Joppa, 2000a; Lyreret al, 2003; Ramanna and Jacobsen, 2003; Jauhar, 204t al.,
2010). Common wheat combines three evolutionargfirtct genomeg,e. A, B, and D.
After the genome expansion, various types of genmo@ifications, including gene
elimination, duplication, and silencing had takégcp to make hexaploid wheat more
productive and adaptive to different environmgMatsuoka, 2011)Moreover, in the
polyploid wheatjndividual genes often choose their own way to be curvedan th
evolutionary history, such a®nfunctionalization (deletion or pseudogenization)
neofunctionalization, or subfunctionalization (Adaand Wendel, 2005; Zhaegal.,

2011).

Genecloning in wheat

The most commonly used strategies for cloning genesding for unknown
products are map-based cloneagd T-DNA/transposon-tagging. T-DNA/transposon can
be randomly inserted into the genome and usedlas@mark” to facilitate gene cloning.
However, this approach in wheat is not as efficanthat in other species, such as
tobacco Arabidopsis maize, rice, and aspen (Dinesh-Kuretal, 1995; Krysaret al.,
1999; Brutnell, 2002; Jeorgg al,, 2002; Fladungt al, 2004). This is due primarily to
the lack of an efficient T-DNA/transposon-taggingtem in wheat, and high levels of
noncoding repetitive DNA sequences within the wiggatome (Smith and Flavell, 1975;
Fariset al, 2002). Map-based gene cloning also encountersugachallenges in wheat,
including large genome size, allopolyploidy, grpattion of non-coding repetitive DNA
sequences, and low level of recombination evengeire-poor regions. However,
significant progress has been made on the clomdgharacterization of the genes for

important agronomic traits that can be visuallyrpitgped in wheat. It includes free-
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threshing habit gen®, vernalization response geXi&N1, powdery mildew resistance
genePm3h host-selective toxins sensitive géfan], frost tolerance gerfer-A"™2, leaf
rust resistance genesl andLr21, etc (Fariset al., 2003; Huangt al, 2003; Yaret al,

2003; Yahiaouet al, 2004; Luet al, 2006; Cloutieet al, 2007; Knoxet al, 2008).

Currently, map-based cloning has been the mostlaoptiategy of gene cloning
in wheat, especially for the genes with visuallgrable phenotypes. However, it remains
a challenge to clone a gene that conditions a ifmak or structural protein without a
distinct and easily scored phenotype, such aseéhegjproteins invoved in cell cycles,
using the map-based cloning strategy. Rapid adgandibe genome studies of models
and wheat-related species, such as Beachypodium distachygirabidopsis thaliana
maize, and barley, have generated various gendootsand resources useful for wheat
genome studies. Comparative studies of the modakhéreat genomes have opened
another entry point for gene cloning from the laagel complex allopolyploid genome of
wheat. The comparative genomic analysis approasioéan used to clone and
characterize the genes/proteins in the geneticar&tef cell cycle in plants, such as
wheat homologous chromosome pairing geéh8 meiosis regulator gen&M5, mitosis
checkpoint gen®AD2, regulator genes for synaptonemal complex (S@&rnakk/ and
synapsiASY1 SC assembler ge@eY P], structural maintenance of chromosome (SMC)
family membemRad50Q andRAD51for homologous recombination in meiosis (Sutbn
al., 2003; Kimbaraet al, 2004; Donget al, 2005; Boderet al, 2007; Khocet al., 2008;

Pérezet al, 2011;Khooet al, 2012).
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Unreductional meiotic cell division

Unreductional meiotic cell division and wheat evolution

Meiosis is a specialized cell division that prodaidaughter cells with
chromosomes reduced in half, and eventually leadset formation of haploid gametes.
Deviation from normal meiosis due to the genetiigenetic, and/or environmental
factors often leads to daughter cells or gamet#s weiriant chromosome numbers and/or
compositions. One of the meiotic variants, unreidanet meiotic cell division (UMCD),
has been found in plant species, including whesgtp,etc. (Harlan and deWet, 1975;
Bretagnolle and Thompson, 1995; Ramanna and JatoP@@3; Fawcett and Van de
Peer, 2010). UMCD often results in the formatiorunfeduced gametes (2n), and
subsequently polyploidization. It appears to batarally widespread phenomenon in
angiosperm (Harlan and deWet, 1975; Fukuda andnsatke 1992a,b; Wendel, 2000;
Xu and Joppa, 2000b; Ramanna and Jacobsen, 2a68)efmore, UMCD has proven to
be particularly important for plant improvementdtgh its use in
intergeneric/interspecific hybrids and polyploidspecially in triberiticeae(Islam and
Shepherd, 1980; Balatero and Darvey, 1993; Bretigand Thompson, 1995; Ramanna

and Jacobsen, 2003; Matsuoka and Nasuda, 2004rJ2007; Shamina, 2012).

As described eatrlier, there are two types of UM@&IBp known as meiotic
restitution,i.e. first division restitution (FDR) and second diasirestitution (SDR). In
FDR, all chromosomes stay on the equatorial ptaterim a restitution nucleus instead of
segregating at anaphase | as seen in normal meldsgesulting restitution nucleus has
the same chromosome number as the mother cek &inith of meiosis | and undergoes a

normal second division. SDR is characterized bgranal first meiotic division and
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failure of sister chromatid segregation in the sglcdivision, resulting in two nuclei with
unreduced chromosomes. Both FDR and SDR usuakygkice simultaneously during
micro- and mega-sporogenesis, leading to the foomatf unreduced male and female

gametes, respectively (Ramanna and Jacobsen, 2003).

Haploidy-dependent UMCD has been observed in tigtichgvheat T. turgidum
L., 2n=4x=28, genome AABB). It happens only under haploid condition. Meiosis
goes normal under the disomic condition (Xu and @d®92; Xu and Joppa, 2000a,b;
Caiet al, 2010). This unigue haploidy-dependent UMCD heanbconsidered a primary
mechanism, if not only one, of chromosome doubiimtipe origin of common wheaT (
aestivunL., 2n=6x=42, genome AABBDD) from the interspecifiybridization between
tetraploid wheatT. turgidunm) andAe. tauschi(2n=2x=14, genome DD) (Fukuda and

Sakamoto, 1992a,b; Xu and Joppa, 2000b; Lyetra, 2003; Jauhar, 2007).

Cytological and molecular mechanisms of UMCD

Tetraploid wheat ‘Langdon’ (LDN) undergoes normaliasis; however, its
haploid and hybrid witii\e. tauschiand rye show UMCD (Jauhat al, 2000; Xu and
Joppa, 2000b; Zhareg al, 2008; Cakt al, 2010). It has been widely accepted that
proper kinetochore orientation and chromosome ¢ohemordinately orchestrate
chromosome segregation during meiosis (Yokobayetsdli, 2003). Normally, sister
kinetochores orient syntelically and homologousaiwsomes segregate at meiosis |.
Recently, Caet al (2010) observed that LDN (disomic condition) umadent normal
meiosis with syntelic orientation of sister kingtoces at meiosis | and amphitelic
orientation at meiosis Il, while the LDN haploiddaimterspecific hybrid of LDN witiAe.

tauschiihad sister kinetochores oriented amphitelicallgath meiosis | and IlI.
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Apparently, the amphitelic orientation of sistendiochores and persistence of the
centromeric cohesion between sister chromatidse#&isis | contributed to the onset of

this haploidy-dependent UMCD in LDN (Cat al, 2010).

What makes sister kinetochores orient differentlgnaiosis | in LDN and LDN
haploid? Kinetochore orientation and chromosomeesimim are reportedly regulated by a
complex network involving multiple genes/proteimgluding cohesin Rec8 (Chelysheva
et al, 2005; Ishiguro and Watanabe, 2007), polo-likeake Cdc53haronret al.,, 1990;
Herrmanret al, 1998; Pahlavaat al,, 2000; Chaset al, 2000;Clyneet al, 2003; Lee
and Amon, 2003), cohesin protector Sgo (Watana®@5)? monopolin-complex and
Moal (Watanabe and Nurse, 1998tiet al, 2000; Hauf and Watanabe, 2004;
Chelyshevaet al, 2005; Yokobayashi and Watanabe, 2005; Zterad, 2006; Ishiguro
and Watanabe, 2007). The change from LDN to LDNdidpnay lead to
nonfunctionalization, neofunctionalization, or suaétionalization in some of these
genes/proteins responsible for chromosome cohesidrkinetochore orientation
(Wendel, 2000; Adams and Wendel, 2005; Wanhgl, 2006; Zhangt al, 2011). Rec8
and Cdc5 have been considered the two major playene genetic network for
kinetochore orientation and microtubule-kinetochatachment at meiosis I. The
objectives of this study were to clone the Rec8@dd5 homologues in LDN and

determine their role in the onset of the haploigpehdent UMCD.
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CHAPTER I11. CLONING AND CHARACTERIZATION OF THE RECS8-LIKE

GENE AND MEIOTIC COHESIN IN POLYPLOID WHEAT

Abstract

Meiosis is a specialized cell division that haleesomosomes and generates
haploid gametes in eukaryotes. The meiotic cohesB has proven to play a significant
role in kinetochore orientation in addition to ftioaing as a cohesion protein during
meiosis. Here, we report the cloning and functi@rallyses of thRec8homologue in
tetraploid wheat ‘Langdon’ (LDN)T{riticum turgidumL.), designatedtRec8 TtRec8
was cloned from LDN through the comparative genoapigroach. It encodes a Rec8-
like cohesion protein with 608 amino acids. Two lobewalleles off tRec8were
identified on the long arm of chromosome 1A andriBDN and designatetdtRec8-Al
andTtRec8-BlrespectivelyTtRec8-Alcontains 20 exons in a 6.5 kb-genomic DNA
fragment. Real-time PCR showed significantly higleeels ofTtRec8transcripts in
meiotic anthers than in roots and leaves of LDNe €kpression level aftRec8was
highest at interphase through early prophase lebsis, and then decreased as meiosis
proceeded. Western blotting detected a higher exjme level ofTtRec8n meiotic
anthers than in leaves of LDN, and no TtRec8 wasotied in roots. These results
consistently indicated thdtRec8was expressed primarily in anthers at interphase
through early prophase | as reported viRdr8orthologues in models. TtRec8 antibody
was raised and used to localize endogenous TtRet&pin the meiocytes of anthers at
different meiotic stages. TtRec8 protein was detkeiong the entire chromosomes
through the early stages of prophase |. Theredfit®ec8 protein was mostly removed

from the chromosomes. Hardly could TtRec8 proteisualized on chromosomes after
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pachytene stage. The kinetics of TtRec8 througmtaetic process in LDN was very
similar as the cohesion protein Rec8 in modelsgssiing its specific role in

chromosome cohesion and kinetochore orientationdgiosis.

Introduction

Meiotic cell division governs the gamete formatand gene transmission over
sexual reproduction in eukaryotes. It comprises swecessive nuclear divisions with
only one round of DNA replication, and maintainsigee integrity as well as creates
genetic variability. The first meiotic division (mesis I) involves homologous
chromosome paring, recombination, and segregatibite second meiotic division
(meiosis Il) leads to separation of sister chrodsaéind formation of four haploid cells.
During meiosis I, homologous chromosomes synappeoahase and sister chromatids
are syntelically attached at centromere by the ahitiules emanating from same pole at
metaphase. The multi-subunit protein complex (cohesmplex), including Rec8,
maintains the cohesion and syntelic orientatiosister kinetochores in meiosis |
(Watanabe and Nurse, 1999). Sister kinetochoresoamphitelically and sister
chromatids separate in meiosis Il. These cohesiokned meiotic events ensure meiosis

| reductional and meiosis Il equational.

Cohesins function as “glue” to connect sister chatds and ensure proper
chromosome segregation in meiosis and mitosis.nikatic cohesin complex comprises
four subunitsj.e. Sccl/Rad21, Scc3/Psc3, and two subunits of treuibus structural
maintenance of chromosomes (Smc) family (Smcl and3$ (Chelyshevat al., 2005;
Ishiguro and Watanabe, 2007; Nasmyth and Haerid@Q;2Xiong and Gerton, 2010). It

differs from the meiotic cohesin complex in whiatc®/Rad21 is replaced by its meiotic
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counterpart Rec8 (Chelysheenal, 2005; Ishiguro and Watanabe, 2007). A variety of
cohesion proteins have been identified and charaetkin different eukaryotes,

including yeastCaenorhabditis elegansnice,Arabidopsis rice, and maizestc
(Birkenbihlet al, 1992; Molnaset al, 1995;Bai et al, 1999; Watanabe and Nurse, 1999;
Donget al, 2001; Pasierbest al, 2001; Caet al, 2003; Pasierbeét al, 2003;
Bannisteret al, 2004 Zhanget al, 2004; Chelyshevet al, 2005; da Costa-Nunes al,
2006; Golubovskayat al, 2006; Zhangt al, 2006; Ishiguro and Watanabe, 2007; Jiang
et al, 2007; Tacet al, 2007; Gonget al, 2011; Lee and Hirano, 201Yyanet al,

2012). Rec8-like and Sccl-like proteins are ambeghost prevalent subunits of the
cohesin complex in meiosis and mitosis, respedcti{@helyshevaet al, 2005; Ishiguro
and Watanabe, 2007). The meiotic cohesin is noymaléased from chromosomes in a
two-step fashion. Initially, the endopeptidase saparemoves the cohesin along the
chromosome arms, but not around the centromerioneghen meiosis proceeds from
the prophase of meiosis I till the anaphase of sigilh. This retains the connection
between sister chromatids and ensures the segregdtiwo sisters into the same pole at
meiosis |. At the anaphase of meiosis Il, the Sgetliated protection of the centromeric
cohesion is broken down and cohesin within theroeméric region is removed, leading

to the separation of sister chromatids (Kitajietal, 2004; Watanabe, 2005).

Except for providing linkage between sister chradgtcohesion proteins play
important roles in other meiotic events, such aadlogous chromosome pairing and
recombination, synaptonemal complex (SC) formatsm double-stranded breaks
(DSBs) repair (Kleiret al, 1999; van Heemet al, 1999; Ellermeier and Smith, 2005;

Braret al, 2009; Nasmyth and Haering, 2009). In additiahesins regulate
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transcription of a series of genes, particularlyatie genes (Peric-Hupkes and van
Steensel, 2008; Merkenschlager, 2010; Dorsett, ;20hlet al, 2011a,b; Shaet al,
2011; Seitan and Merkenschlager, 2012; Yetal, 2012). InArabidopsis cohesin
subunit SYN3 was found to regulate the transcriptevel of the genes for meiotic
proteins essential for homologous recombinationsamépsis (Yuaet al, 2012).
Similarly, the cohesin SCC2 has proven directlyeigulate meiotic gene expression in

budding yeast (Liret al, 2011a,b).

Kinetochore orientation and chromosome cohesiomdtoately ensure proper
segregation of chromosomes during meiosis (Yokodia al, 2003). The orientation
of sister kinetochores is regulated by a complawask involving multiple proteins,
including meiotic cohesin Rec8, Moal, monopolin pteRr, etc In this network, Moal
and monopolin complex are two distinct classesrofgins assisting Rec8 to establish
monopolar orientation of kinetochores at meiosidal plays its role in
Schizosaccharomyces pon{b®kobayashi and Watanabe, 2005), while monopolin
complex functions irfaccharomyces cerevisiaad includes Mam1, Csmz2, Lrs4 and
Hrr25/casein kinase 1 (Watanabe and Nurse, 1999 &tad Watanabe, 2004,
Chelyshevaet al, 2005; Zhangt al., 2006; Ishiguro and Watanabe, 2007; Coréed.,

2010).

Although the conserved function of Rec8 in the caneric cohesion at meiosis |
has been widely accepted, the role of Rec8 in &oteire orientation at meiosis | is still
ambiguous. Irs. pomberec8A cells showed bipolar orientation of sister kinétoes at
meiosis |, suggesting Rec8 protein is requiredionopolar orientation of sister

kinetochores (Watanabe and Nurse, 1999; Yokobagsti 2003; Yokobayashi and
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Watanabe, 2005). However, the replacement of Rgt¢Bdomitotic cohesin Sccl that is
responsible for bipolar orientation of sister kowtore in mitosis resulted in monopolar
orientation of sister kinetochores at meiosis $ircerevisia¢Toth et al, 2000. It
suggests that other genes/proteins may be invatvdte regulation of kinetochore
orientation inS. cerevisiaén addition to Rec8, such as monopolin (Tétlal, 2000;
Rabitschet al, 2003). WherRec8is deleted irArabidopsis maize and rice, sister
chromatids prematurely segregated to opposite @blasaphase I, suggesting Rec8 is
required for monopolar orientation of sister kirgttores in plants (Chelysheeaal,

2005; Golubovskayat al, 2006; Shaet al, 2011).

Polyploid wheat, including common and durum wheaginated from
interspecific hybridization of three diploid anaast followed by spontaneous
chromosome doubling (Kihara, 1944; Riletyal, 1958; Dv@ak et al, 1993; Takumet
al., 1993; Huangpt al, 2002). Both exhibit normal diploidized meiotieHavior even
though they contain three and two homoeologousgautmmes, respectively. However,
unreductional meiotic cell division (UMCD) has bedrserved in the haploids and
hybrids of durum wheat witAe. tauschii D-genome donor of common wheXu(and
Joppa, 1995, 2000a,b; Jaukaal, 2000; Zhangt al, 2008; Cakt al, 2010). This
variant meiotic cell division has been considergutimary mechanism, if not only one,
of chromosome doubling in the origin of common witfeam the interspecific
hybridization betweeil. turgidumandAe. tauschiiLyreneet al,, 2003; Jauhar, 2007).
Recently, Caet al.(2010) reported that the haploidy-dependent UM@DBurum wheat
resulted from the amphitelic orientation of sidteretochores and persistence of the

centromeric cohesion between sister chromatidseatsis . It has been anticipated that
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the meiotic cohesin Rec8, which involves in theutatjon of kinetochore orientation
during meiosis, might play a role in the onsethas haploidy-dependent UMCD in
wheat. The objectives of the present study werdaioe theRec8homologue in

tetraploid wheat and to perform functional analgsgighis gene for further studies of this

polyploidization-related meiotic cell division.

Materials and methods

Plant materials and male meiocyte collection

Durum wheat ‘Langdon’ (LDN)T. turgidumssp.durum 2n=4x=28, genome
AABB), common wheat ‘Chinese Spring’ (CS). @estivuni., 2n=6x=42, genome
AABBDD), a set of CS nulli-tetrasomic lines, andexies of LDN D-genome disomic
substitution lines (LDN DS) were included in thiady. The CS nulli-tetrasomic lines
each misses one pair of homologous chromosomegalsubur homologues of another
chromosome within the same homoeologous groupLDid DS has one pair of A- or
B-genome homologous chromosomes substituted by affa-genome homologous
chromosomes within the same homoeologous group @8mrhese two sets of
cytogenetic stocks were used to determine the obsomal location of thRec8like
genes in tetraploid wheat. All the wheat matengdse grown in a temperature-controlled
greenhouse for the sampling of male meiocytes, &af root tissues in this study. Total
genomic DNA of all these wheat lines was extraétenh leaf tissues as described by
Fariset al. (2000). Male meiocytes (anthers) at differentatieistages were sampled
following the procedure of Cai (1994). Anther saegplvere stored either in liquid
nitrogen for real-time PCR and Western blottingnotx Buffer A(15 mM Pipes -

NaOH, pH 6.8, 80 mM KCI, 20 mM NaCl, 0.5 mM EGTAntM EDTA, 0.15 mM
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spermine tetra HCI, 0.05 mM spermidine, 1 mM dithieitol, 0.32 M sorbitol; Basst

al., 1997) for immunolocalization.

Production of interspecific hybrids and haploids

The LDN spikes were emasculated 2-3 days priontbesis, and pollinated with
freshly shed pollen frorAe. tauschiRL5286 when the hairy stigma opened. Fourteen
days after pollination, the caryopses were hardesterface-sterilized with 20% bleach
solution (200 ml bleach+800 ml d@) for 5 min and 70% ethanol for 1 min. The
caryopses were rinsed twice each for 1 min withlstdistilled water after each step of
sterilization. Immature embryos were asepticalgsdcted from the caryopses and
cultured on MS mediumMurashige and Skoog; 196at room temperature (18°C) for 4-
8 weeks. Seedlings with two leaves were transpdainte pots in the greenhouse for

further studies as described by @aal.(2010).

LDN haploid plants were produced by pollinating LIpNnts with maize pollen
and embryos were rescued following the proceducdeasribed by Caat al (2010).

Haploid plants were grown in the greenhouse taecobleaf tissues for DNA extraction.

RNA extraction and cDNA preparation

Total RNA was extracted from leaves, roots, anthenstat interphase/early
prophase |, pachytene, metaphase |, metaphaseghase Il, tetrads, and matured pollen
stages in LDN and LDN Ae. tauschihybrids using RNAqueols4PCR Kit (ife
Technologies, Grand Island, NY, UpAccording to the manufacturer’s instruction. Prio
to cDNA synthesis, total RNA was first treated widhNase | and purified with

RNAqueouS-4PCR Kit (ife Technologies, Grand Island, NY, UBAAfter
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guantification with NanoDrop ND-100 spectrophotoendihermo Fisher Scientific Inc.,
Wilmington, DE, USA and agarose gel electrophoresis, 1 pug of totah Rids used as
template for first strand cDNA synthesis with Su@ipt 11l First-Strand Synthesis
System for RT-PCR (Invitrogen Corporation, Carlsb@4, USA) according to the

manufacturer’s instruction.

cDNA cloning of the Rec8-like genein LDN

Meiotic cohesin Rec8 has been found highly consearaong eukaryotes,
particularly in grass family. The amino acid sequesof rice Rad21/Rec8-like protein
0Os05g0580500 (GenBank accession NP_001056426.1)sedasas a query tblastnthe
wheat tentative consensus (TC) sequence databdmat\BESTs having high sequence
homology with rice Rad21/Rec8-like protein were @ated based on the information of
theRec8like genes available in models and other plant& fducleotide sequence of the
candidate EST in wheat was used to design gendispg@amers using Primer3
(http://frodo.wi.mit.edu/) and primers were syntized by the Integrated DNA
Technologies (IDT, Coralville, IA, USA). The cDNAynthesized from total RNA in the
LDN anther at early prophase I/pachytene stagesused as templates for subsequent
RT-PCR with the gene specific primers. 3' and 5SGEArapid amplification of cDNA
ends) were performed to extend the cDNA sequentieecfandidate gene in tetraploid
wheat. The final complete cDNA sequence of the hatd gene was PCR-amplified by
the primer pair GM0O67F (5 CACCTCCTCCTCCGACCT 3igdaGMO65R (5'
ATTCTTTCAGCGTGGCATATCT 3') that span the start astdp codons of the gene.

The RT-PCR, cloning, and RACE were performed adogrtb Maet al (2006).
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Chromosomal localization of the Rec8-like gene in wheat

WheatRec8like sequences were amplified from a set of 21nGl8-tetrasomic
lines and a series of 14 LDN D-genome disomic sui&mn lines (LDN DS), as well as
tetraploid LDN, LDN haploid and hexaploid CS by P@kh Rec8like gene specific
primer pair GMO08F (5' AAGACCCTCCTCAACAACA 3') artdM008R (5'
CCTGACTTGACGCCTTTT 3'). 50 ng DNA was used as PERlate in a 25 pl
reaction. PCR amplification was performed with Biatinunf Taq Polymerase
(Invitrogen CorporationGrand Island, NY, USH and PCR cycles were as follows: 2
min at 94°C, followed by 30 cycles of 30 second34g(C, 30 seconds at 55°C, and 1
minutes at 72°C, followed by 7 minutes at 72°C eAfthloroform purification and
ethanol precipitation, the PCR products were dagkstith diagnosti©de (New
England Biolabs, Ipswich, MA, USA) and separatedtandenaturing polyacrylamide
gel,i.e. CAPS (cleaved amplified polymorphic sequence)nagke (Konieczny and

Ausubel, 1993).

Genomic DNA sequence cloning and analysis

Four cDNA fragments of thRec8like gene cloned in LDN were bulked as a
probe to screen LDN BAC library as described by ldual (2006). The positive BAC
clones were further verified by PCR with tRec8like gene specific primers. The
verified BAC clones were characterized by fingerprig with Hindlll and CAPS to
identify the BAC clones that contain different hogoalleles of th&ec8like gene in
tetraploid LDN. Subcloning was performed to delieslhe homoeoallele into smaller
genomic fragments for sequencing using the pWEB-TNCosmid Cloning Kit

(Epicentre Biotechnologies, Madison, WI, USA). Tgenomic sequences of the
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homoeoalleles in LDN were obtained and sequencetéprimer waking method with

DNA Walking SpeedUp” Premix Kit Il (Seegene, Inc., Gaithersburg, MD,A)S

Function prediction of the candidate gene was peréo using BLASTP 2.2.26+
in NCBI nr database (www.ncbi.nlm.nih.gov). Compiaeanalysis of the Rec8
cohesion proteins from different species was peréat using through the use of ClustalX
2.1. Bootstrap Neighbor-Joining phylogenetic trees\wuilt with the use of ClustalX 2.1
and visualized through the use of software Figked.0. PEST motif was predicted
with the use of EPESTFIND (www.emboss.bioinformaiit/cgi-bin/emboss/epestfind).
Other motifs were scanned with Motif Scan (httpyhits.isb-sib.ch/cgi-bin/motif _scan).
The cDNA and genomic DNA sequences were alignedaaatl/zed foRec8gene
structure with Splign software at NCBI website to
(http://www.ncbi.nlm.nih.gov/sutils/splign/spligmig and visualized with the use of

online drawing tool fancyGENE (http://bio.ieo.eul€ygene/).

Quantitativereal-time PCR

Real-time RT PCR was conducted to quantify thetikeddevels ofRec8lke gene
transcripts in leaves, roots, and anthers at intesg/early prophase I, pachytene,
metaphase |, metaphase ll/anaphase I, tetradsnatuted pollen stages in LDN and the
hybrids between LDN an#le. tauschiusing a7300 Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA¥ described by Chao (2008). Two pairfket8hke
gene specific primers were used, GMO10F (5' CGCCTGGAGGATTTGG
3)/GMO10R (5' TTGCTCGTTTAGTTGGTTGT 3') and LWC6 (5
ACACTAGTTCCCTCTCCACCAA 3)/LWC7 (5" CCTGGGATCATTATOGGTTGT

3'). After dissociation test and primer validatid8S rRNA gene was used as
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endogenous control and the primer combination iOG3A5'
GAGGGACTATGGCCGTTTAGG 3')/GM004 (5'
CACTTCACCGGACCATTCAATCG 3'). Two technical and tlerbiological
replications were included in these experimentg ddmparative €method was used to
determine changes Rec8like gene expression in different samples (tesafine to
anthers of interphase/early prophase | stage (@9is described by Cha al (2010).

Fold difference in gene expression &2 where ACt = Cr test— Cr.contror

Antibody production and affinity-purification

A 464 bp cDNA segment (named R26) of Bec8like gene in LDN was chosen,
based on its low hydrophobicity and sequence umigss to raise antibody against the
wheat Rec8-like cohesion protein. The segment V&8 @nplified from the primer pair
GMO26F (5' AATAGAATTCAAAATGATCCCAGGAAATGTA 3') and GMO026R (5'
ACATGTCGACTCACCCAGGACTTCCAGGTGTA 3'), which were modified witha
addition ofEcaRl andSal recognition sites at 5' ends (underlined), respely, and the
addition of a stop codon (italic) at 3' &l site of GM026R. This cDNA segment was
cloned into two expression plasmid vectors pGEX14(Rmersham Biosciences,
Piscataway, NJ, USA) and pMAL-c2X (New England Blmd, Ipswich, MA, USA),
respectively. After verified by sequencing, the twamstructs were transformed irio
coli strain BL21-Star (DE3) (Invitrogen Corporatidarand Island, NY, USA Upon
IPTG (isopropylB-D-1-thiogalactopyranoside) induction, the fusiatypeptides, pGEX-
R26 and pMAL-R26, were accumulated in insolublégteland resolubilised after
sonication. The generation of two fusion peptig3EX-R26 and pMAL-R26, was

conducted as described by Cleal. (2007). The total proteins were separated on SDS-
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PAGE gel and the candidate bands were cut outrat@estimated molecular weight.
Upon the verification with protein ID test (Apperd\ and B) done in Vincent Coates
Foundation Mass Spectrometry Laboratory at Stanfridersity (Stanford, CA, USA),
the polypeptide pGEX-R26 was used for the immurionaand generation of the

polyclonal antibody in rabbits by Affiniity BioReagts (ABR, Golden, CO, USA; now

Thermo Fisher Scientific, Inc.).

In order to isolate the antibodies that can speadiff recognize the Rec8-like
protein in LDN, the anti-pGEX-R26 crude serum affecond booster was affinity-
purified as described by Chabal.(2007) with minor modifications. The affinity-
purified pMAL-R26 polypeptide was first coupledAminoLink coupling resin with the
use of AminoLink Plus Immobilization Kit (Pierce ®@echnology, Rockford, IL, USA)
and then incubated with crude serum. After incuratihe mixture of crude serum and
resin was loaded to the column, and the serum wléected and stored in -80°C for later
use. The anti-Rec8 antibody was eluted with the E)@ion Buffer (Pierce
Biotechnology, Rockford, IL, USA) after washing tb@umn with 20 column volumes
of 1x PBS solution. Aliquots of anti-Rec8 antiboslgre made and stored in -80°C for

later use, one of which was taken out for concéintmtaletermination.

I mmunoprecipitation, Western blotting, and immunolocalization

Total proteins of LDN were phenol-extracted froraves, roots, and anthers at
interphase, prophase |, metaphase I/anaphase metabhase Il/anaphase Il stages and
were loaded 5 pg per lane for blotting. The proeeitraction, immunoprecipitation, and

Western blotting were performed following the prdwees of Chaet al (2007). The
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anti-Rec8 antibody was diluted in a ratio of 1:300Western blotting according to the

result from immunoprecipitation test.

Immunolocalization was conducted as described Hyltdwyskayaet al. (2006)
with minor modifications to monitor the changesafiogenous Rec8 protein in LDN
anthers during meiosis. The primary anti-Rec8 awtyowvas probed by the secondary
Anti-Rabbit IgG (whole molecule)-FITC Antibody praced in goat (Sigma-Aldrich Co.,
St Louis, MO, USA), and chromosomes were countierstiby propidium iodide (PI).
Two negative control experiments were performechémitor the specificity of the
antibodies in meiocytes. In the first negative colnthe thin layer of polyacrylamide gel
containing meiocytes was directly incubated witboselary antibody, while in the
second one, the thin layer of polyacrylamide geltaming meiocytes was incubated
with primary anti-Rec8 antibody that was preabsdrinernight with fusion polypeptide

PGEX-R26 at a molar ratio of blocking peptide tdilaody of 50 to 1.

Microscopy

Confocal microscopy was conducted with Zeiss Axaop® Imaging Research
Microscope equipped with ApoTome confocal compori€atrl Zeiss Light Microscopy,
Jena, Germany). Two-dimensional (2-D) and threeedsional (3-D) images were
captured and analyzed with the use of Zeiss Axmovi 4 software as described by Cai

et al. (2010).
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Results

Cloning and phylogenetic analysis of the Rec8 homologue in tetraploid wheat

The meiotic cohesion protein geRec8has been found highly conserved across a
variety of eukaryotes, including fungi, plants, amimals in terms of DNA and protein
sequences and subcellular functions (Watanabe amseN1999; Totlet al, 2000;
Chelyshevaet al, 2005; Golubovskayet al, 2006; Shaet al, 2011). RiceQryza
sativg has been a model for monocot plants, includingatiand barley (Kellogg, 2001,
Gaut, 2002; Salset al,, 2008). In this study, the amino acid sequendeanf21/Rec8-
like protein Os05g0580500 (GenBank accession NFOB®126.1) in rice Japonica
group was used as query to search against commeatWiC database (previously at
www.tigr.org; and now at http://compbio.dfci.hardadu/tgi/cgi-
bin/tgi/gimain.pl?gudb=wheat), which runai-blast2.0. An 808-bp EST from common
wheat (GenBank accession BQ744508) was found te hehest sequence similarity
(80% identity; E-value: 1.3E-101) and annotated ashesin-like protein gene after
tblastnsearch. According to the nucleotide sequencedsi®ittheat EST and ridead21-
4 gene, wheat cohesin-like gene specific primer doatlons were designed in the
conserved region. RT-PCR was performed on the cDik#xs LDN anther at early
prophase I/pachytene stages whenRke8like genes were highly expressed. The
amplicons from the RT-PCR were sequenced and agdlynd then used to design gene-
specific primers for the next round of 3' and 5'GA The draft cDNA sequences of the
candidate gene were obtained in LDN after severaids of RACE reactions. Since
LDN is an allotetraploid with two homoeologous sggnromesi.e. A and B, it generally

contains two homoeoalleles with high sequence atigs on each of two
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homoeologous chromosomes (Mueaial, 1999; Huangt al, 2002; Kimbarat al,

2004; Zhanget al, 2011; Brenchlewt al, 2012). Thus, errors could occur when
assembling the cDNA segments from the RACE reasti®o avoid the assembling
errors, two 5’ and 3’ gene-specific primers frore tnal round of RACE, which spanned
the start and stop codons, were used to amplifjtfdogth cDNA sequences of the gene.
Only one full-length cDNA copy, instead of two, watstained from these amplifications.
It was 1,824 bp long and encoded 608 amino acitlsawredicted molecular weight of

67.6 kDa.

The predicted protein encoded by the candidate gasecompared to the cohesin
orthologues from other eukaryotes, including sistepmatid cohesion 1 protein 1-like
protein (Sccl-like) ilBrachypodium distachyoiGenelD: 100824802), Rad21/Rec8-like
protein in rice (GenelD: 4339720), absence of fiirgision 1 (Afd1) protein in maize
(GenelD: 732730), sister chromatid cohesion 1 pmdtgSyn1) inArabidopsis thaliana
(GenelD: 830432), and Rad?21 frddosophila melanogastdGenelD: 113590and
Xenopus laevigGenelD: 399129)The comparative analysis revealed high levels of
amino acid sequence similarity (Table 3.1). In &ddj the predicted protein encoded by
the candidate gene contains two conserved doméaiRad?21/Rec8 cohesing.
pfam04825 at N-terminus and pfam04824 at C-term{Rrigure 3.1). Further analysis
showed that this protein has a serine-rich regmrserved among the Rec8 cohesins in
plants (Figure 3.1). The serine-rich region is e8aly important for the cohesin to
interact with other proteins in the network. Furthere, there are two potential
proteolytic cleavage sites (PEST motifs) charazeetias signals for rapid protein

degradation in this predicted protein (Figure 3Al)these results support the identity of
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this candidate gene asR@c8homologue in tetraploid wheak .(turgidun), designated

TtRec8

Table 3.1. Comparative analysis of the predicted protein efRkc8like gene in wheat
and cohesion proteins from other eukaryotic species

Species Cohesin orthologue GenelD  Genbank Accession Similarity
B. distachyon Sccl-like 100824802 XP_003567819.1 80%
O. sativa Rad21 4339720 NP_001056426.1 68%
Z. mays Afdl 732730 NP_001105829.1 67%
A. thaliana Synl 830432 NP_196168.1 42%
D. melanogaster Rad21 113590 AAD33593.1 40%
X. laevis Rad21 399129 AAH97558.1 36%

Bootstrap Neighbor-Joining phylogenetic tree (bvafsvalue= 1,000) showed
that TtRec8 was genetically closest to BdSccllofeéd by OsRad21 and ZmAfd1,
which all belong to the grass familyicotyledoncohesin AtSynl was relatively further
as compared to grass cohesin counterparts; whd@ Raroteins in animals, DmRad21

and XIRad21, were genetically furthest (Figure 3.2)
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Figure 3.1. Alignment of multiple eukaryotic cohesion proteiAsnino acid sequences
of TtRec8 is aligned witBrachypodiundistachyorsister chromatid cohesion 1 protein
1-like protein BdScclL (GenelD: 100824802), maikeemce of first divisionl ZmAfd1l
(GenelD: 732730), rice Rad21/Rec8-like protein Q¥Ha(GenelD: 4339720),
Arabidopsis thalianaister chromatid cohesion 1 protein 1 AtSynl (GBn830432),
Drosophila melanogastédRad21 (GenelD: 113590), aX@nopus laeviRad21 (GenelD:
399129) by ClustalW. Black, grey, and white backgds indicate the levels of
conservation of amino acids. Green and red bo&klabove the sequence indicate the
conserved domains pfam04825 (N-terminus) and pf&2®4C-terminus), respectively.
Blue boxes highlight the serine-rich regions comsdramong plant cohesin proteins.
Yellow boxes highlight the potential PEST motifs.

49



Tt Rec8
BdScclL
ZmAf d1
OsRad21
At Synl
DnRad21
Xl Rad21

Tt Rec8
BdSccilL
ZmAf d1
OsRad21
At Synl
DnRad21
Xl Rad21

Tt Rec8
BdScclL
ZmAf d1
OsRad21
At Synl
DnRad21
Xl Rad21

Q
---------- - - VONGSDEM
IGENDHDSV I PTKKTAVI LI NESVGTSVLS DNGVSKRINN | LKGADNYEI PSFVGQNHGD EQVENETDEQ

Tt Rec8
BdSccilL
ZmAf d1
OsRad21
At Synl
DnRad21
Xl Rad21

ZmAf d1
GCsRad21
At Synl
DrRad21
X Rad21 ~ ------

Tt Rec8 A
BdScciL [%-----
F

Figure 3.1. (continued)Alignment of multiple eukaryotic cohesion proteins.
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Figure 3.2. Phylogenetic tre of Rec8 orthologues in tetraploid wheat aider
eukaryotic specie®hylogenetic trewasbuilt from the amino acid sequencesTtRec8,
BdSccllL(GenelD: 100824802), ZmAfdl (GenelD: 732730), OsRafGenelD:
4339720), AtSyf (GenelD: 8304%), DmRad21 (GenelD: 113590), aKtRad21

(GenelD: 39912pwith Bootstrap Neighb-Joining method.

Subcellular localization of TtRec8 protein
The polyclonal antibody against TtRec8 raised bbiis was used to dete

endogenous TtRec8 proteimthe male meiocyte nuclei at different meiotiagsts
(Figure 3.3). TtRec8 was found to be associatel thigg entire chromosomes from ec
leptoteneirough pachytene stage at meiosis | (Figureal-a3 and bb3). After

pachytene stage, TtReuwfs scarcely visualized on the chromosomes, and onhtise
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TtRec8 protein was removed or degraded from thensbhsomes (Figure 3.3, c1-j3).
TtRec8 protein was not detected in the somatis a@élanthers that undergo mitosis from
interphase to anaphase, indicating TtRec8 is negsecific (Appendix C). In the first
negative control where meiocytes were incubategcty with the secondary antibody,
no signal could be detected, indicating the endogstRec8 proteins did not react with
the secondary antibody. In the second negative@onhere the primary anti-Rec8
antibody was incubated with fusion polypeptide pGEX6 overnight, no signal was
detected, indicating the paratope on the anti-Ret®ody has specifically recognized
and completely combined with the epitope on R2Gipoof the fusion polypeptide.

Both negative control experiments showed that tiieRec8 antibody and Rec8 are
mutually specific. The kinetics of TtRec8 throudjie imeiotic process in LDN was very
similar as the cohesion protein Rec8 in yeast @hdranodels. All these results further

confirm that TtRec8 is the Rec8 homologue in tdtigpwheat.
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TtRec8 Chromosomes Merged TtRec8 Chromosomes Merged

Figure 3.3. Fluorescent immunolocalization of TtRec8 protgre€n) on the meiotic
chromosomes (red) in LDN. al-a3: leptotene; blpa@hytene; c1-c3: diakinesis; d1-d3:
metaphase I; el-e3: anaphase I; f1-f3: telophagk-¢3: prophase II; h1-h3: metaphase
II; i1-i3: anaphase Il; and j1-j3: tetrads. Scade: (5 um.

Expression analysis of TtRec8
In LDN, significantly higher levels oftRec8transcripts were detected in anthers
at early prophase of meiosis | than in roots aaslds by real-time PCR with twkiRec8

specific primer pairs. The transcription levell@Rec8was highest at interphase through
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early prophase | of meiosis. After that, transooiptconstantly declined to a level of 11-
17% at the end of meiosise. tetrad stage (Figure 3.4). The relative transicmplevels

of TtRec8in roots and leaves were only about 4.8-7.9% a@#i330.020% of that in the
anthers at interphase/early prophase | stagesatggly. The expression profile of
TtRec8revealed by real-time PCR was similar to Rex8like genes in models, further

confirming the identity offtRec8as aRec8homologue in tetraploid wheat.

TtRec8exhibited similar expression patterns in both LBxMI LDN xAe. tauschii
hybrid (Figure 3.4). However, thERec8transcript level in the LDN Ae. tauschii

hybrid was only about 40% of that in LDN at eartpphase | (Figure 3.4).
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Figure 3.4. Relative transcript levels ditRec8in roots, leaves, and anthers at different
meiotic stages in LDN and LDN Ae. tauschihybrid. Data from two primer pairs
LWC6/LWC7 (LWC6/C7) and GM010F/GM010R (GMO10F/R) neeplotted in the

filled and open bars, respectively. IN/EP: Integ#i&arly Prophase |; PY: Pachytene;
MI: Metaphase I; MIl/All: Metaphase II/Anaphase TIE: Tetrads; MP: Matured Pollen;
RT: Roots; and LV: Leaves. The prefix “L-" refesthe samples collected from LDN,
and “H-" to the samples collected from the LDM&. tauschihybrid.
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Immunoprecipitation was performed to verify the@peity of the anti-TtRec8
antibody. After anti-Rec8 antibody was incubatethwie total protein extract from
anthers undergoing meiosis, a protein with a mdéeaueight of a little over 60 kDa was
immunoprecipitated. This molecular weight matcheithwhe predicted molecular weight
67.6 kDa of TtRec8 (Figure 3.5, top). In addititims protein was not present in the
supernatant after immunoprecipitation. Also, nccpkation was observed when anti-
TtRec8 antibody was not included into the protedtraet for incubation (Figure 3.5, top).

This confirmed the specificity of the antibody fiRec8 protein in tetraploid wheat.

Western blotting with the TtRec8 antibody detedtezlhighest level of TtRec8
protein in the anthers collected primarily at pragpé |. Also fair amounts of TtRec8 were
detected in the anther samples primarily at otheiotit stages. A relatively low level of
TtRec8 was detected in leaves, but not in rootgufiei 3.5, bottom). There were some
unspecific bindings of TtRec8 antibody with otheotgins in root samples, forming a

heavy band with a lower molecular weight than T@&R@eagure 3.5, bottom).

M 1 2 3 4

60 kDa—=— — —

M 1 2 3 4 ) 6 7
60 kDa-= P

Figure 3.5. Immunoprecipitation and Western blotting of thel@genous TtRec8 in

LDN. Immunoprecipitation and Western blotting assaye shown at top and bottom,
respectively. Top: M-protein size marker; 1-totadtgin extracted from anthers
undergoing meiosis; 2-proteins that are immunopreted by anti-TtRec8 antibody; 3-
negative control without anti-TtRec8 antibody ie tleaction; and 4-supernatant from the
immunoprecipitation experiment. Bottom: M-proteimnesmarker; 1-interphase; 2-
prophase |; 3-metaphase l/anaphase |; 4-metapliasagdhase II; 5-matured pollen; 6-
roots; 7- leaves.
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Chromosomal localization and genomic sequences of TtRec8

Screening of the LDN BAC library identified six BA€lones that contain part or
full-length genomic DNA sequence dtRec8(Appendix D, A-B). Fingerprinting with
Hindlll and CAPS analysis categorized these BAC clontestwo groups (Appendix D,
C-G). Likely, these two groups of BAC clones eaalhblored a different homoeoallele of
TtRec8 Two homoeoalleles aftRec8were identified in LDN and assigned to
chromosome 1A and 1B, respectively, using CS nettasomic and LDN DS lines
(Figure 3.6). They were designatétlRec8-AlandTtRec8-Blrespectively. Several PCR
products amplified from the BACs that contditRec8-AlandTtRec8-Blrespectively,
by TtRec8specific primers were sequenced and compared§gk Bequence similarity.
High levels of DNA sequence similarities were foundhe investigated regions of these
two homoeoalles (Appendix E). In addition, chromuosalD of CS was found to contain
another homoeoallele &ec8gene (Figure 3.6). The ri¢ec8like geneOsRad21-4
(GenBank accession NP_001056426.1) Brathypodiungene encoding sister
chromatid cohesion 1 protein 1-like protein (GenlBaocession XP_003567819.1) were
assigned to the long arm of chromosome 5 and chsome 2, respectively. Both
chromosomes are collinear with wheat chromosom#éseinomoeologous groupile.

1A, 1B, and 1D (Zhangt al, 2006; Kumaet al, 2012).

A 40 kb genomic DNA fragment containifigRec8-Alwas subcloned into a
cosmid vector for the ease of sequencing. A 6.k segment harboringjtRec8-Al
was completely sequenced. Alignment of the gen@N@& sequence with the full-length
cDNA sequence oftRec8indicates thaTtRec8-Alcontains 20 exons and 19 introns

(Figure 3.7). The largest exon has 268 bp andrialest 20 bp in length with an
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average of 102 bp/exon. The largest intron haslld(between exon 6 and 7) and the
smallest is 71 bp (between exon 15 and 16) in length an average of 234 bp/intron
(Figure 3.7). InterestinglyftRec8and the ricdrec8like geneOsRad21-4&hare
extremely high similarities in the number, sized aistribution pattern of exons/introns
despite of slight difference in length of the gemo@NA sequences. This result indicates
theRec8gene is rather phylogenetically conserved betweenand wheat (Figure 3.7).
Also, the genomic DNA sequenceTRec8-Alshowed high homology with a CS
genomic DNA segment assigned to the long arm adrobsome 1A (IWGSC chrlAL v2
ab k71 contigs; http://urgi.versailles.inra.fr/9(8% nucleotide sequence similarity in
5,996 bp comparable region), suggesting the locatidtRec8on the long arm of the
group 1 chromosomes. Cloning and analysis of theptete TtRec8-Blgenomic

sequence is underway in LDN.

CS nulli-tetrasomic lines LDN DS lines
DDMmcganocmgommqmogm
= B
g foc2zogggB®oo2aona < R
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Figure 3.6. Chromosomal localization dftRec8usingTtRec8specific primers. The
three arrows at left point to the DNA fragments &figal from thehomoeoalleles of the
Rec8homologue in hexaploid and tetraploid wheat omeiosome 1D, 1A and 1B,
respectively. Two fragments were amplified in LDN&nd LDN 1n (haploid), indicating
two homoeoalleles oftRec8in tetraploid wheat LDNi,e. TtRec8-AlandTtRec8-B1
respectively.

The genomic sequence BfRec8-Alwas used as a query to blast the genomic

sequences of CS (URGI database, http://urgi.véesaiira.fr) andAe. tauschi(NCBI
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database, www.ncbi.nlm.nih.gov). Comparative anslgkthe thredrec8homoeoalleles
in CS (TaRec8-AlTaRec8-BlandTaRec8-D)revealed over 94% similarities in their
genomic sequencesg. TaRec8-Als.TaRec8-B1 94.1%,TaRec8-Bls. TaRec8-D1-
94.2%, andlraRec8-Als. TaRec8-D1 95.3%. In additionTaRec8-Dlshowed 98.7%
genomic sequence similarities with tRec8homoeoallele ie. tauschi{GenBank
accession AOC0010021311.1). Higher levels of smti#¢s would be expected in the

coding regions than intronic regions of these haratieles.
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Figure 3.7. Comparison of gene structures of whedec8-Alandrice OsRad21-4
OsRad21-4GenBank accession NP_001056426.1. Left: Genetateiof TtRec8-Al
Right: Gene structure of ric@sRad21-4Green and red wide boxes highlight the N-
terminal and C-terminal conserved domains for RA’248 cohesin,e. pfam04825 at
N-terminus and pfam04824 at C-terminus. 5' andTR untranslated regions) are
highlighted with purple narrow boxes at both erglack lines inTtRec8-Algene show
the relative position of primer pair GMOO8F and QMR to the introns and exons along
theTtRec8-Algene. Bar scale: 500 bp in length.
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Discussions

Both common and durum wheat are allopolyploids whtlee {.e. A, B, and D)
and two (.e. A and B) homoeologous sub-genomes, respectivadpetlly, there are
three homoeoalleles at a gene or marker locusnmuoan wheat and two in durum wheat
(Murai et al, 1999; Huangt al, 2002; Kimbaraet al, 2004; Zhangt al, 2011;
Brenchleyet al, 2012). The recent whole genome sequence analiysemmon wheat
suggests that homoeoalleles of probably about loing-@f genes in the common wheat
genome share high levels of similarity in nucleetsgquences (Brenchleyal, 2012).
For instancelMAD2 (mitotic arrest deficient 2 a gene involved in spindle checkpoint
control, shares 99.2-99.7% nucleotide similarityhea coding regions among the three
homoeoallelesyMAD2-A1 wMAD2-B1, andwMAD2-D1of common wheat (Kimbaret
al., 2004). The three homoeoloalleles/gxygene, encoding for granule-bound starch
synthase, in common wheat share 95.6-96.3% sityilartheir coding regions (Murait

al., 1999).

In this study, two homoeoalleles BfRec8i.e. TtRec8-AlandTtRec8-Blwere
identified and cloned in tetraploid wheat LDN (FigB.6). However, only one cDNA
clone ofTtRec8was recovered from the LDN anthers at the meioterphase/early
prophase | stages wheFeRec8genes are highly expressed. This could be at&ibtd
high levels of sequence similarities between titesehomoeoalleles in coding regions or

low expression level of one of these two homoetesle

Comparative analyses of tReec8homoeoalleles in wheat aie. tauschii
suggest thaftRec8-AlandTtRec8-Blikely share high levels of sequence similarities,

especially in coding regions (cDNAS) (Appendix E)addition, the preliminary
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genomic sequence data indicate that GaBec8-AlandTtRec8-Blcontain the primer
sequences that were used to amplify the full-lec@NA of TtRec8i.e. GMO67F (5'
CACCTCCTCCTCCGACCT 3') and GMO65R (5" ATTCTTTCAGCGGCATATCT
3). Therefore, it is likely that boffitRec8-AlandTtRec8-Blshare the same coding
sequence. This will be further verified by analggthe full-length genomic DNA

sequences oftRec8-AlandTtRec8-Bland the full-length cDNA sequence.

Another possibility for recovering only one cDNAoak forTtRec8might be due
to thelow abundance of the transcript for one of the hemoeoalleles in LDN. If this
was the case, the homoeoallele with the underreptated transcript most likely would
beTtRec8-Blbased on the comparative sequence analyses witlo@8loguesFurther
studies are underway to characterize the express$ithhese two homoeoalleles using
LDN D-genome disomic substitution lines 1D(1A) &aid(1B). A better understanding
will be expected foltRec8after the full-length genomic sequences of thébot

homoeoalleles are obtained and their expressidilgg@are determined in LDN.

Rec8 is a highly conserved meiotic cohesin in eytdas, including yeast, plants,
animals, and humans. In addition, Rec8 has beerdfessential to ensure syntelic
orientation of sister kinetochores and reductiamakion of chromosomes at meiosis |
(Molnaret al, 1995; Watanabe and Nurse, 1999; Chelysle¢ad, 2005; Zhangpt al,
2006). As a meiotic cohesin, Rec8 is synthesizedimcorporated into replicating
chromosomes at as early as S phase when DNA regsidafunctions like “glue” to hold
the newly synthesized sister chromatids togethmrgathe entire replicated chromosome.
The highest levels dRec8transcripts and Rec8 cohesion proteins have betecteéd

from S phase through early prophase of meiosi€t the entire meiotic process in
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models. After that, cohesion protein on both arsn@moved, but cohesin in the
centromeric region persists to hold sister chrodsatbgether till sister chromatids
segregate at anaphase of meiosis Il (Kéial, 1999; Waizenegget al, 2000; Caet

al., 2003). However, slight variation on the kinetdéshe Rec8 cohesin was observed
over the meiotic stages in different species. Tee8homologue irabidopsisvas
detected on the meiotic chromosomes at interphadéater in the centromeric region till
metaphase | (Cait al, 2003; Chelyshevat al, 2005).In maize, the Rec8 cohesin is not
detectable aftgprometphase | (Pawlowski, personal communicatiBige cohesin
OsRECS labeling could be detected along the elativgth of meiotic chromosomes from

interphase till metaphase | (Shetoal, 2011).

In this study, TtRec8 cohesion protein was deteatedg the entire chromosomes
at early prophase I, such as leptotene and pachygdter pachytene and prior to
anaphase Il, chromosomes became more condenseti@nmer; and TtRec8 protein was
hardly visualized on the chromosomes, includingci@romeric regions. Most likely,
TtRec8 cohesin was still retained around the cemtre then, but not detectable using the
immunolocalization procedure in this study becaafdarge chromosomes in wheat as
well as chromosome condensation and covering oéd@mprotein by condensed

chromatin in the centromeric region.

Yeast has much smaller chromosomes than plants,asfrabidopsis maize,
rice, and wheat. The fission yeast Rec8 appeartdttinentromere and the surrounding
chromosome arms in the premeiotic S phase ancetiteoteric Rec8 remained
detectable during meiosis | and disappeared atresapll (Watanabe and Nurse, 1999).

The budding yeast Rec8 cohesion protein, Rec8pdetestable on the chromosomes at
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early prophase | till anaphasarbund the centromeric region (Klezhal, 1999).
However, Rec8 in the centromeric region was havilyalized at later meiotic stages in
the plant species with large chromosomes, suchagzenrice, and wheat. This is
particularly true in wheat that has largest chroomoss amondyrabidopsis maize, and
rice. Seemingly, chromosome size is negativelyatated with the visibility of the

cohesion protein on chromosomes.

The real-time PCR results indicated that the tnapskevel of TtRec8in the
meiotic anthers constantly decreased from intempleasly prophase | through the end of
meiosis,i.e. tetrad stage. Apparently, variation of thRec8transcript levels over the
different meiotic stages consistently supportsrthe of TtRec8 as meiotic cohesin in
tetraploid wheat. Minimal levels dftRec8transcripts were detected in roots, but not in

leaves, suggesting minimal expression of this nieigigecific cohesin gene in roots.

Western blotting detected the highest TtRec8 |pueharily in the anthers at
prophase | stage. After that, TtRec8 protein leleglined. However, fair amounts of
TtRec8 were still detected at later meiotic stagéss probably resulted primarily from
the use of unsynchronized anther/meiocyte samplgsrbtein extraction. In other words,
the samples used for protein extraction very lilaptained anthers and meiocytes at
different meiotic stages, rather than all at threesaneiotic stage as expected. Obviously,
it is critical for meiotic studies to sample meitey synchronized at a particular meiotic
stage targeted. Real-time PCR encountered the samgling problem as Western
blotting, but to a less extent because it involagdther small anther/meiocyte sample for
RNA extraction comparing to Western blotting. Botal-time PCR and Western blotting

detected low levels dftRec8transcript and TtRec8 protein in somatic tissuelicating
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minimal expression oftRec8in non-meiotic tissues. Similar results were régubifor

Rec8in other specied/atanabe and Nurse, 1999; @aal, 2003;Zhanget al, 2006).

Clearly, TtRec8 functioned as a meiotic cohesitetraploid wheat. The other
functions TtRec8 may have in tetraploid wheat LDN ander determination, including
its role in kinetochore orientation and haploidydedent UMCD. Significant lower
level of TtRec8transcript was observed in the anthers at eadghase | of the LDN x
Ae. tauschihybrid (haploid) than LDN (tetraploid). This migsiiggest the possible
involvement of TtRec8 in the onset of haploidy-degent UMCD in LDN. Further
studies are needed to completely reveal the fumetid TtRec8 under both haploid and

disomic conditions.
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CHAPTER IV. PRELIMINARY STUDIESON THE PUTATIVE POLO-LIKE

KINASE GENE CDC5 IN TETRAPLOID WHEAT

Abstract

A complex genetic network involving multiple geramditions meiotic cell
division. Within this network, polo-like kinase Calbas proven to promote meiosis in an
orderly progress. It is required to ensarenopolar attachment of sister kinetochores at
meiosis | and is involved in the formation of chmesta as well as stepwise removal of
cohesin in meiosisThe objectives of this study were to perform alistudies towards
cloning theCdc5homologue in tetraploid wheat ‘Langdon’ (LDN). (turgidumL.),
designated tCdch Two homoeoalleles of the putatiVéCdc§ encoding for 1,081 and
1,084 amino acids respectively, were cloned fronNLtBrough the comparative genomic
analysis. Theyvere localized to chromosome 5A and 5B, respegtiReéal-time PCR
showed significantly higher levels of the putatiM€dc5transcripts in meiotic anthers
than in roots and leaves of LDN. The transcriptlef the putativdtCdc5was highest
at pachytene stage of meiosis I, and then decreasetiosis proceeded. Moreover, a
higher expression level @itCdc5was observed in meiotic anthers than in somatsuiés
of LDN. These results indicated that the putafit€dc5expressed primarily in anthers at
pachytene stage of meiosis | as reported ®@dh5orthologues in models. The sequences
and conserved domains BfCdc5as well as its kinetics through the meiotic preaes
LDN were very similar to the polo-like kinase CdoSmodels. Additional functional
analyses are needed to verify the identity of gieise as a Cdc5 homologue in tetraploid

wheat.
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Introduction

Meiotic cell division involves one round of DNA regation and two continuous
nuclear dividions and leads to four haploid daugbédis with reduced chromosomes.
The first round of cell division of meiosise. meiosis |, differs from meiosis Il and
mitosis in chromosome behavior and genetic outc@viigazaki and Orr-Weaver, 1994;
Roeder, 1997; Pagliarini, 2000; Mitchison and Saln001; Hirano, 2002; Gerton and
Hawley, 2005; Harrisoet al, 2010). At meiosis |, each pair of sister kinétoes in the
paired homologous chromosomes (bivalent) orientedigrally (i.e. monopolar
orientation), but the two pairs of sister kineto@®in a bivalent are attached by spindle
microtubules emanating from opposite poles in tio¢her cell. This drives paired
homologous chromosomes to segregate, while sistentatids still connect to each
other at meiosis I. At meiosis Il, sister kinetod®orient amphitelically and are attached
by spindle microtubules emanating from oppositegdéle. bipolar orientation). This
kinetochore-microtubule attachment makes sistesrabatids divide and migrate toward

opposite poles, leading to a mitosis-like cell gion at meiosis II.

Polo-like kinase (PIk), Cdc5, is a curial regulatdmitosis in yeasfToczyskiet
al., 1997; Gloveet al, 1998; Shirayamat al, 1998; Alexandret al, 2001). Also, Cdc5
has been found to play a significant role in mai@€ilyneet al, 2003; Lee and Amon,

2003).

Polo was first identified ilbrosophilato be a regulator for correct structure and
function of centrosome (Sunket al,, 1988). Polo-like kinases are a conserved sulbfami
of serine/threonine protein kinases that play @maies in cell cycle and proliferation.

Only single copy of Plks (Polo, Cdc5, and Plol) ¥asd inDrosophila melanogaster
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S. cerevisiaeandS. pombegrespectively (Sunkedt al, 1988;Kitadaet al, 1993; Ohkura
et al, 1999. In higher mammals, four Plks apparently shoviedent spatial distributions
and execute differential functions. Three of th@tk1, Plk2 (also called Snk), and Plk3
(also called Prk or Fnk), are closely related witle another, in the viewpoints of both
sequence similarity and function conservatiSimmonset al, 1992; Clayet al, 1993;
Lakeet al, 1993; Hamanaket al, 1994; Holtrichet al, 1994; Donohuet al, 1995; Li

et al, 1996; Libyet al, 200]). The fourth member of Plks, PIk4 (also called)Sak

distantly related to the other thrdeo(eet al, 1999.

Plks are found functionally conserved at severatkpoints during mitosis in
models, such as entry and exit of mitosis, spipdle assembly, and cytokinesis
(Golsteynet al, 1995; Donaldsoet al, 2001; Parlet al, 2010). First, PIk1 activates the
phosphatase Cdc25 that functions as a positivdatgudor Cdc2-Cyclin B. Cdc2-Cyclin
B is a major cyclin that facilitates the-®! transition in the cell cycle (Otat al., 1999;
Smitset al, 2001; Qiaret al, 2001; Hutchingt al, 2004). Second, Plks regulate mitosis
checkpoints in partially activating the anaphasaymting complex (APC), which is an
E3 ubiquitin protein ligase facilitating the degation of anaphase inhibitor. This
anaphase inhibitor is also called securm,Pdsl in budding yeast and Cut2 in fission
yeast, because of its function in controlling sefian of two sister chromatids (Nasmyth
et al, 2000). At anaphase in budding yeast, destructiaecurin Pdsl releases the Espl
protease, which cleaves Sccl, a subunit of coloesnplex, and leads to the separation
of sister chromatids. Similarly, in fission yeadtgradation of securin Cut2 results in the
release of Cutl, an Espl homologue that can remaivesin Sccl proteins. Espl and

Cutl are thus termed as separin. Moreover, Plkduwartion in more than one pathway
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to assist removal of cohesion proteins at the migghof anaphase. Beside the pathway
above, PIk Cdc5 can phosphate the cohesin Sccinthan increases the susceptibility
of Sccl to Espl action in budding yeast. Third, ®llkc5 plays an essential role in the
Cdc FEAR (Cdc Fourteen Early Anaphase Release)ankfun which it induces the
release of phosphatase Cdc14 from nucleolus at @aaphase. The released activated
Cdc14 inactivates a series of mitotic kinases,ltieguin the exit of mitosis and

ultimately cytokinesis (Geymonat al, 2002; Stegmeieat al, 2002).

Polo-like kinase have been found conservatively essential in rnseinaddition
to their function in mitosis. During meiosis, théotic cohesin Sccl is fully replaced by
its meiotic counterpart Rec8 (Shareinal, 1990; Herrmanet al, 1998; Chaset al,
2000; Pahlavaet al, 2000). Meiotic cohesin Rec8 shows distinct tasise to Espl
around centromeres at meiosis | from mitotic can&sicl. The difference between these
two versions of cohesion proteins has been thoutddtin the segregation of
homologous chromosomes at meiosis |. CohesioniprBiec8 is removed from meiotic
chromosomes in a two-step fashion, leading to digeegiation of homologous
chromosomes at meiosis | and separation of sibtentatids at meiosis I, respectively.
Prior to anaphase |, Rec8 is cleaved along thenobisomal arms by separase Espl with
the same mechanism as Sccl cleavage in mitosike vennaining intact around the
centromeric regions. This permits the recombinaddlogous chromosomes to segregate
to opposite poles of the mother cell at meiosikhk remained cohesin Rec8 around
centromeric regions is further removed prior toprese 11, resulting in the separation of
sister chromatids. It is experimentally shown tRat8 displays different resistance

pattern to degradation as Sccl. During the meadisidding yeast, cohesin Rec8 is
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degraded in the two-step fashion as described abdite when cohesin Rec8 is
replaced by Sccl, it was completely degraded alloagntire chromosome length at

meiosis | (Tothet al, 2000).

The Plk Cdc5 is required for monopolar attachmésisier kinetochores in
meiosis I. A meiosis-specific kinetochore protéitgm1, was characterized as an
important suppressor of bipolar attachment of sigteetochore in budding yeast (TG&h
al., 2000). It has been found that phosphorylated Mamnd released Lrs4 in the presence
of Cdc5 localized the Mam1-Lrs4 monopolin complethe kinetochore region, leading
to monopolar attachment of sister kinetochoReh(tschet al, 2003. Lee and Amon
(2003) observed that Cdc5 was required for mono@itachment in meiosis I. They also
found that the Cdc5-depleted cells in which Rec8 veplaced by SccpRec8-Scdl
went through an equational rather than reductioekldivision at meiosis I. In the
positive control setGdc5+ pRec8-Scclwhere Cdc5 was present, the mother cells

underwent reductional division at meiosis I.

Cdc5 acts in a consistent manner for the removebbésion protein Rec8, as
compared with its role in Sccl degradation. Onloened, Cdc5 phosphorylates Rec8,
which in turn enhances the susceptibility of Rex&¢$p1l cleavage. On the other hand,
Cdc5 elevates the activation of anaphase-promatngplex (APC), which will further
degrade the securin Pdsl. The released form ofasp&spl is thus activated to cleave
Rec8 proteins along the chromosome arms prior aplaase 1. However, Rec8 remains
intact around centromeric regions, due to its $pea@sistance to cleavage prior to

anaphase Il. As the cohesion is removed, the pametblogous chromosomes are pulled
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apart by the spindle microtubules emanating fromosfie polesClyneet al, 2003; Lee

and Amon, 2003)

In addition, Cdc5 is required for the formationcbiasmata, which are the
physical links between paired and recombined hogmle chromosome€(yneet al.,
2003. It has been suggested that Cdc5 participatdginegulation of late pachytene
events, other than monopolin deposition and loatibn. At pachytene stage,
recombination intermediates containing double tdalijunctions (dHJ) are reportedly
resolved into crossovers (COs) that hold paireddlogous chromosomes together.
However, dHJ-containing intermediates failed tadsolved in Cdc5-depleted cells
(pSccl-Cdcphand the CO formation decreased to 1/7 of the ieveild-type cells
(Clyneet al, 2003. Rec8 has been considered a putative substrategdhe maturation

of recombination products.

Watanabe (2003) summarized the function of Plk CdtaBeiosis | in budding
yeast (Figure 4.1a). As shown in Figure 4.1b, w@dn5 is depleted during meiosis,
removal of the cohesin Rec8 lessens along the adsome arms and sister kinetochores
are attached by spindle microtubules emanating fspposite poles, resulting in meiotic

arrest at anaphase I.

Furthermore, the Polo-like kinase Cdc5 promotesthefrom pachytene stage in
budding yeastSourirajaret al, 2008. During prophase I, the transition from pachytene
to diplotene stage involves a number of importaehés, including the resolution of
recombination intermediates into COs, synaptonamiaplex (SC) disassembly, and

kinetochore positioning for monopolar orientatidrsister chromatidsgtc The failure of
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these events often results in chromosome nondigsgum@&nd eventually the generation
of aneuploids and polyploids. To minimize errorshase meiotic events, multiple
intrinsic checkpoint systems have been identifeethbnitor every step to proceed in an
orderly way and prevent the exit from pachytendl tilése steps are completed (Roeder
et al, 2000). The transcription factor Ndt80 has bemmil to be the central target of the
checkpoint systems, which activates the expressiomore than 200 genes in meiosis
(Xu et al, 1995; Chu and Herskowitz, 1998; Céial, 1998; Tunget al, 2000). In

normal meiosis, Ndt80 is phosphorylated in a wickepe; however, it is either
hypophosphorylated or less abundant in cells tlreaaaested at pachytene stage and the
target genes under its regulation are not exprgdseet al, 2000). Polo-like kinase
Cdc5 has been considered a major target for Nét§0lation.Sourirajanet al. (2008)
concluded that Cdc5 was the only member in the Qld#§ulation process required for
the exit of pachytene. Also, they found that indlegpression o€dc5in ndt8Q1 cells
efficiently promoted the resolution of recombinatiaotermediates into COs and SC
disassembly which confirmed the conclusion of Clgrggoup (2003) (Clynet al, 2003;
Sourirajaret al, 2008;lacovellaet al, 2010Q. In addition, Cdc5 possesses other
functions during meiosis, such as involving in #aaption of DNA damage, and

maintaining the spindle integrity (Sourirajahal., 2008;lacovellaet al,, 2010.

Polo-like kinase Cdc5 is not only an irreplaceablgulator in meiosis and
mitosis, but also plays an essential role in mRIgkceg (Burnset al, 1999; Tsaet al,
1999) and as a crucial component of spliceosomé@vialdet al, 1999; Ajuhet al,
2000). Polo-like kinase conservatively containsitafive DNA-binding domain (DBD),

which shares most similarities to those containgdiwMyb-related proteins. Myb-like
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Figure4.1. Roles of the Cdc5 polo-like kinase during meidsisbudding yeast. With
reference to Watanabe, 2003.

Cdc5 is the only putative transcription factor iwaal in the G-M transition in fission
yeast (Ohket al, 1998). Although the essential functions of Mgbated Cdc5 have been
well characterized in yeast and animals, its nolplants remains obscure. The first Cdc5-
like homologue in multicellular organisms was cldrieom Arabidopsisand

characterized as involving in the expression ragnaof a set of genes necessary for the
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progression through Gpohase (Hirayama and Shinozaki, 1996i. et al (2007) used
RNA interference RNAI) and virus-induced gene silencing (VIGS) metblmgies to
study the function o€dc5in Arabidopsisand found thafAtCdcbis essential for &M
transition angrogrammed cell death (PCD). Currently, there isepmrt about how
Cdc5 plays the tango in polylploid species like ath&@he objective of this study was to
perform initial cloning and fuctional analyses tad/a better understanding of tBelc5

homologue in tetraploid wheal .(turgidumL.), designatedtCdc5h

Materials and methods

Plant materials and male meiocyte collection

Durum wheat ‘Langdon’ (LDN)T. turgidumssp.durum 2n=4x=28, genome
AABB), common wheat ‘Chinese Spring’ (CS). @estivuni., 2n=6x=42, genome
AABBDD), a set of CS nulli-tetrasomic lines, andexies of LDN D-genome disomic
substitution lines (LDN DS) were included in thiady. The CS nulli-tetrasomic lines
each misses one pair of homologous chromosomdsalsubur homologues of another
chromosome within the same homoeologous groupL D¢ DS has one pair of A- or
B-genome homologous chromosomes substituted by affa-genome homologous
chromosomes from CS within the same homoeologausgpgirom CS. All the wheat
materials were grown in a temperature-controlleseghouse room for the sampling of
male meiocytes, leaf, and root tissues in thisystlidtal genomic DNA of all these
wheat lines was extracted from leaf tissues asritbestby Fariset al. (2000). The CS
nulli-tetrasomic lines and LDN DSs were used teedatne the chromosomal location of

theCdc5like genes in tetraploid wheat. Male meiocytedlfars) at different meiotic
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stages were sampled following the procedure of(C384). Anther samples were stored

in liquid nitrogen for real-time PCR and Westeratbhg analyses.

Production of LDN haploids

Langdon haploid plants were produced by pollinatiN plants with maize
pollen and embryos were rescued following the ptaoe as described by Getial
(2010). Haploid plants were grown in the greenhdasmllect leaf tissues for DNA

extraction.

RNA extraction and cDNA preparation

Total RNA was extracted from leaves, roots andenstbf LDN at
interphase/early prophase |, pachytene, metaphasetdphase Il/anaphase I, tetrads,
and matured pollen stages using RNAqu&etBCR Kit (ife Technologies, Grand
Island, NY, USA according to the manufacturer’s instructionsoPto cDNA synthesis,
total RNA was first treated with DNase | and pifiwith RNAqueou®4PCR Kit (ife
Technologies, Grand Island, NY, UpAccording to the manufacturer’s instructions.
After quantification with NanoDrop ND-100 spectragpbmeter (Thermo Fisher
Scientific, Inc.,Wilmington, DE, USA and agarose gel, 1 ug of total RNA were used as
templates for first strand cDNA synthesis with tise of SuperScript Il First-Strand
Synthesis System for RT-PCR (Invitrogen Corporatarlsbad, CA, USA) according

to the manufacturer’s instructions.

cDNA cloning of the Cdc5-like genein LDN
Cdc5 is reported to be conserved among eukaryegegcially among plants.

Yeast Cdc5 homologue CDC5p (GenBank accession Ng71d11) was chosen to search
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for the homologues in plants. After search in NEBmMolGene database
(www.ncbi.nlm.nih.gov/homolgene), the mMRNA sequeneBCdc5gene from rice and
Arabidopsis(GenBank accession NP_001059056 and NM_10084£s@ectively) were
selected as query tblastnthe wheat tentative consensus (TC) sequence dataldneat
ESTs having high sequence homology with rice ArabidopsisCdc5were annotated
based on the information of ti@elc5like genes available in models and other plante T
nucleotide sequence of the candidate EST in whaatused to design gene specific
primers using Primer3 (http://frodo.wi.mit.edu/faieh were then synthesized in
Integrated DNA Technologies (IDT, Coralville, IAS4). The cDNAs synthesized from
total RNA in the LDN anther at early prophase lipgene stages was used as templates
for subsequent RT-PCR with the gene specific pesm&rand 5° RACE (rapid
amplification of cDNA ends) were performed to extéhe cDNA sequence of the
candidate gene in tetraploid wheat. The final catgpptDNA sequence of the candidate
gene was PCR amplified by the primer pair LWD1GBEAGGGAGCGGGCAAGAT 3))
and GM014 (5' CCCGCAGATGAGGTATG 3') that spanneel gshart and stop codons of
the gene. The RT-PCR, cloning, and RACE were peréadraccording to Mat al

(2006).

Sequence alignment and phylogenetic tree construction

The annotation of putative Cdc5 orthorlogue inaekoid wheat was performed
by the use of BLASTP 2.2.26+ in NCBI nr databasenfiincbi.nlm.nih.gov). The
functional domains were searched against the coadetomain database embedded in
NCBI website (http://www.ncbi.nlm.nih.gov/cdd). Thaulti-alignment and bootstrap

Neighbor-Joining phylogenetic tree of amino acigusnces of Cdc5 proteins from
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different species were analyzed through the ugdwdtalX 2.1, and the phylogenetic tree
was visualized with software FigTree v1.4.0. Theclee-rich nuclear export signal
(NES) was predicted with the software NetNES 1.1

(http://www.cbs.dtu.dk/services/NetNES/).

Quantitativereal-time PCR

Real-time RT PCR was conducted on30 Real-Time PCR System (Applied
Biosystems, Foster City, CA, USAQ quantify the relative levels @dc51ike gene
transcript in leaves, roots, and anthers at intsplearly prophase |, pachytene,
metaphase |, metaphase Il/anaphase I, tetradspated pollen stages in LDN as
described by Chao (2008). One paiGufc5iike gene specific primers were used,
GMO18F (5' GAAATCGTGCTGCTGAG 3') and GMO18R (5'
GTCAATGGCTCCCTCA 3'). After dissociation test anghper validation, 18S rRNA
gene was used as endogenous control and the pgraites GM003 (5'
GAGGGACTATGGCCGTTTAGG 3') and GM004 (5'
CACTTCACCGGACCATTCAATCG 3'). Two technical and tlerbiological
replications were performed. The comparativar@thod was used to determine changes
in Cdc54ike gene expression in different samples (tes#tine to anthers of
interphase/early prophase | stage (control) asribestby Chacet al (2010).Fold

difference in gene expression i$2, where ACt = Cr test— Cr controt

Chromosomal localization
WheatCdc51ike gene sequences were amplified from a set aZ3hulli-
tetrasomic lines and a series of 14 LDN D-genomserdic substitution lines (LDN DS),

as well as tetraploid LDN, LDN haploid, and hexaplGS by PCRwith Cdc5iike gene
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specific primer pair GMO17F (5 AACAACTTGAGGAGCACA) and GMO17R (5'
GTCAGGCAATGGAGGA 3'). 50 ng DNA was used as PCRpétate in a 25 pl
reaction system. PCR amplification was performeith wie Platinurfi Tagq Polymerase
(Invitrogen Corporation, Grand Island, NY, USA)ddACR cycles were as follows: 2
min at 94°C, followed by 30 cycles of 30 second34a(C, 30 seconds at 55°C, and 1
minute at 72°C, followed by 7 minutes extensiod2ftC. Upon PCR amplification, the

products were separated on the denaturing polyauigle gel and scanned for analysis.

Antibody production and affinity-purification

A 675 bp cDNA segment (named C31) of @dc5iike gene was chosen, based
on its low hydrophobicity and sequence uniquenessise antibody against the wheat
Cdc5-like protein. The segment was PCR amplifiedhfthe primer pair GMO31F (5'
AATAGAATTC ATGGCTGGTGCCTATCGT 3') and GMO31R (5'
ACATGTCGACTCACTTGTCAATGGCTCCCTCA 3'), which were modified witha
addition ofEcaRl andSal recognition sites at 5' ends (underlined), respely, and the
addition of a stop codon (italic) at 3' &l site of GM0O31R. After purification, this
cDNA segment was cloned into two expression plasrae@lors pGEX-4T-1 (Amersham
Biosciences, Piscataway, NJ, USA) and pMAL-c2X (Newgland Biolabs, Ipswich,
MA, USA), respectively. After verification by sequeng, the two constructs were
transformed intdc. colistrain BL21-Star (DE3) (Invitrogen Corporatidarand Island,
NY, USA). Upon IPTG (isopropyp-D-1-thiogalactopyranoside) induction, the fusion
polypeptides, pGEX-C31 and pMAL-C31, were accunadan insoluble pellets and
resolubilised after sonication. The generationaaf tusion peptides, pGEX-C31 and

pPMAL-C31, was conducted as described by Cétaal. (2007). The total proteins were
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separated on SDS-PAGE gel and the candidate bagrdsont out as per the estimated
molecular weight. Upon the verification with protdD test (Appendix F and G) done in
Vincent Coates Foundation Mass Spectrometry Laboratt Stanford University
(Stanford, CA, USA), the polypeptide pGEX-C31 wasdi for the immunization and
generation of the polyclonal antibody in rabbitsAffiniity BioReagents (ABR, Golden,

CO, USA; now Thermo Fisher Scientific, Inc.).

In order to isolate the antibodies that can speadiff recognize Cdc5-like protein
in LDN, the anti-pGEX-C31 crude serum after secbadster was affinity-purified as
described by Chaet al.(2007) with minor modifications. The affinity-péied pMAL-

C31 polypeptide was first coupled to AminoLink cbog resin with the use of
AminoLink Plus Immobilization Kit (Pierce Biotechlogy, Rockford, IL, USA) and

then incubated with crude serum. After incubatitie, mixture of crude serum and resin
was loaded to the column, and the serum was cetleantd stored in -80°C for later use.
The anti-Cdc5 antibody was eluted with the 1gG BluBuffer (Pierce Biotechnology,
Rockford, IL, USA) after washing the column with @8lumn volumes of 1x PBS
solution. Aliquots of anti-Cdc5 antibody were mauhel stored in -80°C for later use, one

of which was taken out for concentration determaomat

I mmunopr ecipitation and Western blotting

Total proteins of LDN were phenol-extracted froraves, roots, and anthers at
interphase, prophase |, metaphase I/anaphase metaghhase Il/anaphase Il stages and
were loaded 5 pg per lane for blotting. The progettraction, immunoprecipitation and

Western blotting procedures were performed follaatime procedure described by Chao
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et al (2007). The anti-Cdc5 antibody was diluted imatorof 1:2,000 for Western

blotting upon verification of endogenous TtCdc5 @amiration gradient test.

Microscopy
Phase/Fluorescent microscope Olympus CX41RF (Olgngutical Co. Ltd.,

Tokyo, Japan) was used to determine the meiotgestaf meiocytes in each anther.

Results

Cloning and characterization of Cdc5 homologuesin tetraploid wheat

The polo-like kinase gerédc5has been found highly conserved across a variety
of eukaryotes, including fungi, plants, and animalserms of DNA and protein
sequences and subcellular functiodgdyama and Shinozaki, 1996lyneet al, 2003;
Lee and Amon, 2003; Lacovel al, 2010). Since yeast Cdc5 homologue CDC5p
(Genbank accession NP_013714.1) functions to premiaasma formation and sister
cosegregation, it is chosen to search for homo®guelant models (Clynet al, 2003).
Rice Oryza sativa andArabidopsishave long been used as models for plants (Rédei,
1992; Fink, 1998; Kellogg, 2001; Gaut, 2002; Saisal, 2008; Koornneef and Meinke,
2010). In this study, the mRNA sequence€dt5genes in rice (Genbank accession
NM_001059056.2) andrabidopsis(Genbank accession NM_100849.2) were used as
gueries to search against common wheat TC datdpesaously at www.tigr.org; and
now at http://compbio.dfci.harvard.edu/tgi/cgi-bgigimain.pl?gudb=wheat), which
runswu-blast2.0. A 962-bp EST from common wheat (TC257703renity split into
TC392389) was found to have the highest sequenatasty with both queries (85%

identity and E-value 3.9E-154 with ri€xc5 69% identity and E-value 32.7E-85 with
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ArabidopsisCdcH and annotated as a Cdc5 protein gene Hitastnsearch. According
to the nucleotide sequences of this wheat EST, ibaeblike gene specific primer
combinations were designed in the conserved refldAPCR was performed on the
cDNAs from LDN anthers at early prophase I/pachgtstages when thiedc5like genes
were highly expressed. The amplicons from the RRR@re sequenced and analyzed,
and then used to design gene-specific primerdifonext round of 3" and 5 RACE. The
draft cDNA sequences of the candidate gene wemradat in LDN after several rounds
of RACE reactions. Since LDN is an allotetraploidhawo homoeologous sub-
genomesi.e. A and B, it generally contains two homoeoalleléhwigh sequence
similarities on each of two homoeologous chromoso(Muraiet al, 1999; Huangt

al., 2002; Kimbarat al, 2004; Zhangt al, 2011; Brenchlegt al, 2012). Thus, errors
could occur when assembling the cDNA segments tt@RACE reactions. To avoid
the assembling errors, two 5' and 3' gene-spequifioers of the final round of RACE
(LWD1: 5' CAAGGGAGCGGGCAAGAT 3'and GM014: 5'
CCCGCAGATGAGGTATG 3'), which spanned the start atap codons, were used to
amplify full-length cDNA sequences of the gene. Tel@NA clones were obtained from
the amplicons. They were 3,243 and 3,252 bp lonigesacode for 1,081 and 1,084 amino
acids, respectively. They have a predicted moleauaght of 120.74 and 121.05 kDa,
respectively. In addition, the two homoeoalleleshef putativeCdc5genes shared
significantly high similarity. At the nucleotidevel, there were only 75 (3%) single
nucleotide differences between the two homoeoalléldty-three of them are purine-
purine or pyramidine-pyramidine differences andg2 purine-pyramidine or

pyramidine-purine differences. Moreover, there wéree indels in these two
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homoeoalleles, one of which was 9-bp indel andbther two were 3-bp indels. The

amino acids of the proteins encoded by these twoodeoalleles showed 97% similarity.

The predicted protein encoded by the candidate gasecompared to Cdc5
orthologues from other eukaryotesg.Cdc5-like protein fronBrachypodium
distachyonZea maysGlycine maxA. thaliang Xenopus laeyDanio rerio, and
Meleagris gallopavoThe comparative analysis revealed high levenoiho acid
sequence similarity (Table 4.1).

Table4.1. Amino acid similarities of the predicted protein@dc5like gene in tetraploid
wheat with Cdc5 proteins in other eukaryotic specie

) Genbank o
Species GenelD _ Similarity
Accession

B. distachyon 100830760 XP_003576174.1 94%

Z. mays N/A AAL59389.1 90%

G. max 100790369  XP_003536137.1 73%
A. thaliana 837506 NP_172448.1 71%

D. rerio 394059 NP_957378.2 49%

M. gallopavo 100549354  XP_003204698.1 49%

X. laevis 443636 NP_001131045.1 48%

The deduced polypeptides of the putafit€dc5homoeoalleles had two specific
adjacent domains located at the N termimnes;SWI3, ADA2, N-CoR and TFIIIB
(SANT)’ DNA-binding domain and SANT/myb-like DNA-bding domain of CDC5-like

protein repeat Il (Figure 4.2), suggesting theirdtion in the binding of transcription
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factors. A threonine-proline-rich region was fowatdhe position of 345-452 in both
proteins encoded by the candidate homoeoallel&sGidc5(Figure 4.2). Some of these
Thr-Pro di-amino acid sequences were followed by/lBys or Xaa-Arg/Lys residues,
suggesting the consensus sequences of the targabtein serine-threonine kinases. The
phosphorylation status of these threonine residught be related to the activity of Cdc5.
The amino acids at the positions 811 and 813 wesdigied to participate in the leucine-

rich nuclear export signal (NES) (Figure 4.2 ar}) 4.
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Figure 4.2. Alignment of putative Cdc5 orthologues in tetraglavheat with other
eukaryotic Cdc5 proteins. Deduced amino acid sexpseaf two homoeoalleles of
TtCdc5like genes are aligned with Cdc5 orthologue fidrachypodiundistachyon
(GenelD: 100830760), maize (GenBank accession ABB99L), Glycin max (GenelD:
100790369)Arabidopsis thaliangGenelD: 837506)Xenopus laevigGenelD: 443636),
Danio rerio (GenelD: 394059), anklleleagris gallopavdGenelD: 100549354) by
ClustalW. Black, grey, and white backgrounds intiidhe levels of conservation of
amino acids. Green and red bold lines above theeseg indicate the N-terminal
conserved domains of SANT DNA-binding domain andNSAnyb-like DNA-binding
domain, respectively. Threonine-proline rich regiothe middle is highlighted with
pentagrams. The leucine-rich nuclear export sigfNlisS) in position 811 and 813 are
highlighted with diamonds.
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Figure4.2. (continued) Alignment of putative Cdc5 orthologuesetraploid wheat with
other eukaryotic Cdc5 proteins.
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Figure4.2. (continued) Alignment of putative Cdc5 orthologuesetraploid wheat with
other eukaryotic Cdc5 proteins.
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Figure 4.3. The leucine-rich nuclear export signal (NES) pcedn of putative TtCdc5
protein. The NES scores of amino acid 811 and 8d@geaks) of putative TtCdc5 are
over the threshold (purple horizontal baseline) piredlicted to be the potential NES.

Expression analysis of the putative TtCdc5

Significantly higher levels of putativBtCdc5transcripts were consistently
detected by real-time PCR in anthers at early neesthges than in roots and leaves in
three biological replicates. The expression levg@utativeTtCdc5reached highest at
pachytene stage, and gradually decreased afteaghatiosis proceeded. At tetrad stage,
the transcripts of putativEtCdc5dropped to 37% of the highest level at pachyt¢éages
(Figure 4.4). The relative transcript levels ofgiiute TtCdc5in the somatic tissuese.
roots and leaves, were only about 37% and 1% ofithenthers at pachytene stages,

respectively.

Immunoprecipitation was performed to verify the@peity of the anti-TtCdc5
antibody. After anti-TtCdc5 antibody was incubavgth the protein extract from anthers
undergoing meiosis, a protein with a molecular Wwegdose to the predicted proteins

(~120 kDa) was not immunoprecipitated. Also, simiksults were obtained in the
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anthers at different meiotic stages by Westerrtibpt These results suggested that
anti-Cdc5 antibody probably was not specific enoughtterTtCdc5 proteiand it might

interact with other cellular proteit
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Figure 4.4. Relative transcript levels TtCdc5in roots, leaves, and anthers at differ
meiotic stages in LDN. Data from one primer pair GNMF/GM018R were plotted in tl
filled bars. In/EP: Interphase/Early Prophase |; Pachytene; MI: Metaphase
MII/All: Metaphase ll/Anaphase II; TE: TetracMP: Matured Pollen; RT: Roots; al
LV: Leaves.

Phylogenetic analysis of Cdc5-like protein in tetraploid wheat

Bootstrap Neighbodeining phylogenetic tre@bootstrap value =1,00 showed
the predicted preins of the two putativTtCdc5homoeoalleles were geneticaclosest
related to each other, followed by the monocotstenpart<sB. distachyorand maize
Cdch The Cdc5 proteins idicotyledonA. thalianaandG. maxwere a little geneticall
further related with the putative TtCdc5 as comgadecethe monocotCdc5. The Cdc!

proteins from animals showed the furthest phylogemkstance from the putative
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TtCdc5,i.e. Cdc5 inD. rerio DrCdc5, Cdc5 irM. gallopavoMgCdc5 and Cdc5 iiX.

laevi XICdc5 (Figure 4.5).

v
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TtCdc5-B5

Gmc, des

DrCdc5

Figure 4.5. Phylogenetic tree of the putatiCdc5 orthologues itetraploid whe: and
other eukaryotic specieBhylogenetitree was builfrom the amino acid sequences
the putativeCdc5 orthologues of tetraploid wheat, Cdc5 orthoexyfromB. distachyo,

Z. maysG. maxD. rerio, M. gallopav(, andX. laeviwith BootstragNeighbo-Joining
method.

Chromosomal localization

Two homoeoalleles of the putatiTtCdc5were identified in LDN and assign:
to chromosome 5A aneB, respectively, using CS ni-tetrasanic and LDN DS line:
(Figure 4.6. They were designateasTtCdc5-A5andTtCdc5-B5 respectively. Ir
addition, chromosome 5D of CS was found to cordiothe homoeoallele cthe

putativeCdc5(Figure 4.6. TheB. distachyorCdc5gene was assigned to chromoson
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that is collinear with wheat chromosomes in the homoeologous group 5 (Kumar et al.,

CS nulli-tetrasomic lines LDN DS lines
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Figure 4.6. Chromosomal localization of the putative TtCdc5 using PCR with gene
specific primers. The three arrows at left point to the DNA fragments amplified from the
homoeoalleles of the putative Cdc5 homologue in hexaploid and tetraploid wheat on
chromosome 5B, 5A and 5D, respectively. Two fragments were amplified in LDN 2n and
LDN 1n (haploid), indicating two homoeoalleles of the putative TtCdc5 in tetraploid
wheat LDN, i.e. TtCdc5-A5 and TtCdc5-B5, respectively.

Discussions

This research took the advantage of the genomic resources about the Cdc5-like
genes in models to perform initial studies toward cloning the Cdc5 homologues in
tetraploid wheat. This comparative genomic analysis-based gene cloning strategy has
proven useful to clone and characterize the genes that condition a functional or structural
protein without a distinct and easily scored phenotype, such as some of the regulatory
genes/proteins invoved in cell cycles (Sutton et al., 2003; Kimbara et al., 2004; Dong et
al., 2005; Boden et al., 2007; Khoo et al., 2008; Pérez et al., 2011; Khoo et al., 2012).
The rapidly expanding genomic information and resource in model species, particularly

plant models, provided a variety of genomic and genetic tools for wheat genome studies.
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In the effort ofCdc5like gene cloning in wheat, ti@dc5gene information was first
retrieved from yeast, which has proven to prombiasima formation and sister
chromatids cosegregation (Clyakal, 2003). Since proper chromosome segregation and
chiasmata formation are very conserved meiotic &svainmeiosis I, it was obviously
reasonable to believe that wheat should cont&dablike gene with similar functions
as that in yeast. Direblastsearch of th€dc5like gene in the wheat TC database did
not identify any ESTs with low E-values and annedeaSCdc5like gene using the yeast
Cdc5gene as query. However, the ye@dt5gene identified homologues in rice and
Arabidopsis two models in plants. THeédc5homologues in rice anélrabidopsiswere
then used to blast the wheat EST pool and one vi#featwas identified as a candidate
of theCdc5homologue in wheat. Evidently, this comparativaaaic approach worked
well for cloning the genes lik€dc5that do not have a distinct and easily-scored

phenotype from a large and complex genome.

The comparative analysis of the amino acid sequgeoicthe putative TtCdc5 and
Cdc5 proteins in other plant and animal speciesaied high similarities,e. 48-94%.
Especially, the predicted protein of the putatit€dc5 showed extremely high
homology (90-94%) with the Cdc5 proteinBn distachyorand maize. In addition, the
expression profiling by real-time PCR indicated plativeTtCdc5predominantly
expressed in meiotic tissues (anthers), rather $baratic tissues (roots and leaves). The
transcription level of the putativieCdc5peaked at pachytene stage, and then declined
when meiosis proceeded. The kinetics of this pegditCdc5gene in meiosis were in

accordance with those of tlkeic5gene in yeast (Clynet al, 2003).
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In this study, two homoeoalleles of the putafit€dc5gene were localized on
chromosome 5A and 5B in LDN, respectively. BhalistachyorCdc5gene is assigned
to chromosome 4 that is collinear with wheat chreames in the homoeologous group 5
(Kumaret al, 2012). Apparently, th€dc5like gene is highly conserved in wheat d&hd

distachyona monocot model closely related to wheat.

As a Myb-related kinase, the function of Cdc5 itl cgcle has well characterized
in yeasts and animals. However, its role in the glesnnetwork of mitosis and meiosis
remains obscure in plants. Lét al (2007a) utilized VIGS technique to knock@®C5
in Arabidopsisand they found thAtCDC5VIGS plants, in whiclAtCDC5was
specifically silenced, displayed accelerated ceditd. In another study, Let al (2007b)
knocked dowAtCDC5with RNAI technique and they found® transition was
affectedin the AtCDC5RNAI plants, and that endoreduplication was inseea RNAI or
VIGS inducedcdc5individuals in plants often show partial suppressef phenotypes,
which is different from that of yeasts, becauséhefcomplexity of plant genomes. The
case would be even more complicated in polyploiéathActually we have tried to
knock out or knock down the candiddtdc5genes in wheat using VIGS technique.
Seemingly, the viral infection negatively influedcine spike development and entire
reproductive growth. Thus, informative results haeebeen obtained from those

experiments.

The results of sequence conservation, expressafilipg, conserved domains,
collinearity with models, and phylogenetic relasbips all concertedly suggested the
identity of the candidate gene B&Cdc5homologue in tetraploid wheat. However,

significant further studies, such as complementatgst (transformation) anegast two-
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hybrid assay, are needed to completely revealuhetion and precisely determine the

identity of this gene.
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CHAPTER V. KINETOCHORE ORIENTATION OF PAIRED AND UNPAIRED

MEIOTIC CHROMOSOMESIN TETRAPLOID WHEAT

Abstract

Sister kinetochores orient syntelically and aracktéd by the microtubules
emanating from the same poiee(monopolar attachment) at meiosis I. However, thea tw
pairs of sister kinetochores in the paired homolsgchromosomes (bivalents) orient
amphitelically and are attached by the microtubelasinating from opposite poles,
enabling paired homologous chromosomes to segragateiosis I. It has been reported
that sister kinetochores orient differently in tegaploid wheat Langdon (LDN) and its
haploid at meiosis I. Homologous chromosomes mapébid LDN generally paired as
bivalents, while chromosomes in LDN haploid appéa® univalents (unpaired
chromosomes) at meiosis I. The objective of thislgtwas to determine whether
chromosome pairing plays a role in kinetochorerdagon. Crosses involving LDN,
LDN D-genome substitution lines (LDN DSAegilops tauschjiand rye were made to
construct special cytogenetic stocks that undergmsis with both paired (bivalents) and
unpaired (univalent) chromosomes. A total of 12riddthat formed both bivalents and
univalent involving different chromosomes were aftd from the crosses of LDN
1D(1B) x LDN, LDN 2D(2A) x LDN, LDN 2D(2B) x LDN, LDN 3D(3A) x LDN, LDN
4D(4B) x LDN, LDN 6D(6A) x LDN, LDN 6D(6B) x LDN, LDN 7D(7A) x LDN, LDN
7D(7B) x LDN, LDN 1D(1A) x rye ‘Gazelle’, LDNx Ae. tauschiRL5286 and LDN
1D(1B) x Ae. tauschiRL5286. Sister kinetochores of almost all pairechblogous
chromosomes in a bivalent oriented syntelically ioqmolar attachment), while sister

kinetochores of unpaired chromosomies. (inivalents) mostly orientated amphitelically
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(bipolar attachment) at meiosis |. Apparently, chosome pairing or synapsis conditions
kinetochore orientation and chromosome segregatiomeiosis | in the tetraploid wheat

LDN.

Introduction
Meiosis is characterized by two successive roumdsiclear divisions with only
one round of DNA replication, leading to the forioatof gametes with half
chromosomes of somatic cells. The first meiotiagsion (meiosis 1) involves
homologous chromosome recognition, pairing, recoaimn, and finally segregation,
which reduces chromosome number in half (reductidivésion). The second meiotic
division (meiosis Il) involves segregation of sisteromatids and leads to four haploid

daughter cells (equational division), which resessbhitosis (Kleckner, 1996).

Deviation from normal meiosis leads to chromosomgation in the gametes,

and subsequently the offspring involving the gametach as aneuploids and polyploids.
One of the variant meiotic cell divisions, termedeductional meiotic cell division
(UMCD) or meiotic restitution, has been observed mumber of plant species, including
wheat and potato (Harlan and deWet, 1975; Bretdgaold Thompson, 1995; Ramanna
and Jacobsen, 2003; Fawcett and Van de Peer, 200@ductional meiotic cell division
results in unreduced gametes (2n), due to theréadtichromosome segregation at either
meiosis | or meiosis Il. Fertilization of unreduagaimetes increases the ploidy level and
leads to polyploidization. It is reportedly a wigesad evolutionary event in angiosperm
(Harlan and deWet, 1975; Fukuda and Sakamoto, 189@&ndel, 2000; Xu and Joppa,
2000b; Ramanna and Jacobsen, 2003). Furthermor&€DJhs been used in plant

improvement and synthesis of new species, partigutatribe Triticeae(Islam and
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Shepherd, 1980; Balatero and Darvey, 1993; Bretegand Thompson, 1995; Ramanna
and Jacobsen, 2003; Matsuoka and Nasuda, 2004rJ2007; Shamina, 2012). The
tetraploid wheat LDN undergoes normal meiosis. Hmwethe LDN haploid and hybrids
of LDN with Ae. tauschiand rye $ecale cereale., 2n=14, genome RR) were found to
undergo UMCD or called meiotic restitution (Xu andng, 1992; Xu and Joppa,
2000a,b; Caet al, 2010). This unique haploidy-dependent varianbitiecell division
has been considered a primary mechanism, if ngtam, of chromosome doubling in
the origin of common wheaT ( aestivuni., 2n=6x=42, genome AABBDD) from the
interspecific hybridization between tetraploid wh@a turgidun) andAe. tauschii
(2n=2x=14, genome DD) (Fukuda and Sakamoto, 199Xailand Joppa, 2000b; Lyrene
et al, 2003; Jauhar, 2007). Gatial (2010) reported that sister kinetochores of theecgl
chromosomes (bivalents) in LDN oriented syntelicéthonopolar microtubule-
kinetochore attachment), while sister kinetochafethe unpaired chromosomes
(univalents) in the LDN haploid and hybrids of L@WNth Ae. tauschimostly oriented
amphitelically (bipolar microtubule-kinetochoreaatthment). The amphitelically-oriented
chromosomes (univalents) may undergo an equattwaion (separation of sister
chromatids) at meiosis | if cohesion does not getstween sister chromatids; or they
may fail to divide if cohesion is maintained betwesgsters. Also, they may randomly
segregate to either pole because the pulling fioore one pole is overwhelmed by the
other (Watanabe and Nurse, 1999; Yokobayeshl, 2003; Parrat al, 2004,
Chelyshevaet al, 2005). Direct visualization of the chromosomd apindle behavior
during meiosis suggested that the amphitelic catémt of sister kinetochores and

persistence of cohesion between sister chromatiae®@sis | contributed to the onset of
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UMCD in the LDN haploid and hybrids of LDN withe. tauschi(Caiet al, 2010). Why
did sister kinetochores of the chromosomes oridfardntly under disomic and haploid
conditions? This study attempted to determine wdrethromosome pairing play a role in

kinetochore orientation in LDN.

Materials and methods

Plant materials

The plant materials involved in this study includlgeum wheat ‘Langdon’ (LDN)
(T. turgidumssp.durumL., 2n=4x=28, genome AABB), LDN D-genome disomic
substitution lines (LDN DS), cultivated rye ‘Gaz8l(S. cereal., 2n=2x=14, genome
RR), Ae. tauschiRL5286 and sweat corn cultivar ‘Early Sunglow’ ejtwere grown in
a temperature-controlled greenhouse room for angsand sampling of meiotic anthers.
The LDN DS has one pair of A- or B-genome homolagycliromosomes substituted by a
pair of D-genome homologous chromosomes withtirsdrae homoeologous group from
hexaploid wheat ‘Chinese Spring’ (CS). They wereduas female parents in the crosses

with LDN, ‘Gazelle’ rye, andRL5286.

Production of hybrids between LDN DS and LDN
The LDN DS spikes were emasculated 2-3 days psianthesis, and pollinated
with freshly shed pollen from LDN when the hairigsta opened. Seeds of hybrids were

collected upon maturation.

Production of interspecific hybrids and haploid
About 2-3 days before anthesis, LDN, LDN 1D(1A)damN 1D(1B) spikes

were emasculated, and pollinated with freshly ghaten from rye ‘Gazelle’Ae.
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tauschiiRL5286 and maize ‘Early Sunglow’ when the hailgsia openedThe maize-
pollinated wheat spikes were sprayed with 2,4-itsmh (213.05 mg/12,4-
dichlorophenoxyacetic aci@Opul/L Tween 80, and 50 mg/L GApH 10.36) 24 h after
pollination. 2,4-D was not applied to tAe. tauschi and rye-pollinated wheat spikes.
Fourteen days after pollination, the caryopses \wareested and surface-sterilized with
20% bleach solution (200 ml bleach+800 mL@Kifor 5 min and 70% ethanol for 1 min.
The caryopses were rinsed twice for 1 min withitelouble distilled water after each
step of sterilization. Immature embryos were asafili dissected from the caryopses and
cultured on MS mediumMurashige and Skoog, 196t room temperature (18°C) in
dark. Upon germination, the seedlings were movelbth photoperiod growth room
(18°C) for 4-8 weeksSeedlings with two leaves were transplanted ints pothe

greenhouse for further studies as described by Cali (2010).

Sampling of meiotic anthers

One of the three anthers from each of the floretisgathe spike of the hybrid
plants was dissected and stained with 1% acetonarfor observation of meiotic stages.
The meiotic stages of meiocytes in anthers wererdebed based on chromosome
morphology, behavior, and other cellular featurethe meiocytes as described by Xu
and Joppa (1995). Upon determination, the two reimg@ianthers within the
corresponding floret were kept in 8% (m/v) parafaltehyde solution and fixed for 2 h
at room temperature for immunofluorescent analysmeiotic microtubules and

chromosomes.
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I mmunofluor escent analysis of meiotic microtubules and chromosomes

Indirect immunofluorescence was performed as desdmpreviously (Chan and
Cande, 1998) with minor modifications. After colien and fixation, theneiocytes
extruded from anthers were embedded in an agafosk &nd treated with 1.5%
glucuronidase at room temperature for 10 min toigdgr digest the cell walls. Then the
agarose block was first incubated in the 1x PBStell (1:60 dilution) mouse
monoclonal antibody againgttubulin (Invitrogen CorporationGrand Island, NY, USA
and then in 1x PBS-diluted (1:40) FITC-conjugatedteanti-mouse antibodg{gma-
Aldrich Co., St Louis, MO, USRPeach for at least 12 h at room temperature. Rwsior
chromosome staining with propidium iodide (PI), bieck was treated with DNase-free
RNase for 45-60 min at 37°C. Finally, the agardselkbwas melted on a glass slide, and
15 ul antifade solution Vectashield mounting medium e Laboratories, Inc.,
Burlingame, CA, USA) was applied to the slide. Aexslip was put on the slide, and

nail polish was used to seal the space betweernrglgvand slide.

Immunolocalization of TtRec8

Immunolocalization was conducted as described Hylidwyskayeaet al. (2006)
with minor modifications to monitor the changesatiogenous Rec8 protein in anthers
of LDN haploids and the hybrids between LDN &l tauschiduring meiosis. The
primary anti-Rec8 antibody was probed by the seapndnti-Rabbit IgG (whole
molecule)-FITC Antibody produced in goat (Sigma-#dti Co., St Louis, MO, USA),
and chromosomes were counterstained by propididideaPl). Two negative control
experiments were performed to monitor the spetyfiai the antibodies in meiocytes. In

the first negative control, the thin layer of patpdamide gel containing meiocytes was
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directly incubated with secondary antibody, whildhe second one, the thin layer of
polyacrylamide gel containing meiocytes was incatavith primary anti-Rec8 antibody
that was preabsorbed overnight with fusion polygepp GEX-R26 at a molar ratio of

blocking peptide to antibody of 50 to 1.

Microscopy

An Olympus BX-51 Phase/Fluorescent Microscope (Q@iysOptical Co. Ltd.,
Tokyo, Japan) wassed to sample male meiocytes at different megttiges. Confocal
microscopy was conducted using a Zeiss Axioplam&ging Research Microscope
equipped with ApoTome confocal component (Carl Zéight Microscopy, Jena,
Germany). Two dimensional and three dimensionagesavere captured and analyzed

with the use of Zeiss AxioVision 4 softwaredescribed by Caat al. (2010).

Results

Kinetochor e orientation of the meiotic chromosomesin the hybrids of LDN DS with
LDN

The R hybrids involving LDN DS lines were produced frdhe crosses of LDN
1D(1B) x LDN, LDN 2D(2A) x LDN, LDN 2D(2B) x LDN, LDN 3D(3A) x LDN, LDN
4D(4B) x LDN, LDN 6D(6A) x LDN, LDN 6D(6B) x LDN, LDN 7D(7A) x LDN, and
LDN 7D(7B) x LDN. Primarily, two univalents (unpaired chromosegs) including a D-
genome chromosome and an A- or B-genome chromosaobstituted by the D-genome
chromosome, were observed at metaphase | in edblesd hybrids. The rest of the

chromosomes mostly paired as bivalent in the hgh(fiadgure 5.1).
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Sister kinetochores of most univalents were foumehted amphitelically (bipolar
attachment) and sister kinetochores of all bivalemiented syntelically (monpolar
attachment) at metaphase |. Clearly, each of theunwalents in the hybrids of LDN
1D(1B) x LDN, LDN 2D(2A) x LDN, LDN 2D(2B) x LDN, LDN 4D(4B) x LDN, LDN
6D(6A) x LDN, LDN 6D(6B) x LDN, LDN 7D(7A) x LDN and LDN 7D(7B)x LDN
were attached by the microtubules emanating froposipe poles at metaphase | (Figure
5.1,al, bl, cl, el, f1, hl, j1 and I11). The twogmshchromosomes in each of the
bivalents were connected to each other by chiasarmatattached by the microtubules
emanating from opposite poles at metaphase I. Aplaase |, amphitelically-oriented
univalent chromosomes in the hybrids of LDN 3D(3A)DN and LDN 6D(6A)x LDN
failed to segregate and stayed at the equatoaakp|Figure 5.1, d1 and g1), while
bivalent chromosomes normally segregated and neigitat opposite poles (Figure 5.1).
Occasionally, equational division of the sisterachatids in the amphitelically-oriented
univalent chromosomes was observed at anaphaghd mybrids of LDN 6D(6BX

LDN and LDN 7D(7B)x LDN (Figure 5.1, i1 and k1).
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Merged Chromosomes Microtubules Merged Chromosomes Microtubules

Figure5.1. Kinetochore orientation and segregatiorpaired and unpaired chromosomes
in the hybrids between LDN DS and LDN at meiosistr@dnosomes are shown in red
and microtubules are shown in greah-a3: LDN 1D(1B)}x LDN, b1-b3: LDN 2D(2A)

x LDN, c1-c¢3: LDN 2D(2B)x LDN, d1-d3: LDN 3D(3A)x LDN, e1-e3: LDN 4D(4B)
LDN, f1-g3: LDN 6D(6A)x LDN, h1-i3: LDN 6D(6B)x LDN, j1-j3: LDN 7D(7A) x

LDN, and k1-13: LDN 7D(7B)< LDN. Arrows point to unpaired chromosomes. Scale
bars: Sum.
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Kinetochor e orientation in the haploids and inter specific hybrids

The LDN haploids were generated by pollinating L@kh fresh maize pollen.
The interspecific crosses were made from the LDNiB&s LDN 1D(1A) and LDN
1D(1B) with ‘Gazelle’ rye and\e. tauschiRL5286, respectivelyinterspecific hybrids of
LDN 1D(1A) with ‘Gazelle’ rye andhe. tauschiRL5286 and LDN 1D(1B) withAe.
tauschiiRL5286were obtained, but not from the cross of LDN 1D(%ith ‘Gazelle’
rye. All the chromosomes appeared as univalent®iX haploid, and most of the
chromosomes appeared as univalent in the hybrids.balent was observed in the
hybrids of LDN 1D(1A) and LDN 1D(1B) witlhe. tauschiRL5286, which were
believed to béormed between two 1D chromosomes in the hybfagufe 5.2). The
univalents mostly oriented amphitelically and berak oriented syntelically at metaphase

| in these hybrids (Figure 5.2).
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Merged Chromosomes Microtubules

Figure5.2. Kinetochore orientation of paired and unpaired ofosomes in the
interspecific hybrids and LDN haploids at meiosi€hromosomes are shown in red and
microtubules are shown in greeri-a3: LDN 1D(1A) ‘Gazelle’ rye, b1-b3: LDN
1D(1A) x Ae. tauschiRL5286, c1-c3: LDN 1D(1BX Ae. tauschiRL5286, and d1-d3:
LDN haploid. Arrows point to bivalents. Scale bassm.

Immunolocalization of TtRec8 in LDN haploid and L DN hybrid with Ae. tauschii
TtRec8 cohesion protein was found to associate wiffaired chromosomes at
early prophase of meiosis | in LDN haploid dngrid with Ae. tauschi(Figure 5.3, al,

bl, d1 and el). After that, TtRec8 was not detéetab what we observed in LDN
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(Figure 5.3, c1, f1 and gTtRec8 labeling data on meiotic chromosomes afiegtaphas
| stage not shown)Obviously, TtRec8expressed in a similar manner under both haj

and disomic conditions.

TtRec8 Chromosomes Merged TtRec8 Chromosomes Merged

Figure 5.3. Fluorescent immunolocization of TtRec8 protein on meiotic chromosor
in LDN haploidand hybrid withAe. tauschiiTtRec8protein is shown in green ai
chromosomes are shown in red-c3 shows TtRec8 immunolocalization in LL
haploid, and dIg3 shows TtRec8 immunolocalization thybrid between LDN an Ae.
tauschii al-a3: zygotene; B3: pachytene; c1-c3: metaphase |; d1lidftoten; el-e3:
zygotene/early pachytene;-f3:diakinesis; and g1-g3: metaphas&dale bar: 5 pr

Discussions
Kinetochore orientation and chromosome cohesionlaggy chromosom

segregation durinmeiosis. Normally, sister kinetochores of meioticaanosome:
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oriente syntelically and the cohesion along th@etosome arms are removed prior to
anaphase I, facilitating reductional division oft@ogous chromosomes at meiosis I.
However, cohesion protein around centromeric regmarsist to hold sister chromatids
together untill anaphase Il. The syntelic oriematf paired homologous chromosomes
creates a pulling force towards opposite poles lyatubules, which counteracts with
the persistence of cohesion as well as chiasmateba homologues. As the cohesion
between homologous chromosomes is removed andhthiasre resolved, microtubules
emanating from opposite poles pull paired homolegdwomosomes (bivalents) toward
opposite poles. The paired homologous chromosohieslénts) in LDN and its hybrids
with LDN DS andAe. tauschiunderwent normal meiosis as described above. Hemyvev
sister kinetochores of unpaired chromosomes (uemig) oriented amphitelically.€.
bipolar attachment) and did not undergo normal cgdoal division as the paired
homologous chromosomes (bivalents) at meiosighersame meiocytes of the LDN x
LDN DS and LDN DS »Ae. tauschihybrids (Figures 5.1 and 5.2). It seemed that
physical interaction, or called synapsis/pairingtween homologous chromosomes was
essential to ensure syntelic orientation of sikiteetochoresi(e. monopolar attachment)
and subsequently regular reductional division sbofosomes at meiosis | in LDN and
its hybrids withAe. tauschiand rye. Without synapsis or pairing, sister kicbbres of
univalent chromosomes oriented amphiteclically, dmitesin appeared to retain around
the centromeric regions in most of the meiocyteseoled. Evidently, synapsis or pairing
was a crucial meiotic event to steer kinetochorentation in LDN and its hybrids with
Ae. tauschiand rye. In fact, chromosomes themselves have foeed to play

significant roles in some meiotic events, suchhasmosome 1A, 2A, 4A, 5A, 5B and
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6B in tetraploid LDN, in addition to meiotic genpsiteins (McKim and Hawley, 1995;

Paliulis and Nicklas, 2000, Xu and Joppa, 2000b).

Rec8 has been found involved in the genetic netwesgonsible for kinetochore
orientation in addion to functioning as a meiottesin (Watanabe and Nurse, 1999;
Yokobayashet al, 2003; Chelyshevat al, 2005; Zhangpt al, 2006; Shaet al, 2011;
Yuanet al, 2012). Here in this study, sister kinetochoresaweund to orient differently
with paired and unpaired chromosomes in the sanmecytes that contained functional
TtRec8 (Figure 5.3). In other words, meiotic synsipsiring mediates kinetochore
orientation in LDN wheat. However, it is unknownether TtRec8 protein is involved in
the regulation of kinetochore orientation in LDNurther studies are underway for a
better understanding of TtRec8 in this particukematype ite. LDN wheat) that

undergoes haploidy-dependent UMCD (€tal, 2010).

TtRec8s located on chromosome 1A and 1B, respectivaligtraploid wheat
(present study). Wheat chromosome 1D also conggitec8homoeoallele, designated
TtRec8-D1The interspecific hybrids of LDN DS 1D(1A) and (@B) with Ae. tauschii
harbor the homoeoallel@Rec8-AlandTtRec8-Blrespectively, in addition fbtRec8-
D1. However, meiotic kinetochores and chromosomesa\sghin the similar manner in
both hybrids, suggesting these three homoeoalheigist individually play a similar role
in kinetochore orientation and chromosome segregditithey did mediate these meiotic

processes.
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APPENDIX A. PROTEIN ID VERIFICATION OF pGEX-R26 POLYPEPTIDE
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Verification of polypeptide pGE-R26 by Protein ID assay. LBMS/MS data ar

collected from the peptide mixture generated byquigtic digestion of pGE-R26

polypeptide sample, and the MS/MS spectra are sedragainst the database of

deduced amino acid component of pC-R26. The result shows 33% @rage of the

datdase, as highlighted in yello
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APPENDIX B. LC-MS/MS SPECTRA OF POLYPEPTIDE pGEX-R26

FRAGMENTATION

Protein Sequencel Similar Proteins  Spectrum | Spectrum,/Model Errnrl Fragmentation Tablel

Relative Intensity
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APPENDIX C. DETECTION OF TtREC8 PROTEIN IN SOMATIC CELLS

Detection of TtRec8 protein (al-d1, green) in seenzlls (a2-d2, red) within
meiotic anthers of LDN. a3-d3 are merged pictufé® mitotic cells are within the same
slides as fluorescent immunolocalization of TtRen8neiotic chromosomes of LDN.
al-a3: prophase; b1-b3: prometaphase; c1-c3: metaephnd d1-d3: anaphase. Scale
bar: 5 um. No TtRec8 protein was visually deteetiethg the chromosomes during

mitosis in LDN.
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APPENDIX D. IDENTIFICATION OF BAC CLONESTHAT RESPECTIVELY
CONTAINS TtREC8-A1 AND TtREC8-B1 WITH PCR, CAPS AND

FINGERPRINTING

5 kb

18 20 24
-

Identification of BAC clones that contaiii$Rec8-AlandTtRec8-B1
respectively, by PCR, CAPS and fingerprinting megd'wo arrows on the left side of
A, B, C, D, E and F indicate the 500 bp and 1 ke snarkers, respectively. 5 kb and 20
kb size markers are shown on the right side ofeamately. A-B) PCR amplifications of
positive BAC clones screened by bulked probes aoingfour TtRec8DNA segments
by TtRec8specific primer pairs GMO08F/GMO08R and GMO65F/G38R, respectively.
Results from both A and B consistently show thatBa#lone No.7, 18, 20, 24, 31 and 32
harbor partial or complete genomic DNA sequencé&tBec8 though they cannot be

differentiated into two groups based on size. BEL clones No.7, 18, 20, 24, 31 and
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32 are PCR amplified biitRec8specific primer pair GMO08F/GMO008R, followed by
Rsd, Taq andDdd digestions, separately. F) BAC clones No.7, 18,224, 31 and 32
are PCR amplified bytRec8specific primer pair GM065F/GMO065R, followed Byul
andDdéd digestions, respectively. Using CAPS methodoldgiRec8containing BAC
clones could be differentiated into two groups base different digestion patternss.
BAC clone No. 20 and 32 share same pattern, and @& No. 7, 18, 24 and 31 have
the other, suggesting the two groups represent Blages harboring eithéitRec8-Alor
TtRec8-Blhomoeoalleles, respectively. G) DNA were extradéteth BAC clone No. 7,
18, 20, 24, 31 and 32, followed B{ndlll digestion. The DNA fingerprinting result
again proves BAC clone No. 20 and 32 contain omedemallele offtRec8 while BAC

clone No. 7, 18, 24 and 31 contain the other horalbsle.
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APPENDIX E. NUCLEOTIDE SEQUENCE COMPARISON BETWEEN

RocB-TA_GANRON /GIMOIIR
RecB-TH_GAROSF/GROIIR

RecB-TA_GAROTF/GIWIER
RecB-16_GAROSF/GIWIER

RecB-TA_GNBOTF/GIWITR
RecB-16_GABISF/GIOIER

RocB-SA_GNBOSF/GAOIRR
Rec8-18_GAROEF/GIMOOER

RocB-7A_GAROSF/GROIIR
RecB-16_GNBOZF/GIOIER

RecB-TA_GAROSF/GIWITR
RecB-T8_GNBOSF/GIMOIIR

RecB-TA_GANROEF/GIIER
RecB-16_GABOSF/GIMWIER

RecB-TA_GNROTF/GIWITR
RecB-16_GAROT/GIMOIER

RecB-IA_GABOSF/GIOIER
RocB-I8_GANBOSF/GIMWORR

RocB-7A_GAROSF/GROIIR
Roc I8 _GAROSF/GAOIIR

RecB-7A_GNROSF/GIMOIER
RocU-70_GNRBON /ISR

RecB-1A_GNBOSF/GIMWIER
RecB-18_GNBORF/GIMWIER

RecB-TA_GAROTF/GIMOOER
RecB-1H_GNBOZF/GIOIER

RocBIA_GNROB /GIOOBR
RocBIH_GNROBF/GIOIER

RecB-1A_GAROS /GIOIIR
RocB-38_GABON /GIOIIR

RecB-TA_GNROSF/GIWIRR
RecB-16_GARIEF/GIMWIER

SEGMENTS OF TtRECS8
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Nucleotide sequence comparison of GMO08F/GMO08R@ripair amplified
segments between the two homoeoalleleBtBEc8 Black boxes highlight the exon
regions and the rest sequences are introns. Onl{b2%t of 245 nucleotides) sequence
difference was found in exonic regions and 8.1%q6Rof 769 nucleotides) difference
was in intronic regions, indicating higher sequesioglarity was in exonic regions than

in intronic regions betweehtRec8-AlandTtRec8-Blwithin this segment.
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APPENDIX F. PROTEIN ID VERIFICATION OF pGEX-C31 POLYPEPTIDE
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Verification of polypeptide pGE-C31 by Protein ID assay. A) LBIS/MS date

are collected from the peptide mixture generategrbyeolytic digestion of pGE-C31

polypeptide sample, and the MS/MS spectra are sedragainst the database of

deduced amino acid component of pC-C31. The result shows 50% covge of the

database, as highlighted in yellc



APPENDIX G.LC-MS/MS SPECTRA OF POLYPEPTIDE pGEX-C31

FRAGMENTATION

Protein Sequence | Similar Proteins  Spectrum | Spectrum/Madel Error | Fragmentation Table |

Relative Intensity

y3
100% 1,044,958 AMU, +2 H (Parent Error; 410 ppm)
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