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CHAPTERI|

ABSTRACT

Wheat is traditionally categorized into two classes, winter wheat and siieat.
Winter wheat requires a period of low temperature to accelerate thiédrafrem
vegetative to reproductive development, a phenomenon known as vernalization, whereas
spring wheat has no vernalization requirement for flowering. The threalization
genesVRN1, VRN2 andVRN3, have been cloned, based on variation in vernalization
requirement between spring and winter types of wheat and barley. Wintdrouhears
have various durations of vernalization requirements that can be manipulated tteregula
the developmental process for different purposes in wheat production, but little is known
about how this important trait is genetically controlled. In this study, twoidiplinter
wheat accessions, P1362553 and G3116 were found to require 2 weeks and 5 weeks of
low temperature, respectively, to attain their vernalization saturatiorspgimt
population was developed from a cross between these two accessions, and the population
was treated with 2 weeks of low temperature in order to observe the mostsufficie
segregation in vernalization requirement duration. A total of 114 markers incll@ing
SSR markers transferred from hexaploid wheat and 10 PCR markers developed for 6
known flowering time genes and 4 RFLP loci were mapped in 94 lines of this population.
A major QTL was located on the long arm of chromosom& infa 21.8 cM region

between two SSR markexsvmc96 andXbarcl72, explaining 22.8% of phenotypic



variation. This QTL, designate@Vvrd.osu.7A™, was not associated with orthologues of
eitheMmVRN3 or TmVRTZ2, two known flowering time genes that were mapped on the
same chromosome. Therefo@V/rd.osu.7A™ locus should contain new gene(s)
responsible for the vernalization requirement duration in diploid winter whesRN2

but not other five flowering time geneébnfVRN1, TmVRN3, TmPPD1, TmGlI, and

TmVRT2) had a significant effecP&0.05) on heading date in the vernalized population
by statistical analysis, although a minor QTL associated witfirtivéRkN2 locus on
chromosome 52 did not reach the LOD value of 2.5 for a common threshold. Based on
these findings, we conclude that vernalization requirement duration in thecgeneti
background of the diploid wheat applied in this study is regulated by two QTLSs,

explaining part of the total phenotypic variation.



CHAPTERII

INTRODUCTION

Winter wheat for dual purposesisamajor management system in the southern
Great Plains

Wheat is one of the grain crops extensively grown worldwide, due to itstextapta
to a wide range of environmental conditions. This adaptation is partly conferred by i
genetic diversity in growth habit, which classified wheat into winter andgtypes.

Winter wheat requires a period of exposure to low temperature to acceleratasiteon
from vegetative to reproductive development for flowering, a phenomenon known as
vernalization. For spring wheat, however, no vernalization is required to induezihg
(Dubcovsky et al. 1998; Law 1966; Law and Wolfe 1966; Pugsley 1971, 1972).

Winter wheat is a major type in the world; for example, it is planted on
approximately 43.5 million acres each year in the United States. This araptegants
75% of the total wheat grown in the United States and the grains from this areaabf whe
account for approximately 11% of the world supply and nearly 35% of world exports. |
order to maintain the United States’ role as a major grower and exporter ¢ftavhea
meet increasing population, it is important to understand the genetic hasrsokecular
mechanisms of winter wheat growth and development.

Oklahoma is one of the biggest wheat states in the USA, and wheat grains are one
of the most important economic sources in this state. AlImost all of the wiheat i

Oklahoma is of winter type. Breeding winter wheat in the southern Great Rl#nes



foundation of many agricultural enterprises. Particularly important ishbaklahoma
wheat crop is managed as grain only, grazing only, or a dual purpose (grairaping)gr
crop (Carver et al. 2001). Almost two-third of the wheat planted in the falintexsded

for dual-purposdased on the survey data for the crop years of 1996 and 2000 (Edwards
et al. 2007). The dual purpose wheat is usually planted in early September. Then, the
cattle will be released into the wheat field for grazing from late Noveonité

development of the first hollow stem, usually occurring in late February lgrhdarch.

At this stage, the cattle will be removed from the field, and the wheatamtinue to

produce a grain crop for harvest in June (Edwards et al. 2007). The dual-purpose wheat
provides high quality forage when other forage resources are low in quantity dibhd qua

in the winter season. Therefore, the use of wheat pasture for feedutesstit essential

role in the U.S. beef industry (Khalil et al. 2002). An overarching goal of the dual
purpose wheat improvement program is to produce more forage biomass by extending th

vegetative phase but with minimal delay in flowering time.

Genetic factorsfor the transition timing from vegetative to reproductive
development of winter wheat

The life cycle of wheat from sowing to maturity is traditionally divided ieversl
critical physiological and morphological stages, including seedling emergihering,
stem elongation or jointing, heading, flowering, and maturity (Gonzalez et al. 2892; H
and Ellis 1998). When sown in fall, winter wheat should complete the transition from
vegetative to reproductive development with the induction by low temperature or
relatively short days during the winter season, so that the plants start to grow

reproductive organs when favorable temperature and light conditions are metéxithe



spring season. A later developmental transition time is desirable when s/hsatlias a
winter forage resource in the dual-purpose system (Redmon et al. 1996). Responses of
plants to vernalization and photoperiod are believed to be the two most important
mechanisms determining the developmental transition time in winter wheat.

Winter wheat varieties are reported to have various vernalization requirement
durations to attain a vernalization saturation point, from which further exposore to |
temperature will not result in any more acceleration of flowering imeduction of
final leaf number (Berry et al. 1980; Wang et al. 1995a; Wang et al. 1995b). Based on the
length of exposure to low temperature at which the plants attain a vernaliztication
point, winter wheat cultivars are generally classified into three typgeak winter type
that is stimulated to flower by brief exposure to low temperature, a sirt@rwype that
requires 2 to 4 weeks of cold exposure for flowering, and a strong winter type rgduirin
to 6 weeks of cold exposure (Baloch et al. 2003; Berry et al. 1980; Crofts 1989). It has
been reported that as many as 12 weeks at low temperature was requiredeionheat
cultivar Yeoman to attain a vernalization saturation point (Berry et al. 1980y.afieel
durations of vernalization in winter wheat cultivars depend on the regions tivausulti
are grown. More vernalization requirement is typical for cultivemsifzones with longer
winters (Fayt et al. 2007).

Based on response to photoperiod, wheat cultivars are classified into sensitive and
insensitive types. Wheat is usually classified as a long-day (LD, >14th pignt,
because it typically flowers earlier when exposed to longer days and fliatesra/hen
exposed to short days (Laurie et al. 1994; Snape et al. 2001). However, it was reported

that short day (SD, <10 h light) can also accelerate the developmentdidraossome



winter cultivars sensitive to photoperiod, thus resulting in earlier floweritigput
vernalization (Evans 1987). Effects of SD on accelerating flowering coudédteeted
only when the plants were treated for a period of SD and then were moved to LD as the
were treated with low temperature for vernalization effects andyitrathted with
moderately high temperature (Dubcovsky et al. 2006).

In addition to vernalization and photoperiod, a group of genetic factors called
earliness per se (eps) genes provide an additional mechanism to regulate flowering
time in wheat (Snape et al. 2001), which enables winter wheat to eventmaky f
without vernalization or SD. Other adaptive mechanisms include regulation ofifigwe

by plant age, hormones, and nitrogen fertilizers (McMaster 2005)

Genesresponsible for developmental process of winter wheat

The three vernalization gen@s)VRNL1 (Yan et al. 2003)TmVRNZ2 (Yan et al.
2004b) and/RN3 (Yan et al. 2006), have been cloned from wheat and barley using a
positional cloning strategy. All of them, however, were cloned based on theoranmati
vernalization requirement between spring and winter types, which diffequaldative
trait, either vernalization-responsive or non-responsive. Yet, varyinglizatian
requirement durations (VRD) among winter wheat cultivars almost alyvelgs
guantitative responses (Wang et al. 1995). It could be reasonable to spbatigénetic
mechanisms which account for the qualitative difference between these twoftypes
wheat cannot be used to explain the variation in the developmental transition among
winter wheat cultivars that require 2 weeks up to 12 weeks of low tempertdlatain a

vernalization saturation point. However, little is known about how various vernatizati



requirements are genetically controlled in different genotypes of winteatsthe
Moreover, no specific genetic locus responsible for various vernalization reguire
durations in winter wheat has been located, although it is reported that thss trait i
controlled by multiple loci, according to analysis of substitution lines (Kcamer
Pankova 1998) and isogenic lines (Fayt et al. 2007).

Genes which confer photoperiod response in wheat have not been cloned, but the
orthologous photoperiod geR®D-H1 was cloned in barleyHordeumvulgare L.). This
will provides valuable sequence information to map genes in the photoperiod pathway in
wheat (Beales et al. 2007; Turner et al. 2005). So far, no genesearlilmess per se

pathway have been cloned from wheat.

Diploid wheat asa model for gene discovery in common wheat

Common wheaT(iticumaestivum L., 2n = 6x = 42, AABBDD) is one of the
cultivated wheat species that is most extensively grown worldwide and seréeod,
feed, and industrial ends (Allan 1980). Within the Poaceae, the grass gegitups
andTriticum constitute an interesting model to explain the origin and evolution of
common wheat genomes. From a hybridization event and allopolyploidization, diploid
species produce several tetraploid and hexaploid wheat species (Chahta@h)a
The three homoeologous genomes of common wheat arose from natural hybridization
involving the A-genome donof (urartu, 2n = 2X = 14, AA), a currently unknown B-
genome donor (probably in the secttopsisincludingAe. Speltoides, 2n = 2X = 14,
SS or BB), and the D-genome donAe(tauschii, 2n = 2X = 14, DD). However,

complex genome features consisting of three homoeologous genomes A, B and D of



common wheat have limited direct analysis on the gene network of flowerihig
species. Instead, diploid progenitor species of common wheat have been used for
developing genetic linkage maps based on the presence of high-levels of polymorphisms
and ease of working with a single genome (Boyko et al. 1999; Dubcovsky et al. 1996).
Recently, diploid progenitor speciesnonococcum (2n=2x=12, A'A™) has been
successfully used as a model to clone wheat genes using positional cloning,strgteg
TmVRNL1 (Yan et al. 2003)TmVRNZ2 (Yan et al. 2004b),r10 (Feuillet et al. 2003)Q
locus (Faris et al. 2003). The sequence information of cloned genes is then used to
characterize their orthologues in hexaploid wheat; for example, orthologlie®VBN1
have been validated in polyploidy wheat and other grass species (DanylukO&3a
Dubcovsky et al. 2006; Murai et al. 2003; Trevaskis et al. 2003; Trevaskis et al. 2006;
vonZitzewitz et al. 2005; Yan et al. 2006; Yan et al. 2004; Yan et al. 2005).
In this study we used the dipld@idnonococcum wheat as a model species to map

genetic loci responsible for the vernalization requirement duration in wuteat.

Construction of genetic linkage map using molecular markers

The genetic linkage map could be useful for gene tagging, marker assisted
selection and map based cloning of genes (Singh et al. 2007). In many studies, genetic
maps have been constructed using different molecular markers such asarstrict
fragment length polymorphism (RFLP), amplified fragment length
polymorphism(AFLP), single nucleotide polymorphism (SNP), and simple sequence
repeat (SSR). Because of the presence of large variability, cmvalore, PCR-based

techniques and ease of handling or manipulation, SSR markers are very valuadigy i



plant species. The available series of SSR markers have been developed addmappe
common wheat, as well as in dipldidurartu andAe. tauschii (Singh et al. 2007).
However, no SSR markers specifically for dipl@idnonococcum have been developed,
and it was reported that a great number of SSR markers available in hexapkatid whe
have high percentage of transferability (ability to amplify) iitenonococcum

(Kuraparthy et al. 2007). A genome wide of 132 SSR markers were integrated Wikh RF
and EST markers to construct linkage maps in a RIL population generated. from
monococcum and its diploid relative genome (Singh et al.. 2007). The strategy integrating
SSR markers and gene markers will facilitate genetic mapping otiigratly important
traits specifically characterized in diploid wheat species. For exxai88IR markers were
first used to successfully map ttie3 gene, a tiller mutant producing only one main

culm, on the long arm of chromosome"3ih an K population ofT. monococcum
(Kuraparthy et al. 2007), which has facilitated construction ofiti3gphysical map and

its further cloning (Kuraparthy et al. 2008).



CHAPTER 11

OBJECTIVE

In this study we developed anpépulation from a cross between two diploid
winter wheat accessions that have different vernalization requiremenbdsrathe
objective of this study was to identify key genetic loci responsible for \eatiah
requirement duration in winter wheat. Mapping information from diploid species will be
used to make a cross-map in common wheat, which should facilitate our long-térm goa
to eventually clone genes responsible for vernalization requirement duratiomer

wheat.
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CHAPTER IV

MATERIALSAND METHODS

Plant materials

Vernalization tests on two winter accessions, the wild type G3116 and the
cultivated type Pl 362553 (referred to as Tm53 hereafter) of diploid wheat
monococcum, were carried out in the cold room at 4°C under long photoperiod (16-h
light). The Tm53 and G3116 plants &t 1Baf stage were moved to the cold room after
they were grown in the greenhouse at 20-25°C and 16 hours of light (long day
photoperiod). Some Tm53 and G3116 plants were grown in the greenhouse without
vernalization as controls. The vernalized plants in the cold room were moved back to
the greenhouse every week for 6 weeks. These partially and fully vernalizesvpdaat
scored for heading date. It was found that accession G3116 required only 2 weeks of
temperature to attain a vernalization saturation point, whereas accessiomdensd
as many as 5 weeks of low temperature to complete its vernalization phvess two
accessions of diploid wheat were crossed, and thglfid was self-pollinated to
develop an fpopulation that was expected to segregate in vernalization requirement
duration. The 94 plants of the population were vernalized for 2 weeks, so that the
maximum segregation in the vernalization requirement duration could beediefEice &
population was grown in the same greenhouse untiltrer 8" leaf stage, so that each

F, plant could be split into two parts. One was transferred into the cold room at 4°C with

11



long days for two weeks to vernalize and the other one was kept in the greenhouse as a
control. These two sets of split plants should have identical genetic backgrounds;
therefore the effects of 2-weeks of vernalization on eadimé& can be calculated by

comparison with its second-half grown in the greenhouse.

Analysison molecular markers

DNA from parents (G3116 and Tm53) and the population was extracted following
a simple DNA extraction method (Yan et al. 2004a). Five hundred and thirty tRo SS
markers mapped in common wheat were used for screening the parental lines for
polymorphism, including: 120 BARC, 37 CFA, 41 CFD, 8 GDM, 122 WMS (GWM),
186 WMC, 4 DUPW, 7 KSM, 2 CNL, and 5 STM. These SSR markers mapped in
genome A of hexaploid wheat were preferentially selected, but SSR madygpsain
genomes B and D of hexaploid wheat were also tested in order to increase raskgr d
in the genetic map. The PCRs were performed in 25-pl reaction in a PTC-100 or in a
PTC-200 thermal cycler. The reaction mixture contained ~100ng of template DNA, 200
UM of each dNTPs, 1 X PCR buffer, 1.5 mM MgQI0 puM forward and reverse
primers, and 2.5 units of Taq polymerase. Thermal cycling conditions included: 95°C for
5 min followed by 40 cycles of 94°C for 30", 55°C for 30", 72°C for 30", and followed
by an extension step of 10 min at 72°C. In addition to SSR markers, PCR markers were
developed to map six flowering time genes and four RFLPs that have been located in
wheat or barley. The primers for these known genes and RFLP markers wenedlesig
based on genomic DNA or EST sequences of these genes available in GenBank

databases/RN1 (=AP1) (Yan et al. 2003)YRN2 (=ZCCT1) (Yan et al. 2004b)yRN3

12



(=FT) (Yan et al. 2006)PPD1 (Beales et al. 2007§! (Gigantea) (Park et al. 1999), and
VRT2 (=TaVRT2) (Kane et al. 2005) (Table 1). According to the above PCR protocol, the
extension time was modified to amplify the predicted size of PCR productsyusuall

min for 1-kb. PCR products from both the parental lines were purified with
PERFORMA® DTR Gel Filtration Cartridges for sequencing that wareet out

in the Core Facility, Oklahoma State University. The sequences from eaglapa

aligned using BLAST from GenBank. Polymorphisms caused by deletions with more
than 3-bp were used directly to map in thgépulation using 9% acrylamide-
bisacrylamide gels. For those markers that showed a single nucleotidepaiism

(SNP), however, an appropriate restriction enzyme was used to digest the PCRsproduc
to create polymorphic bands that could be distinguished between two parental lines on 1-
2% agarose gel for mapping. The restriction enzymes used for digestiorecértijene

PCR products are included in Table 1.

Construction of linkage maps and discovery of QTLs

Genetic linkage maps were first constructed using MapMaker 3.0 (Whitehead
Institute for Biomedical Research, Cambridge, MA) (Lander et al. 1987). WiG&rt
2.5 (North Carolina State University, Raleigh) was then used to search foruQifilgs
interval mapping (IM) function. A QTL was declared when logarithm of the odd®jL
value was higher than the threshold of 2.5 calculated at 300 and significance level at 0.05.
Centimorgan values were calculated based on the Kosambi mapping function.QGe PR
GLM function of SAS Version 9 (SAS Institute, Cary, NC) was also usedtohe

effects of a single marker and to test interactions between the genes anthkSFk.

13



The linkage maps were compared with those publish&monococcum and common

wheat.

14



CHAPTER YV

RESULTS

Variation in vernalization requirement duration between two parental lines

Neither G3116 nor Tm53 flowered when grown in the greenhouse with
continuous 22°C and 16 hours of photoperiod after 200 days from sowing (Fig.1),
confirming that they are a winter type as identified ugimyRN1 andTmVRN2 genes
(Yan et al. 2003; Yan et al. 2004b). Vernalization could accelerate flowering, but
different vernalization requirement durations were detected betwegratental lines.
For the wild type G3116, 1 week of low temperature was not sufficient to promote
heading, but only 2 weeks of low temperature could have accelerated heading by
approximately three months (Fig. 1). The further extended low temperatanaént
(i.e.,, more than 2 weeks) resulted in a gradual delay of heading when comparteewith
maximum effect detected with 2 weeks treatment, although significamlization
effects could be detected when compared with control plants continuously grown in the
greenhouse (Fig.1). The observations showed that G3116 required 2 weeks of low
temperature to attain a vernalization saturation point. For the cultivated tyg e
maximum vernalization effect (143 days) was detected when the plant wad trett
low temperature for up to 5 weeks, and the delayed effect of overexposure to low
temperature on heading was 17 days when the low temperature treatmertewdscdeto

6 weeks (Fig. 1).

15



When treated with the same period of low temperature for 2 weeks, G3116 and
Tm53 showed the most significant difference of 95 days in heading date, but this
difference was narrowed down to 13 days when treated with low temperatuges f
weeks. The observation suggested that when the population plants generated from these
two parental lines were treated with 2 weeks of low temperature, variation in

vernalization requirement duration could be most efficiently segregated.

Statistical distribution of heading date in vernalized and unvernalized populations
Heading date of plants of thegopulation generated from a cross between
Tm53 x G3116 ranged from 150-270 days after sowing when they were grown in the
greenhouse. Two weeks of vernalization narrowed the heading duration to 171-230 days
after sowing (Fig. 2). The average heading date of the vernalized pentsivdays
earlier than that of the unvernalized plants. The heading date of the population plants
with and without vernalization treatment showed a quantitative trait distwb(Fig. 2),
indicating that segregation of heading date was controlled by multiple. gdrees
combinations of these genes resulted in earlier or later heading datetthanh bo
the two parental lines, suggesting that segregation of the heading date inténexw
winter population was controlled not only by vernalization genes but also otherifigwer
time genes that were not promoted or even repressed by low temperature.
Sixty-five lines in the cold-treated population flowered earlier than the
corresponding lines in the control population, indicating that these lines had a
vernalization effect. The remaining 26 lines in the cold-treated population @dva¢the

same time or even later compared with their controls, suggesting that tieghdate of

16



these lines were controlled by other flowering genes suetrBgess per se genes.

It is noteworthy that when two parental lines were treated with two vegeks
vernalization at the same time with the population, the heading date of theapknes
showed a difference in heading date by only 32 days, much less than what wasdbse
in the previous study on the parental lines only. The decreased difference in hetaling da
between the two parental lines was probably because the two experiments wene done
different seasons although they were carried out in the same greenhouse edavitbat

cold in the same growth chamber.

Polymor phisms of SSR markerstransferred from hexaploid wheat to diploid wheat
T. monococcum

A total of 532 SSR markers developed in hexaploid wheat were used to screen for
polymorphism between G3116 and Tm53. Out of these SSR markers, 292 markers
showed amplification in one or both of the two parents (Table 2; Table 3), but the
remaining 240 SSR markers did not show amplification in either one of the parents.
These results indicated that approximately 55% of the SSR markersapldidxvheat
can be transferred to construct genetic maps in diploid wheat.

Among the SSR markers in hexaploid wheat, they are specific to genome A, B or
D in this species. When transferred to diploid wHeabonococcum, these markers
showed different transferring rates. Of 285 genome A-specific markers, 3.82o4did
not show amplification in either of the parental lines, and 163 markers (57 .28
were transferable if. monococcum (Table 3). The genome B-specific markers showed a

37.5% rate for transferring, and genome D-specific markers showed a 50.8% rate for
transferring.

17



Out of 292 transferable markers, 211 had polymorphic DNA band patterns between
G3116 and Tm53 (Table 4) and 104 markers were mapped in the population. The overall
rate of polymorphic markers exhibited between these two parental lines was 72.3%,
which was much higher than that in hexaploid wheat. An average of SSR marker
polymorphism is approximately 35% in hexaploid wheat (Chen et al., unpublished data).
The higher rate of polymorphism in SSR markers in diploid wheat is probably due to
highly diverse genetic backgrounds between the wild type G3116 and the cultiyated ty
TmS3.

Based on the comparison of markers on chromosomal locations with consensus

genetic maps in wheahttfp://wheat.pw.usda.gpySomers et al. 2004), 71 of 104

polymorphic markers (68%) were mapped in orthologous chromosomes to homoeologous
chromosomes in hexaploid wheat, and the 33 remaining polymorphic markers were
located on different chromosomes. Compared with SSR markers mapped in
monococcum by Singh et al. (2007), 33 of 104 polymorphic markers were mapped in
similar locations, two polymorphic markers were located on different chroness@mnd
the 69 remaining markers were for the first time mappdd mmonococcum.

When the SSR markers were utilized in diploid wheat, they showed different
patterns of DNA bands. Fig.3 showed three examples of polymorphic bands between
G3116 and Tm53 that were used to map our population. These SSR markers facilitated

construction of a genetic map for each chromosome in diploid wheat.

Development and mapping of PCR markersfor the known flowering time genes and
RFLP loci

Many RFLP markers have been mapped in hexaploid wheat and diploid wheat in

18



the early stage of studies on genetic mapping. The RFLP markers welapddvieom a
single or low copy of genomic DNA or EST clone; therefore, they can be used to anchor
a certain chromosome. Some SSR markers are not mapped on a certain chromosomal
location, due to their multiple copies, but their locations can be determined whemehey
mapped in the same group as a RFLP or gene marker. The sequence for adR&érP m
was recovered from GrainGene databases and then used to search in GenBank EST
databases. Multiple wheat EST sequences, probably from genome A, B or D in hexaploid
wheat, were aligned up and conserved sequences were used to design primersyto amplif
orthologous genes from two parental lines. Sequence polymorphisms were used t
develop PCR markers. Four RFLP markers were transferred into PCR mhaastaverte
mapped in expected chromosomal sites (Table 1). In a similar way, six P& sna
were developed to map orthologues of the known flowering time genes in dipla, whe
including three genegRN1, VRN2, andVRN3 that were reported to function in the
vernalization pathway (Yan et al. 2003; Yan et al. 2004b; Yan et al. 2006); two genes
PPD1 andGl that were reported to act in the photoperiod pathway (Beales et al. 2007;
Park et al. 1999), and the gevieT2 that was reported to interact wiktirN-Al and
regulated by both low temperature and photoperiod (Kane et al. 2005). The sequence of
each RFLP and flowering time gene marker is provided in the Appendix.

All the PCR markers for 6 known flowering time genes were analyzed by
digestion of PCR products with restriction enzymes, excepi®PD1 that can be
distinguished by polymorphism between the two parental lines with a 3-bprsecti

present in G3116 but absent in Tm53 (Fig.4). Expected sizes of the PCR products and
digested products with appropriate restriction enzymes were listed Apgendix. The

mapped bands were shown in Fig.4.
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A genetic map for diploid winter x winter wheat population

A total of 116 markers including 106 polymorphic SSR markers, 6 flowering time
genes and 4 RFLP markers, were used to construct a genetic map for the winter x wint
wheat population. One hundred and fourteen markers were linked into 7 groups, which
matched up with seven chromosomes in diploid wheat (Fig.5), based on the comparison
of markers on chromosomal locations with consensus genetic maps in wheat

(http://wheat.pw.usda.gdvTwo additional unlinked SSR markers we&rems471 and

Xwmec382 that were supposed to locate on the telomere region of the short arm of
chromosome 7R and distal region of the short arm of chromosomg &%pectively
(data not shown).

A total length of 1,155.2 cM was determined in the genetic map consisting of 7
chromosomes, with 16 gaps that had more than 20-cM genetic distance, 2 on
chromosome 1A 3 on chromosome ZA 2 on chromosome 3A 4 on chromosome
4A™, 2 on chromosome SPand 3 on chromosome TArespectively. The largest linkage
group was mapped to chromosome'4824.5 cM), and the smallest one was for
chromosome 62 (88.9 cM). The average genetic distance between two markers was
11.1 cM, which was expected to cover most of the QTLs responsible for the heading
dates of the segregates in the populations.

Chromosome 1A™: Twelve SSR markers covering 146.0 cM were mapped on
chromosome 1 A (Fig.5) A gap spanning 64.8 cM was betwegarc28 and
Xcfa2153, and another gap spanning 38.9 cM was betw®@enc95 andXcfd59. Seven
markersXbarc287, Xbarc28, Xcfa2153, Xwme818, Xwmc95, Xcfd59, andXwms135

were mapped in chromosome 1A of hexaploid wheat (Somers et al. 2004) and the
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consensus map of whedttf://wheat.pw.usda.gdpand an additional mark&icfde5 that

was mapped in chromosome"LASingh et al. 2007) helped to identify the location of
this linkage group in chromosome 14 our population. Three marked$éymc728

(2A, 1B, and 5B)Xwmc243 (6A, 2B, 2D, and 7D), andcfa2099 (2A and 7D) that were
reported to reside at different chromosomal locations from previous studied,djut al
them were for the first time, located on chromosom® ihfour population.

Chromosome 2A™: Twelve SSR markers covering 224.5 cM were mapped on
chromosome 2R in our population, with three large gaps (27.5 cM, 72.3 cM and 47.7
cM) (Fig. 5). Three markerXwmc83, Xbarc116, andXbarcl122, were mapped on this
chromosome but they were reported to be located on chromosome 7A, 5B, and 5A in

previous studies, respectively (Somers et al. 20@4):(/wheat.pw.usda.gdpvAnother

nine SSR markers have been reported on chromosome 2A of hexaploid wheat (Somer et
al. 2004). MarkerxXwms71, Xwms515, Xwmc407, Xwms382, andXbarc122 were also
mapped in chromosome 2ASingh et al. 2007). In addition, a photoperiod gene,
TmPPD1 that was previously reported to reside on the short arm of group 2 in hexaploid
wheat and barley anchored this linkage group on chromosoffie 2A

Chromosome 3A™: Twenty SSR markers, 1 RFLP marker and 1 flowering time
gene marker spanned 167.3 cM in genetic distance for chromosdiméBAing a high
density genetic map for this chromosome (Fig. 5). There were two gapsrgparore
than 20-cM in this chromosome; one was located betweams369 andTmGI and the
other was located betwe&istm731tc andXwmcl69. There was a large gap in the region
close toXwms369 on the short arm of group 3 in almost all previous studies in hexaploid

wheat (Somer et al. 2004; Torada et al. 2006), probably because it is a low retiombina
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region. Five SSR marker&cfd30 (1A, 4A, 7D),Xwmc475 (5A, 7B), Xcfa2226 (1A),
Xwmc723 (7B) andXdupw227 (3B), that were previously reported on different
chromosomal locations were located on chromosoni&iBAur population. Markers
Xcfd79, Xbarc19, Xwmc269, Xbarc67, andXcfa2134 were also mapped in diploid
monococcum (Singh et al. 2007). The RFLP mark&do189 that was reported to locate
on the telomere region of the long arm of chromosoni& (®Abcovsky et al. 1996)
anchored the chromosomal location of this linkage group.

Chromosome 4A™: Fourteen SSR markers covering 169.4 cM were mapped on
chromosome 42, leaving four gaps with more than 20-cM to close up (Fig. 5). Four
markersxwmc651, Xwmc118, Xwms5 andXbarc1005 were previously mapped on
chromosome 3A, 5B, 3A and 7A, respectively, but they were all mapped on chromosome
4A™ in this study. The chromosomal location of this linkage group was not validated by
any RFLP markers or gene markers, but by the remaining 10 SSR markersréhat w
mapped in the same chromosome in previous studies (Singh et al. 2007; Somers et al.
2004).

Chromosome 5A™: Eighteen SSR markers and 2 PCR markers developed from two
vernalization genesmVRN1 andTmVRN2 were mapped on chromosome5govering
160.2 cM in genetic distance and forming a high density genetic map for this
chromosome (Fig. 5). There were two gaps spanning more than 20-cM; one wexb locat
betweenXcfa2234 andXwms156 and the other one was located betw¥ems156 and
Xwms639. Two markersXwms328 andXcfa2234, that were previously mapped on
chromosomes 2A and 3A respectively (Singh et al. 2007; Somers et al. 2004) were placed

in this linkage group.
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Chromosome 6A™: Six SSR markers and 2 PCR markers transferred from two RFLP
markers Xpsr113 andXmwg798, were mapped in the same group covering 88.9 cM on
chromosome 6A (Fig. 5). Two SSR marker¥cfd25 (4A, 2D, 5D, and 7D) and
Xwmc773 (5B and 6D) that were previously mapped on different chromosomal locations
(Somers et al. 2004) were for the first time mapped on chromosotheésfkomosome
6A™ has a relatively short genetic length (Singh et al. 2007).

Chromosome 7A™: Twenty two SSR markers, 1 PCR marker developed from
RFLP marketXcdo673, and 2 PCR markers developed from flowering time genes
TmVRN3 andTmVRT2, were mapped on chromosome™@overing 198.9 cM including
183.9 cM for the first group and 15.0 cM for the second group. These two groups have a
large gap between them but they were placed on the same chromosome, becauge both tw
markers Xgwma344 andXcfa2040 in the second group (Fig. 5), were mapped on
chromosome 7A in hexaploid wheat (Somer et al. 2004). Seven SSR markers that were
previously reported on different chromosomesmcl77 (2A), Xwmc264 (2A, 3A, and
5D), Xgdm88 (4A and 7D) Xgdm145 (4A and 7D) Xbarc231 (2A and 7B) Xbarcl72

(5B and 7D) Xwmc698 (4A and 7D) were also mapped on this chromosome.

QTLsfor vernalization requirement duration

The heading date of two sets of split population plants with and without
vernalization treatment were analyzed with the IM program of WinQTL. résult, a
major QTL on chromosome 7Awas found affecting heading date of the vernalized
population. This QTL affectingernalizationrequirementuration on chromosome

7A", designateVrd.osu-7A", was flanked by two SSR markefemc96 and
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Xbarcl72, spanning 21.8 cM on the long arm of this chromosome (Fig.5). Fortunately,
RFLP markeiXcdo673 on chromosome 7Am was mapped to be centered on the peak of
this QTL. The LOD ofQVrd.osu-7A™ was 3.68, explaining 22.8% phenotypic variation

in heading date. This QTL was not found when the heading date of the unvernalized
population was analyzed, suggesting Q¥td.osu-7A™ was caused by vernalization

for 2 weeks. It has been clearly demonstrated@vat.osu-7A™ has no association with
either of the flowering time geneBnNVRN3 or TMVRT2, that were located on this

chromosome (Fig.5), suggesting tkMrd.ous-7A™ that was found in this study is a new

locus related to responses of winter wheat to vernalization.

TmVRN2 locus on chromosome SAwvas also found associated with a minor QTL
(designated)Vrd.osu-5A™) in the vernalized population (data not shown). This QTL was
not present in the unvernalized population, suggesting that it was regulated by
vernalization. The LOD value @Vrd.osu-5A™ did not reach 2.5, a common threshold
that is used to declare the presence of a QTL. Statistical analysis, hostmweed that
TmVRN2 had a significant effect on heading date in the vernalized popul&isf.(05).

The remaining five flowering time genemfVRN1, TmVRT2, TmMVRN3, TmPPD1, and
TmGI) were not detected genetic effects in either vernalized population onafized
population.

Homozygous G3116 allele, homozygous Tm53 allele and their heterozygous allele
atQvrd.osu-7A™ had an average heading date of 195.2 days, 204.1 days, and 197.6 days
in the vernalized population respectively. It was estimated that the G3116 atlede of
gene responsible f@Vrd.osu-7A" is dominant for early heading, as the mid-parent
value (X=199.7 days) was significantly higher than the heterozygous allele. kgoonsz

G3116 allele, homozygous Tm53 allele and their heterozygous all@lér absu-5A™
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had an average heading date of 195.6 days, 202.1 days, and 200.2 days in the vernalized
population respectively. It was estimated that the Tm53 allele of the ggpansible for
QVrd.osu-5A" is dominant for late heading, as the mid-parent value (X=198.9 days) was
significantly lower than the heterozygous allele. No significant interastaandetected
betweerQVrd.osu-7A" and atQVrd.osu-5A" (Pr=0.4239), indicating that the genes

residing within these two QTLs play an independent role in controlling vernahzati

requirement duration in winter wheat.
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CHAPTER VI

DISCUSSIONS

Variation in vernalization requirement duration in winter wheat

The difference in vernalization requirement duration among winter wheainiy m
caused by both amplitude and duration of low temperatures in varying geographical
areas. Vernalization usually has significant effects at tempesabetween 2-10°C. Its
rate will decline, however, at temperatures above 11°C and it will be apparently
ineffective above 18 °C (Brooking 1996). If the fully vernalized plants continue tattay
the low temperature, the developmental process of these over-vernalized pldogs w
delayed due to a longer phyllochron and a slower growth rate (McMaster 2005). In
almost all previous studies, vernalization tests were conducted with 6 weeks of low
temperature under long day conditions, under which the vernalization requirement has
been fully met and the acceleration of flowering can be detected. The results on
vernalization effects, however, could be incorrectly interpreted in arcgeantype,
because of the paradoxes between the effects of low temperature on thakmcek
the developmental transition and the effects of low temperature on the delay of growth
rate after vernalization. In order to solve this experimental confusion riticsicthat the
fully vernalized plants need to be transferred into favorable temperature laind lig

conditions for further growth upon reaching vernalization saturation point.
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We used two diploid winter wheat accessions that have different vernalization
requirement durations to develop arnpepulation, and segregation for the trait was
obtained. Although we carried out experiments in the same growth chamber and
greenhouse with well controlled conditions, the difference in heading datechetvee
two parental lines showed variation between experimental seasons. A diffieetrneen
parents of as many as three months was detected when the experiment waggénform
winter season, but a difference of only 32 days when the experiment was performed in
summer season. Irrespective of the difference detected with diffessudrss, the wild
type G3116 always had less vernalization requirement than Tm53. When vernalized for
two weeks, the segregates generated from a cross between these tvad lpagemnaried
in vernalization requirement duration, which enabled us to determine genetic loci
responsible for this trait. Previous studies showed that this trait is presgtensiee
cultivars in hexaploid wheat (Baloch et al. 2003; Wang et al. 1995) or between
substitution lines and isogenic lines (Fayt et al. 2007). A precise molecular
characterization of the genes responsible for the quantitative verrmadizaguirement
would provide innovative and critical information for the genetic basis of this iargort

trait.

A major locusfor vernalization requirement duration islocated on an unreported
genomic region involved in developmental process

We mapped 114 molecular markers in thesé&gregating population and expected
to locate genome-wide genetic loci associated with vernalization reguiteharation. A
major QTL responsible for vernalization is located on the long arm of chromosdime 7A

QVrd.osu-7A™, and it has no association with two known flowering time g@n®4RN3
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(=TmFT) andTmVRT2 that were mapped in the same chromosome; ther&dfrel, osu-

7A" is a new genetic locus responsible for the vernalization requiremenbddrati

winter wheat. It was the first time to find that a genetic locus on the longfarm
chromosome 7A affects flowering time in wheat or other temperate cereals. This gene
may play a coordinating role in the vernalization process, since it displagenost
significant genetic effect in the presence of genetic effect TiolwRN2, a major

flowering repressor identified so far in wheat. A tight association ohthjer QTL with

a PCR marker for RFLP mark¥cdo673 would greatly facilitate construction a fine map
and cloning this first gene for vernalization requirement in winter wheat.

In addition to a major locus that was located on chromosofle THVVRN2 was
found to have association with segregation in heading date in the vernalized population.
TmVRN2 was cloned based on variation between spring wheat and winter wheat (Yan et
al. 2004).TmVRN2 is a transcription factor containing a conserved CCT domain present
in CONSTANS (CO), CO-like andTOC genes in plants (Putterill et al. 1995). A dominant
Vrn2 is responsible for winter growth habit, whereas a recessnZeallele was caused
by a point mutation at the conserved CCT domain of the TmVRN2 protein or complete
deletion of this gene in the diploid wheat (Yan et al. 2004b). The two parental lireek test
in this study both have no point mutation or deletion but possess a dominant difele at
VRNZ, resulting in winter growth habit (Yan et al. 2004b). Genetic effeChtfRN2
detected in this study has pointed to the possibility ThtRN2 could be regulated by
different mechanisms. Alternatively, a new gene tightly linkeBhtw'RN2 may be

involved in the regulation of reproductive development in winter wheat.

28



A genetic model for vernalization requirement duration

Vernalization requirement duration in the genetic background of the diploid wheat
applied in this study is regulated by two QTLs, explaining part of the total pipenoty
variation. Our observation is consistent with the previous reports that vernalization
requirement duration is controlled by QTLs including genes on chromosome group 5,
according to analysis of substitution lines (KoSner and Pankova 1998) and isogenic line
(Fayt et al. 2007). However, the conclusion that vernalization requirement duration is
controlled by multiple genes might not apply to other experiments when differegtiqgye
backgrounds of winter wheat are investigated. An experiment on hexaploid wheat Jagg
x 2174 population in our laboratory indicated that the vernalization requirement duration
in mainly determined by a locus on chromosome 5A, which explained most of the total
phenotypic variation and is different from either of the two QTLs found in diploid wheat.

There are two alternative mechanisms which can explain quantitative
vernalization results in winter type Afabidopsis accessions. One is that vernalization
results in a quantitative reductionfh OWERING LOCUS C (FLC) mRNA levels that
negatively correlates with the flowering time (Michaels and Amasino 199%&het
al. 1999; Sheldon et al. 2000). The other is that the multiple signals from a flowering
network, mainly including vernalization and photoperiod pathways, are integrated to
determine the transcript level BLC. Those vernalization genes inclugel GIDA (FRI)
that up-regulateBLC, andVERNALIZATION-INSENSI TIVE 3 (VIN3) that down-
regulated-LC (Michaels et al. 2001; Reeves and Coupland 2001; Simpson and Dean
2002; Sung and Amasino 2004; Amasino 2004). Those photoperiod genes include

GIGANTEA (GI), CONSTANS (CO), andFLOWERING LOCUST (FT), which form
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flowering signals in th&I-CO-FT streamline to repre$d.C to induce the meristem
identity geneAP1 to promote flowering (Kardailsky et al. 1999; Kobayashi et al. 1999;
Samach et al. 2000; Suarez-Lopez et al. 2001; Corbesier et al. 2007; Tamaki et al. 2007).

In Arabidopsis, a central role 6L.C was used to explain these mechanisms for
the quantitative vernalization requirements, buEh@ homologue has been found in
grass species. The wha#&N2 plays a similar function to the Arabidops&isC in
repressing flowering, but the whe&RN2 gene has no homologues in an entire genome
of sequences iArabidopsis, further suggesting that these two species have evolved
different vernalization mechanisms (Yan et al. 2004b).

We suggest that regardless of whether the one-gene model or multiple-genes
model, the vernalization variation duration in a species even a variety in thezacnes
depends on the genetic backgrounds of the materials studied. When two parental line
with diverse genetic backgrounds are used to generate a population, the vernalizat
requirement duration may be mapped by a major gene or quantitative traitTasi)(Q
and one QTL may appear in one population but not in another one. All of these genes and
QTLs identified under various genetic backgrounds can be used to make gpatic
combinations for winter wheat to adapt to diverse environments and changing climate

shift.
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CHAPTER VII

CONCLUSIONS

Simple sequence repeat (SSR) markers that were extensively developeabioidex
wheat can be transferred to map specific traits in the diploid Wh@ahococcum.

Vernalization requirement duration in the genetic background of the diploid wheat
applied in this study is regulated by two QTLs. The segregation of the vetrali
requirement duration in winter wheat was greatly benefited from a specific
vernalization condition that was provided for one line but not the other line to attain a
vernalization saturation point.

A major QTL affecting vernalization requirement duration is located on the tamg a
of chromosome 7AQVrd.osu-7A™, and it has no association with two known
flowering time geneImVRN3 (=TmFT) andTmVRT2 that were mapped in the same
chromosome; therefor@Vrd.osu-7A™ is a new genetic locus responsible for the
vernalization requirement duration in winter wheat.

The known vernalization gen@sVRN2 but notTmVRN1 andTmVRN3 might be
involved in regulation of vernalization requirement based on their association with
minor QTLs found in this study.

All of these genes and QTLs can be used to make specific genetic combifations
winter wheat to adapt to diverse environments and changing climate shift.
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Table 1. PCR markers transferred from RFLP markers and known flowering time

genes

Marker name

Primers

Enzyme®eletion

MWG798-F

MWG798-F

CDO673F
CDO673R
CDO189-F
CDO189-R
PSR113F
PSR113R
TmVRNI1-F
TmVRN1-R
TmVRN2-F
TmVRN2-R
TmVRN3-F
TmVRN3-R
TmPPD1F
TmPPD1-R
TmVRT2-F
TmVRT2-R
TmGI-F
TmGI-R

5'-CAATTATCATCTGTGTAAGCC-3'

5'-CATTCGACGAGAGTGTTCTTC-3'
5'-CAGCGAAAGGGTTTTCAGAG-3'
5'-CCCATGATATCAACCAGCAA-3
5'-CTGGATCTTCTTGAAACCATTG-3'
5'-CTGTCGAAACTGAACTTTTCG-3'
5'-GCCTACAAGGTGTACGACGTG-3'
S'-TGTAATTTACATCTGACACAACC-3'
5-TCTCATGGGAGAGGATCTTGA-3'
5'-GGGAGCATCCCTCATCATGAA-3'
S5'-CATCCATGCTATTATCATGG-3'
5'-TGGATCAGGAGAGATGACCC-3'
5'-AGAGACCCGCTGGTGGTT-3'
5'-CACGAGCACGAAGCGATG-3'

S'-GTCTTTGGCCATGGATCATT-3'

5'-GACCGACTCCGCACTTCTAC-3
5'-CATGAGGTGCCAACTGCTAG-3'
5'-GCGAAACTCACGCAAGTCTCA-3'
S-TTTGGCGAACTTCCTTACCATG-3'
5'-TCCCACGTGAGAAATGAACA-3'

Banl
4-bp
Rsal
Ndel
BamHl|
Bglll

ApalLl

Ddel

Msel

®F in each marker name indicates forward primer

PR in each marker name indicates reverse primer
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Table 2. Transferability (ability to amplify) offfierent types of SSR markers fr:
hexaploid wheat to diploid wheat

Markers in 6X  Amplification in one Transferability to 2X

Marker type wheat tested or both the parents wheat (%)
BARC 120 79 65.8
CFA 37 27 73.0
CFD 41 25 61.0
CNL 2 2 100.0
DUPW 4 3 75.0
GDM 8 5 62.5
GWM(WMS) 122 56 45.9
KSM 7 5 71.4
WMC 186 85 45.7
STM 5 5 100.0
Total 532 292 54.9

39



Table 3. Transferability of genome-specific SSR markers from hexaploid whea
to diploid wheat

Amplification Transferability

Genome Markers in 6X wheat testeth one or both to 2X wheat
the parents (%)
A 285 163 57.2
B 56 21 37.5
D 63 32 50.8
A and B 50 27 54.0
Aand D 41 28 68.3
A, Band D 37 21 56.8
Total 532 292 54.9
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Table 4. The level of polymorphism of different S8Rrkers from hexaploid wheat
to diploid wheat

Amplmcation mn

Marker type  one or both the Polymorphic markers Parental polymorphism

(%)
narentes

BARC 79 58 73.4
CFA 27 24 88.8
CFD 25 13 52.0
CNL 2 0 0.0
DUPW 3 1 33.3
GDM 5 5 100.0
GWM(WMS) 56 45 80.4
KSM 5 4 80.0
WMC 85 56 65.9
STM 5 5 100.0
Total 292 211 72.3
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Fig.l. Vernalization tests with different periods of low temperatures in the
parental lines. The two parental lines, Tm53 and G3116, were treated with different
periods of low temperature at 4-6°C with 16 hours of lights then mbaek to a
greenhouse where control plants were grown under 22-25°C and 16 houtd.of lig
1W=1 week, 2W=2 weeks, 3W=3 weeks, 4W=4 weeks, 5W=5 weeks, 6W=6 weeks,

and CK= check.
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Fig.2. Frequency distribution for daysto heading of plantsin vernalized and
unvernalized F, populations. Scale for days to heading time: A=151-160, B=161-
170, C=171-180, D=181-190, E=191-200, F=201-210, G=211-220, H=221-230,
1=231-240, J=241-250, K=251-260, L=261-270.
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Fig.3. SSR marker band patterns. A) Xwmc169, a dominant marker with the upper

band for one parental line but the lower band for the other parental lieyr&)188,

a co-dominant marker present in one parental line but not in the othenn@y05, a
co-dominant marker with the upper band but with the lower band that is common in all
plants. 1) G3116; 2) Tm53; 3-5) threggtants from Tm53 x G3116 population.
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Fig.4. PCR markers for six known flowering time genes. Genotypes of the plants
were scored as A for the PI362553 allele, B for the G3116 allate,Hafor the
heterozygous allele. Primer sequences and enzymes used to diBeptdelcts are
listed in Table 1. (Top) Lanes 1-3 indicate @Gl gene marker for the A allele
(~254-bp and ~186-bp), the H allele, and the B allele{~252-bp, ~143-bp and ~43bp
(out of the gel)}. Lanes 4-6 indicate tAenVRT2 gene marker for the A allele (not
digested), the B allele {~142-bp and ~22-bp (out of the gel)}, and thaldie.
(Center) Lanes 1-3 indicate thenVRN3 gene marker for the A allele (~546-bp, ~157-
bp and ~132-bp), the B allele (~545-bp and ~289-bp), and the H allele. L#hes
indicate theTmPPD1 gene marker for the A allele (3-bp deletion), the B allelbf(3-
insertion), and the H allele. 100-bp and 200-bp of marker size arendisated.
(Bottom) Lanes 1-3 indicate tlenVRN2 gene marker the A allele (~411-bp, ~333-bp
and ~308-bp), the B allele (not digested), and the H allele. Lé&tesndicate the

TmVRNL1 gene marker for the A allele (not digested), the Baalleb10-bp and ~284-
bp), and the H allele.
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APPENDI X
Sequences of PCR markersdeveloped from RFL Ps and known flowering time genes

RFLP marker: MWG798

Tm53

ACCGTACCCCT CATGCGOGT TTGCTCTGGTGCCTCTATTTTCTCTCTTTCCTCGACAATGTCCTTCAATTCATCGTAGG
CGGTOGT GCAAAGGT TTCTTCTIGGT TOOTGCCAT TAGCAT T TCAGGAT TCAAAAACAGT AGATACAT CATGTAGT TGGA
CATTTCTCTGCACT GGATGGCCCTCTTGT GATGACCGGAT CTTTTGCACCAAGCAGGGCAT GCATAAGCAT GAGGACAT
GAATCTTGOGT GCACAGCAGT CCGT GGT GAGAACGAGACACAACCGT GTCGTAGT AGCAGAAAT CCGTGGCGAGATGCC
AAAGAAGAACACT CTCGTCGAAT GAGCCGCGAGGAAAT AAGGCACACACAGAT GATAAGT GGACCCGCCTTGTGTGTTT
GCATAACCTCTTATGCACCAGATGACCACGTCGCATATATGTATTCC

G3116
TTACTTCTCTCTCCTTCGCGCTGGTGCCTCTATTTTCTCTCTTTCCTCGACAATGTCCTTCAATTCATCGTAGECGGTC
GIGCAAAGGTTTCT T GCCATTAGCATTTCAGGATTCAAAAACAGTAGATACATCATGTAGT TGGACATTT
CTCTGCACTGGATGGECCCTCTTGT GATGACCGGATCTTTTGCACCAAGCAGGGCATGCATAAGCATGAGGACATGAATC
TTGCGTGCACAGCAGT CCGT GGT GAGAACGAGACACAACCGT GT CGTAGTAGCAGAAAT CCGT GGCGAGATGCCAAAGA
AGAACACTCTCTCGAATGAGAG

Left primer = 5-CAATTATCATCTGTGTAAGCC-3

Right primer = 5-CATTCGACGAGAGTGTTCTTC-3’

Restriction enzyme®anl (5-G/GPyPuCC-3’)

Expected product size: Tm53 (484-bp), G3116 (118-bp + 262-bp)
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RFLP marker: CDO673

Tm53

ACTTTCGTCGAGGCAT COGGT CGCT CGGAT CCOGGCCGT GCAGT TGAGGGCCCCT CAGT CCCT TGCT GAGGGAGTCCAC
CGCGAAT GT GCCGCGGAT CGTCGGGT CGRCCAT GT CTTTCAGCAT GTCCGGGT CTTCGGCCAGGGCCTCGCTCAGCTAC
ACGGATTGACACGGGAT GCATATTCAGAAT CAAAAT GTAATAATTTGT TCAGAAGGACCAAGCTCTAAGCTTTTTGGTG
CTAGGAGTAGTATCTTTCAGTGTGATGT GAACAT GAAGCT TGAGAAT TGAGAGT CACCT GAGCT CTCAGGGATTCCAGC
TCGCTTTTCGACGCTGCTGGT TTGCCT GTGAT CACCT CGAGAAGGAT TTGGCCGAACT GGTATATGTCATCCCTGTCCC
CTTGTTCTGCAGGT TGAGCGCT GCAAGCAGACAGAAT CATAAACGT TTTAGGT TGCAAGT TGAGT GGCCTAATCAAATC
CACATTCAGTCTTAAAAGGT TAGGT TCGTATCTCT TGAGT TCCAACAACT AATCATTAGGT TCATGTCTGTTCTCTGTT
CAGATAACTAGTAGCTCTGCCCTAGTTCCAGT TTATTAAGT GCGGATGTCACT TTCTTTCTGCAAGAACACTGTACCTG
CCATGGTCGTTTTCCCCGT CGACAGCGAAAGGGT TTTCAGAGAAT AGCT GCAAGAT AAGAACGGT TACAACATATCTAT
CCGCTAGGCAAGCGAGGGACT TICACCCATAAT CTATCTAAATAAAT AAAGAAACT TGACAATATTCTGAAGGTACCTTG
CCATTCTTGCTGGT TGATATCATGGGGAGACT GAAGT CACTAATTTTCGACGT GAGGGT CTTGTCCAGCAGATATTTTC
AATGTTGAGATCATTCTGTACAATTTCTGGGGCAGT CACATTGTGCAAGACT GGATCCCTCTCGCGATACCAAT GCAGA
AAAACCCGC

G3116

AAGCTTTTTTATCGATTATATTCTAT GATGOCGGCTACACGGGEGAGOGGAGAT GAGBGGACCTAGT CACCTTGCTGAGG
GAGT CCACCGCGAAT GTGCOGOGGAT CGT CGGGT CGRCCAT GT CTTTCAGCAT GT CCGGGT CTTCGEOCAGGGECCTCGC
TCAGCTACACGGATTGACACGGGAT GCATATTCAGAAT CAAAAT GTAAT AATTTGT TCAGAAGGACCAAGCT CTAAGCT
TTTTGGTGCTAGGAGTAGTATCTTTCAGT GT GATGT GAACAT GAAGCT TGAGAAT TGAGAGT CACCT GAGCT CTCAGGG
ATTCCAGCTCGCTTTTOGACGCT GCTGGT T TGOCT GTGAT CACCT CGAGAAGGAT T TGGCOGAACT GGTATATGTCATC
CCTGTCCOCTTGT TCTGCAGGT TGAGCGCT GCAAGCAGACAGAAT CATAAACGT TTTAGGT TGCAAGT TGAGT GGCCTA
ATCAAATCCACATTCAGT CTTAAAAGGT TAGGT TOGTATCTCTTGAGT TCCAACAACT AATCATTAGGT TCATGTCTGT
TCTCTGITCAGATAACTAGTAGCT CTGCCCTAGTTCCAGT TTATTAAGT GOGGAT GTCACTTTCTTTCTGCAAGAACAC
TGTACCTGCCATGGT CGTTTTCCOCGT CGACAGOGAAAGGGT TTTCAGAGAAT AGCT GCAAGAT AAGAACGGT TACAAC
ATATCTATCCGCT AGGCAAGOGAGGGACT TICACCAATAAT CTIAAATAAAT AAAGAAACT TGACAATATTCTGAAGGTAC
CTTGCCATTCTTGCTGGTTGATATCATGGGGAGACT GAAGT CACTAATTTTCGACGT GAGGGT CTTGT CCAGCAGATAT
TTTCAATGTTGAGATCATTCTGTACAATTTCTGGEGCAGT CACATTGT GCAAGACT GGATCOCT CTCGOGATACCAATG
GCAGCAGAAACCCGA

Left primer = 5-CAGCGAAAGGGTTTTCAGAG-3’

Right primer = 5-CCCATGATATCAACCAGCAA-3’
Polymorphism = 4-bp deletion in G3116

Expected product size = Tm53 (162-bp); G3116 (158-bp)

49



RFLP marker: CD0O189

Tm53

GOCGGCAGT TAGT TAGTAGCAAGGAGCAACT AGCAT GAATGT TCTAAGCT TGTATTCAT GCATAGT TTCTCOCCAGGCT
TTGAAGGAAGATTCAGT T T TCGT GGTCCCATCCAAAAGGT CAACT TTGGACAGGT GCAAGCT CCCGGT TGGGATCOGCC
TGTTCGTATCAGCTGGT CACACGGAAT CAGACAT CTCCAAAGT GTGT TCATCCTTGAAGAAGGT TTCTGCGTCGGTCCT
TTCAAACCACAATTGATTCCACGT TCCT TGAAAGACGAGAAGAGACGT TGGT OGT TTTCGACGCCCT GTIGTAGGGTAGC
CTGATTGTGGT TGGTATAT|GT AGATAACAATTATIGTAGAT GTGGACTATGT TGCTGCTTAAACT TCAGGT TGAGCAGEG
TTTTAGGTGTCGAAAAGTTCAGTTC

Following sequenceisnoise

GACAGAAAAACCCT GCT CAACCT GAAGT TTAAGCAGCAACATAGT CCACAT GTACATAATTGT TATGTACATATACCAA
CCACAATCAGGCTACCGT ACACAGGGOGT CGAAAACGACCAACGT CTCTTCTCGT CTTTCAAGGAACGT GGAATCAATT
GTGGTTTGAAAGGACCGACGCAGAAACCT TCTTCAAGGAT GAACACACT TTGGAGAT GT CTGATTCCGT GT GACCAGCT
GATACGAACAGGCGGAT COCAACCGGGAGCT TGCACCT GTCCAATGT TGACCT TTTGGATGGAACCACGAAAACT GAAT
CTTCCTTCAGAGCCT GGT GGAGAAACTAT GCATGAATACAAAGCT TATGAACAT TCATGCTAGT TGCATCTCAAAGT CT
AACTTACCT GCAAGGGCAAGGATATACAAAACTATC

G3116
GTTATCGCTCTCATATTTTTTCAAAGAGCAT TCTCATGAATGT TGATAAGCT TGTATTCTGCATAGT TTCTCCACCAGG
CTTTGAAGGAAGATTCAGT TTTCOGT GGTCOCAT CCAAAAGGT CAACT TTGGACAGGT GCAAGCT COCGGT TGGGATCCG
CCTGTTOGT ATCAGCT GGT CACACGGAAT CAGACAT CTCCAAAGT GTGT TCATCCTTGAAGAAGGT TTCTGCGTCGGTC
CTTTCAAACCACAATTGATTCCACGT TCCT TGAAAGACGAGAAGAGACGT TGGT CGT TTTCGACGCCCT GTGTAAGGTA
GOCTGATTGTGGT TGGTATAT[GTAGATAACAATTATIGTAGAT GTGGACTATGT TGCT GCTTAAACT TCAGGT TCAGCAG
GGTTTTAGGT GTCGAAAAGT TCAGT TTCGACAG

Following sequenceis noise

AAATACCCT GCTGAACCT GAAGT TTATGCAGCACCAT AGTCCACATGT TCATAATTGT TATGTACATATACCAACCACA
ATCAGGCTACCGT ACACAGGGECGT CGAAAACGACCAACGT CTCTTCTCOGT CTTTCAAGGAACGT GGAACCAATTGTGGT
TTGAAAGGACCGACGCAGAAACCTTCTTCAAGGAT GAACACACT TTGAGCTGT CTGATTCOGT GTGACCAGCTGTACGA
CAGGCGGAT COCAACCGGGAGCT TGCACCT GT CAAAGT TGACCT TTTGGAT GGGACCACGAAAACT GAATCATCTTTCA
AGCCTGGT GGAGAAACTAT GCATGAATACAAAGCT TATGAACCAT TCATGCTAGT TGCAT CTCAAGT CAAACTTACAGC
CCGGCATGGTTATC

Left primer: 5’-CTGGATCTTCTTGAAACCATTG-3
Right primer: 5-CTGTCGAAACTGAACTTTTCG -3
Restriction enzymed$isal (5-GT/AC-3)
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RFLP marker: PSR113

Tm53

TGGAGGCAGT GAGGGGT CGGT GCGGCGCAGOGT CAAGT GGAT CAGGT CAAGT GCT CCCGOGCCGT CTACGGCT GGTGAT
GAGCCGGCGATCCGTCCAT CCAT GGTTGCT CTGCCTCCGT CTGCT CCCGGTACGAGT TGTTGTGCAGCTGAGCTAGTAG
TACAGTAGTACGT ATGAGCGCGCGCGT GTTGATGACTCTTCGGT TCTTTGCCCTTGTGCTTCCTCCTTTTTCTTTCATC
TTCTTGTAGTAGGATTTTTGACGGT ATTTGATGT GACATGT GTACACT AGT GTGAGOGGCGCT TCTGCTCGT GGTGTCC
TGCTTGTTGGCCACCGACAGAAGCTCCTCTGTGTTGTCCT TGTACATACGGATCCTTTCCTCCCCTTGTATCATCGTCT
ATCTGCTTATGTAATATAGACACTATGTAGAATAAGGT TGTGTCAGAT GTAAT TTACAACT CAGCAGATAGACGATGAT
ACAAGGGGAGGAAAGGATCCGTATGT ACAAGGACAACACAGAGGAGCT TCT GT CGGT GGCCAACAAGCAGGACACCACG
AGCAGAAGCGCOGCT CACACTAGT GT ACACAT GOCACAT CAAAT ACCGT CAAAAAT CCTACT ACAAGAAGAT GAAAGAA
AAAGGAGGAAGCACAAGGGCAAAGAACCGAAGAGT CAT CAACACGCGCGCGCT CATACGTACTACTGTACTACTAGCTC
AGCTGCACAACAACT CGTACCGGGGAGCAGACGGAGGCAGAGCAACCAT GGAT GGACGGAT CGCCGGCT CATCACCAGC
CGTAGACT GOGCGGAGCACT TGACCT TGAT CCACT TGACGCT GCGOCCGCACCCGACCCT TCACCT TGCCCT CCCACGT
CGTACACCTTGTAGGCA

G3116

CCCGCTTCATTGATGGT GEGGT TGGT GCTGCGCAGCGT CAAGT GGAT CAGGT CAAGT GCT CCCGCGCCGT CTACGECT G
GTGATGAGCCGGCGATCCGT CCATCCATGGT TGCTCTGCCT CCGT CTGCTCCCGGTACGAGT TGT TGTGCAGCT GAGCT
AGTAGTACAGTAGTACGTATGAGCGCGECCCGTGT TGATGACTCTTCGGT TCTTTGCCCTTGTGCTTCCTCCTTTTTCTT
TCATCTTCTTGTAGTAGGATTTTTGACGGTATTTGATGT ACACTAGT GTGAGCGGECCCTTCTGCTCGT GG
TGTCCTGCTTGT TGECCACCGACAGAAGCTCCTCTGTGTTGTCCTTGTACATACGGATCCTTTCCTCCCCTTGTATCAT
CGTCTATCTGCTTATGTAATATAGACACTATGTAGAATAAGGT TGT GT CAGATGTAATTACAACAAAGCAGATAGACGA
TGATACAAGGGGAGGAAAGGAT CCGT AT GTACAAGGACAACACAGAGGAGCT TCTGT CGGT GGCCAACAAGCAGGACAC
CACGAGCAGAAGCGCCGCTCACACTAGI GT. CATCAAATACCIBT CAAAAATCCTACTACAAGAAGATGAA
AGAAAAAGGAGGAAGCACAAGGGCAAAGAACCGAAGAGT CATCAACACGCGCGCGCTCATACGTACTACTGTACTACTA
GCTCAGCTGCACAACAACT CGT ACCGEEGAGCAGACGGAGECAGAGCAACCAT GGAT GGACGGATCGCCGECTCATCAC
CAGCCGTAGACGCGCGGAGCACTTGACCT TGATCCACT TGACGCT GCGCCGCACCGACCCCTTCACCT TGCCCTCCACG
TCGTACACCCTTGTAGGCA

Left primer: 5’-GCCTACAAGGTGTACGACGTG-3

Right primer: 5-TGTAATTTACATCTGACACAACC-3

Restriction enzymeNdel (5-CA/TATG-3))

Expected product size: Tm53 (930-bp), G3116 (301-bp + 306-bp + 325-bp)
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Flowering time gene marker: TmVRN1

Tm53
TACTTTGCTCTCGGATTGAGCAACT GGAGCAGCAGCT GGAAAGCT CACT GAAACATAT CAGAT CCAGGAAGGTACTGAT
TTAAATGATTTGATACAGCAGCACAATATATAAAAAAACAAGAAAAACACT TGCAGAGAAGT TCAGCAAAGTATATCTG
AAATCAGATTCTAGACT GAGATGTTCACAATATGTATATGCAT TTTAGTCATATGCTCTTCATAGT TAAAAAATGACTA
ATTTTTTTCATTTTTTGTACT TGCAGAACCAACT TATGCACGAAT COAT TTCT GAGCT GCAGAAGAAGGT AAGCTGTCA
ACCTTGCATACCTTATTCGGTATTCGAACT GGTCAACT TGTCATGAAGCCT TAGCTGGTTTCAAGATTTGTGACATTAT
AACATGTATGCAAGT AACT GGT CTACATGCACGTAACCT CATTACAT CGT TCT TGCT GCAGGAGAGGT CACTGCAGGAG
GAGAATAAAGT TCTCCAGAAGGAAGTAAGCCCGT TATATCACCT TATGGT CCAACCGGT CTAAACT GTTCCGTATAGCA
AATTTTATTGACAGAGGT CCGT GTCCCTTCCCCACAGCT CGT GGAGAAGCAGAAGGCCCAT GCGGCGCAGCAAGATCAA
ACTCAGCCTCAAACCAGCTCTTCTTCTTCTTCCTTCATGCT GAGGGAT GOCT COCTAGAACAGGAT CAAAGAATAAAAA
AAACAACTGGTTTGAGGCT GAGT TTGATCTGCT GCAAGCAAGGGCCT TATGGTACACACGAGAT GTAGGAAAGGACACG
AACTATTAAATAAAATTTTTTTACAGAACAAT TTAGATCGT GGGACATATCGGGATATAACGGGCTTCCTTCGATTCTG
AAAGATAATTCCCACTGAAATACCTA

G3116

GGACTTTGAGGCGCGECGT TACAGCAACT GGAGCAGCAGCT GGAAAGCT CACT GAAACATATCAGAT CCAGGAAGGTAC
TGATTTAAATGATTTGATACAGCAGCACAATATATAAAAAAACAAGAAAAACACT TGCAGAGAAGT TCAGCAAAGTATA
TCTGAAATCAGATTCTAGACTGAGATGT TCACAATATGTATATGCATTTTAGT CATATGCTCTTCATAGT TAAAAAATG
ACTAATTTTTTTCATTTTI IGTACTTC—ICAGAAOCAACTTATGCATTTCTGAGCTC—ICAGAAGAAGGI’AAC—IZT
GICAACCTTGCATACCTTATTCGGTATTCGAACTGGTCAACT TGTCATGAAGCCTTAGCTGGT TTCAAGATTTGTGACA
TTATAACATGTATGCAAGTAACT GGTCTACATGCACGTAACCTCATTACATCGT TCT TGCT GCAGGAGAGGTCACTGCA
GGAGGAGAATAAAGT TCTCCAGAAGGAAGT AAGCCCGT TATATCACCT TATGGT CCAACCGGT CTAAACTGT TCCGT AT
AGCAAATTTTATTGACAGAGGT CCGT GT CCCTTCCCCACAGCT CGT GGAGAAGCAGAAGGCCCAT GCGGCGCAGCAAGA
TCAAACTCAGCCTCAAACCAGCTCTTCTTCTTCTTCCTTCATGCTGAGGGATGCTCCCTAAACAGGATCTATGAAAAAA
GAAAAACAAGT GTGT TGCACCGCTCCGT TTCAGCCTGT CGTACTGATGCCCGTGCTGCCCC

Left primer: 5’-TCTCATGGGAGAGGATCTTGA-3

Right primer: 5-GGGAGCATCCCTCATCATGAA-3

Restriction enzymeBamHI (5’-G/GATCC-3’)

Expected product size = Tm53 (917-bp), G3116 (510-bp + 284-bp)
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Flowering time gene marker: TmVRN2

Tm53
TCGTTCGTACCCGCACCGAT CGACCGCGAGGACT CTTCT CCCCCAAGCT TAACCGGCCT CCTGGATCGCCGT TGTCGAC
TCOGGAGGT GCCCACGCT GCTACACCCAACCCT CCCCCCACCAGCCACCCAACCCCT CGCT GT TGOGAGAGGAAACCAC

CGGTGECCCGACGECEECEECAGGATGCTTCCGCATCCCATCTTTTTTTTTCGTI TTGECATATTCTAATCCTCTCATCC
TGCGGGTTGTGGCTATGI TTATCTTTCTTAGT TTTTACTTATTTTTGCTCCTTTTGCGAGATATATTTGGATACTAGAT]

[CTITGTTTTTTGCTGCAACTGCT TTAATAATATGGTCACATGCATCT TTTGGATGCACACGCTGBEGGATATCCCCCTTT
TCAAAAAAAAATATTTATATTCACATCCTCTCGT CCCTCTACCGCT CCCTTGT CATGGGAACCATATGT CCCATCCTAC
AGCAACCGGEGAGCACGCATATTTCT TCACGGECAGGT GAGACT GGT TGT GCGGEGT CACT CGCTACCATGGCTAGAGECGC
GTCCCTTATTGT GGTGGT GACTCACTATGT GGGT GGACT CCGGCAAGAT CCGATCCGAT TTGECGTCGGTCTTTCTACT
GGATGAGGACTAT TGCTGCGAGGT GCTGGECT TTCCACGT GT GCGGT GECT GECT GECEECECTAAGATCCATGEGT TGG
TGGTGGT AATC-ACCT GCCAGATGGTGI TGCTGCAAACTATACTGCAACTACT TCCTAGGCECTCCACGACGG
CAGT GGTCATTGAATGGT CCCTGEGAGGEGT CATCTCT CCTGGATCCAAAAAT TTGGAAT CGAACCGGGAGGAACTTTC
TTCCCCAAGCTAACCGGCCT CTGGAACGCGT TGT CAACT CGGAGGT GCCCT CT TCTCCAACCCCCCCCCAACAACAAAG
CCTTTTTTTTTTTAGAAAAAAAAACAACT GCGEECCCCCEEEECCEGAGAACACCACCCCATTT

G3116

AGTATCCCTAAGT CCATAGACCGCGAGGACT CTTCTCCCCCAAGCT TAACCGECCTCCTGGATCGCCGT TGTCGACTCC
GGAGGT GCCCACGCT GCCACACCCAACCCT CCCCCCACCAGCCACCCAACCCCT CGCTGT TGCGAGAGGAAACCACCGG
TGGECCGGACGECEECEECAGGATGCTTCCGCATCCCATCTTTTTTTCGT TTGGECATATTCTAATCCTCTCATCCT GCGG
GTTGTGGCTATGTTTATCTTTCTTAGCTTTTACTTATTTTTGCTCCTTTTGOGAGATATAT TTGGATACTAGACCTTGT
TTTTTGCTGCAACTGCTTTAATAATATGGT CACATGCATCTTTTGGATGCACACGCTGGGGGATATCCCCTTTTCAAAA
AAAAATATTTATATTCACATCCTCTCGT CCCTCTACCGCTCCCTTGT CATGGGAACCATATGT CCCATCCTACAGCAAC
TGGGAGCACGCATATTTCT TCACGGCAGGT GAGACT GGT TGT GCGGEGT CACT CGCTACCAT GGCTAGAGGCGCGT CCCT
TATTGTGGT GGTGACT CACTAT GT GGGT GGACT CCGGCAAGAT CCGATCGGATTTGGTGTCAGTCTTTCTACTGGATGA
GGACTGI TGCTGCGAGGT GCTGGECT T TCCGCGT GT GCGGT GECT GECT GECEECGECTAAGATCCATGEGT TGGT GGTGG
TGATCCAGATCTGACCT GCCAAATGGT GT TGCTGCAAACTATACT GCAACTACT TCCTAGGGECTCCACGACGGCAGT GG
TCATTGAATGGT CCCT GEGAGGEGT CATCT CTCCTGGATCCACTAACACT CAAT TAGACCAGCGAGGACT TTCTCCCAA
GCTTAACGGCCTCTGGATCGCTTTGT CACT CGGATGT GCCCGGECT CACCAACCT CCCCACCAGCA

Left primer: 5-CATCCATGCTATTATCATGG-3

Right primer: 5-TGGATCAGGAGAGATGACCC-3

Restriction enzymeBglll (5-A/IGATCT-3’)

Expected product size = Tm53 (333-bp + 411-bp + 308-bp), G3116 (974-bp)
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Flowering time gene marker: TmVRN3

Tm53

AGGGGGATTGT GGGGAGT GCT GGACCCT TTGT CCGGACCCAACCT CAGGGT GACCT TCGGGAACAGGACCGT GTCCAAC
GGCTGOGAGCT CAAGCCGT CCAT GGT CGCCCAGCAGCCCAGGGT TGAGGT GGGCGGCAAT GAGATGAGGACCTTCTACA
CACTCGTACGTACACAGT CACTATCTAATGCCTATATGT TAAGCT CTGAAAGT GCT CGCCACACGCACATGATCGATCG
GGCTCTATATATAGTACGT GCGGGAAGAT GATTATCGATGCTTCT GTTCACAGCATGT TTGTCTTGGCAGGCACATGAC
TAATGCTCCATCTTGCATATGGCTCTGTGCTAGCTCTCTGCTGT TCATCATGATTTTCTATGCTTCTTTTCTATTCGGG
GAACACTGATTTTCGATGCTTCTGTTGACATGT TTTATGT TTGT TCTGGCAAGCACACGACTAATTAAAGCTCGATCTT
AAATATATGCTTATGCACGTAGTACT CTCTACAT CTCTAGT AT TGAT CATGATIGT GCAQGOGT GTACTGOCCGCAGGTG
ATGGTAGACCCAGATGCTCCAAGT CCAAGCGAT CCCAACCT TAGGGAGTATCT CCACT GGTAAGTAAATTTGTAGCTCA
GTTGAATAATTTCTCTTTCCCTAGATATACACACTAGCT CATGT GTGT GT GTIGT GCAQGOGCGT GTGCATCTACATGTG
TGTGCAGGCT TGT GACAGATATCCCCGGTACAACT GGT GOCT CGT TCGGGCAGGAAGT GATGT GCTAGAGAGCCCTCGC
GATCCAGGG

G3116

TCGGGACT TGGGGAGT GCTGEECCCCTTTGT CCGGACCCAACCT CAGGGT GACCT TCGGGAACAGGACCGT GTCCAACG
GCTGCGAGCT CAAGCCGT CCAT GGT CGCCCAGCAGCCCAGGGT TGAGGT GGGCGECAATGAGATGAGGACCT TCTACAC
ACTCGTACGTACACAGTCACTATCTAATGCCTATATGT TAAGCT CTGAAAGT GCTCGCCACACGCACATGATCGATCGG
GCTCTATATATAGTACGT GCGGGAAGATGATTATCGATGCTTCTGT TCACAGCATGT TTGT CT TGECAGGCACATGACT
AATGCTCCATCTTGCATATGGCTCTGTGCTAGCTCTCTGGTGI TCATCATGATTTTCTATGCTTCTTTTCTATTCGGEGEG
AACACTGATTTTCGATGCTTCTGT TGACATGI TTTATGI TTGI TCTGGCAAGCACACGACTAATTAAAGCTCGATCTTA
AATATATCCTTATGCACGTAGTACTCTCTACATCTCTAGT. ATTGATCATGAGCGT GIACTGCCCGCAGGTGA
TGGTAGACCCAGAT GCTCCAAGT CCAAGCGATCCCAACCT TAGCGAGT ATCTCCACTGGTAAGTAAATTTGTAGCTCAG
TTGAATAATTTCTCTTTCCCTAGATATACACACTAGCTCATGTGIGTGT! G'I@GCGCGT GIGCATCTACATGIGT
GTGCAGGCTTGT GACAGATATCCCCGGTACAACT GGTGCCT CGT TCGEECAGGAAGGAT GT GCTAGAGAGCCCTCGCGA
CCAAGGGCCA

Left primer: 5’-AGAGACCCGCTGGTGGTT-3’

Right primer: 5-CACGAGCACGAAGCGATG-3

Restriction enzymeApalLl (5-G/TGCAC-3)

Expected product size = Tm53 (546-bp + 157-bp + 132-bp), G3116 (545-bp + 289-bp)
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Flowering time gene marker: TmPPD1

Tm53

AACGTTGTACAT CATCGGGT COGGT GGAGGT CTGCT GOCACT ATGGT AGCAACT CTGGCAGT AATAACAACACCAACAA
TGGGAGCACCGCAGCTACTGCTTCTGGT GCTGCT GCTGCT GTACAT GCT GAGACCGGT GECAT CGACAAAAGAAGCAAC
ATGATGCACAT GAAACGGGAGCGCCGGGT GGCOGCCGT GAACAAGT TCAGAGAGAAGAGAAAAGAGAGGAACT TCGGGA
AGAAGGTACTGGGT TTTTCCGAAAGCCGATTCOGTCTGTTCTCTGTTCTTCGT TTCATTCTTCTGATTGGGTTTTGTTC
GTGATAGCT GATGAAAAAT GGGTAACT CAT TTTGCAGGT GOGT TACCAGAGCAGGAAGAGACT GGCOGAGCAGCGCCCG
CGGGT GCGCGGGCAGT TCGT GCGRCAGCCGCCACCGCCGRCT GCCGT GGAGAGAT AACCT CCCGCCACACACCTAGCTA
TACCTAGTACGTAATACTATTTAGACAGCTGATTCTTGTGTCTTTGGCCATGGAT CATTCAGAGACGGT CCTCATGCAT
CTCGT CTCATCTCCT GGAAGAAGAAGAAT AACAAGCTACT CCTQCCGCCT GOCT TAGCTACCT ACCATAGAACATGOCG
GCGGAGGAGGACGACT GTAGAGT ACACAGT ACGT AGAAGT GCGGAGT CGGT CGAT CAGACAGGCT CCCGAGCGCTAAGT
AGACGTTAAAA

G3116

CGACTCGCTCTACGCGAATCTATAAGATAAGT AAGGTATGCTAAGAACTATGGT AGCAACT CTGGCAGTAATAACAACAC
CAACAAT GEGAGCACCGCAGCTACTGCTTCTGGT GCTGCTGCTGCT GTACAT GCT GAGACCGGT GGCATCGACAAAAGA
AGCAACATGAT GCACAT GAAACGGEGAGCGCCGEGT GECCGCCGT GAACAAGT TCAGAGAGAAGAGAAAAGAGAGGAACT
TCGCGAAGAAGGTACTGGGT TTTTCCGAAAGCCGATTCCGTCTGI TCTCTGITCTTCGI TTCATTCTTCTGATTGGGT T
TTGITCGTGATAGCT GATGAAAAAT GGGTAACT CATTTTGCAGGT GCGT TACCAGAGCAGGAAGAGACT GGCCGAGCAG
CGCCCCCAEEGET GCCGCEEECAGT TCGT GCGECAGCCGCCACCGCCGGECT GCCGT GGAGAGATAACCT CCCGCCACACACC
TAGCTATACCTAGTACGTAATACTATTTAGACAGCTGATTCTTGTGTCTTTGGCCATGGATCATTCAGAGACGGTCCTC
ATGCATCTCGTCTCATCTCCTGGAAGAAGAAGAAT AACAAGCTACT CCTCCTOCCGCCTGCCT TAGCTACCTACCATAG
AACAT GCCGGCGEGAGGAGGACGACT GTAGAGT ACACAGT ACGT AGAAGT GCGGAGT CGGTCGAT CAGACAGCECTCCCGA
GCGCTAAGTAGTACGTAAGA

Left primer: 5-GTCTTTGGCCATGGATCATT-3’

Right primer: 5-GACCGACTCCGCACTTCTAC-3'
Polymorphism: 3-bp deletion in Tm53

Expected product size: Tm53 (171-bp), G3116 (174-bp)
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Flowering time gene marker: TmVRT2

Tm53

CGTACATGTTTAGCAAGAGT CCATCGT CATGCACTCTGTI TACTACAAT GGATAAGT CCAGAGAGT TGGCTAGACCGACT
GACATGGAGGAGT CCATAAGAAGAT TGAGACT GAGTAT CACCAGACT AGGCCAT GGACAGGEGGECATGT GCAGCTACTAT
CCATGTGCAGAACTATGAGT TGGT TGCGAGATCTGT TGGGT TTCACCT CTAGCCTACCCCAACT TGT TGGGACTAAAGG
CITTGITGITGITGTTGT TGGTGGTGI TGT TGTATATTGAATGGAATGT TATCAGCAATATATCCCTTTATGIGTGGT T
TTAAAATTTTATTATTTATTTAAGT GGAAGAAATTATTCTTTTACCACCAACACAGT CAATGGAGI TGCTCCCTGATTG
CATTATTTTTATTATAAACTATTCAGCAACACAAAATTGACCAGAGT TTATTGGTTTTGAGAATATTTTTGGTGTACTT
TTACAAGGTGAACATTTGATAATGTAATTTCTCTTTTCCT TGTAGGGAACACAGCT GGCAGAGGAAAATATGCGCTTGA
AAAACCAAGTAATAAGATTTTAGATGCATTCGTAGT CCTGCACT TAATCAATCTTTATAAGAAGT GCAGCTTGAACAAA
AGTCCAATAAAAGT TGCGGT GEGCAGAGCACACATTTACATCATGT TCGTGT GCTTGGATGTAGAT GCATGAGGT GCCAA
CTGCTAGCACGGT GGCCGT TGCCGAAGCCGAAAATGT TGT CCCTGAAGATGCTCATTCATCTGACTCTGTGATGACGCC
AGTACATTCGGGAAGCT CACAGGACAATGATGACGGT TCT C—ATATATCC@ACT TGCGTGAGT TTCGCCCAGAAAC
CCTTGCTCATCATCTTTATCCTGATCATATGCTAGT CTCAAAATGCCTTAATAGAATCTGCGACATGAGAAAAAATATA
TATAGTAGI TACTCCCTTCGT TCCCAAATTGTATATTTTGTACTCCCTCTGTACTATACT TTTGGGACGGAGGEGAGTAC
TATTATGEGACCGAGCGAGTAGT TAGCT TTGATAATTGGAGATGAGT CTGACAACTCTAATTTCAATGIGTGI TTGTCG
GITTTTATTTTTGAGGGAACCAATGT GTGT TTGT CACCTGACTGAGI TACCAACAGT TTCTATCATCAATTCTGAAATG
TGGCAGATTCTTCTTCACT CAACAGGT TACCT GGAAGT AAGGACCCT GGGGAGTATCACAGT TTAAATGGGCACTAACA
GAGCAAGTATTCATTAGIT

G3116

CTTCCTGAACTTGCAGI TATGTAACCAGGTCAATGTCATGGATCTTTTTCTTCCCATGGATATGT CAGAGAGGTGGGTA
ACGACTGACAT GAAGAGT TCATAAGGAAGAT CGAGACT GAGT ATCACCAAGAACT AGGCAT GGACAGGGCATGTGGAGC
TACTATCATGTGCCAGACTATGAGT TGGTGCGAGATCTGT GGGT TTCACTCTAGCTACCCCACTAGT TTGGACTAAAGG
CTTGTGITGIGGTGGTGGTGGTGT TGT TGTATAT TTGAATGGAATGT TATCAGCAATATATCCCTTTATGTGTGGTTTT
AAAATTTTATTATTTATTTAAGT GGAAGAAATTATTCTTTTACCACCAACACAGT CAATGGAGT TGCTCCCTGATTGCA
TTATTTTTATTATAAACTATTCAGCAACACAAAATTGACCAGAGT TTATTGGTTTTGAGAATATTTTTTGGTGTACTTT
TACAAGGTGAACATTTGATAATGTAATTTCTCTTTTCCT TGTAGGGAACACAGCT GGCAGAGGAAAATATGTGCTTGAA
AAACCAAGTAATAAGATTTTAGATGCATTCGTAGT CCTGCACTTAATCAATCTTTATAAGAAGT GCAGCTTGAACAAAA
GICCAATAAAAGT TGEGGT GGCAGAGCACACATTTACATCATGT TCGTGTGCT TGGAT GTAGATGCATGAGGT GCCAAC
TGCTAGCACGGT GGCCGT TGCCGAAGCCGAAAATGT TGT CCCTGAAGATGCTCATTCATCTGACTCTGT GATGACGCGCA
GTACATTCGGGAAGCT CACAGGACAAT GATGACGGT TCTGATATATCOCT GAAACT TGOGT GAGT TTOGCCCAGAAACC
CTTGCTCATCATCTTTATCCTGATCATATGCTAGT CTCAAAATGCCTTAATAGAAT CTGCGACATGAGAAAAAATATAT
ATAGTAGI TACTCCCTCCGT TCCCAAATTGTATATTTTGTACTCCCTCTGTACTATACT TTTGGGACGGAGEGAGTACT
ATTATGCGACGGAGCGAGTAGT TAGCTTTGATAATTGGAGATGAGT CTGACAACTCTAATTTCAATGTGTGT TTGTCGG
TTTTTATTTTTGAGGGAACCAATGTGTGT TTGI CACCTGACTGAGT TACCAACAGT TTCTATCATCAATTCTGAAATGT
GGCAGATTCTTCTTCACTCAACAGGT TATCTGCAAGT AGACAGCTGCAAGTATCACAGATATATATGTAATATAGCGCA
AGTATTCCATAAGIT

Left primer: 5-CATGAGGTGCCAACTGCTAG-3’

Right primer: 5-GCGAAACTCACGCAAGTCTCA-3’

Restriction enzymeDdel (5’-C/TNAG-3’)

Expected product size: Tm53 (164-bp), G3116 (142-bp + 22-bp)
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Flowering time gene marker: TmGl

Tm53

GGCTAGCATGECEGTATCGAGGCTCTCGATCTCCTAAGATCTGT TATCTCCAAAAACAGGAACTATGCTTCTCTGI TGT
CTCATTGCTCTGGCATAAGCT TAT TGCATCTCCTGAAACGCAGAT GT CTGCAGAAAGTACATCAGCTCATCAAGGT TGG
AGAAAGGTATGATTCGT GTGGCCAT TGGCATAACACAACAATCCTTCAGTGACATTCTAATTTTGI TATCT T@CT
GTATATCTGACATTTTTTTTACGTATAGGT TGTAGATGCACT TTGTGATGT TGT TTCAGCCT CACCAGCCAAGGCTTCA
ACTCCTATTGI TCTGCAGGTAAAGATTTATTCAGACATTTGGT CGCAATGAAATTTGGT TCAGATTTTGECTTCTTCTC
CCTTGITCATTTCTCACGT GGGAACATACATTATCTTCATGACGTATAAATATTTCCTGTCATATTCATGGACTCTTGT
ATGCAGCCTGAGAAGGACCTACAGCCCT GGATTGCT CGAGAT GACGAGGAAGGT CAGAAGAT GT GGAGAGT CAACCAGC
GAATAGT TAAACT GATAGCT GAGCT TATGAGGAACCAT GATAGCCCAGAAGCAT TGATAATTCTTGCTAGT GCTTCAGA
CCTTCTGCTTCGT GCTACAGATGGGATCCTTGT CGACGGT GAAGCT TGTACCTTGCCTCAGI TAGAGGTAAATACATAT
ACAAACTTCCTTCACAGAATACCACAAACATATCATCTATCGTACTTTGI TGTCGT TAGAGCAGCATCGACTCATTTTC
TTTCTTGAAAGT TGCATGTCATCGATTCTTTCTGACAACATTGCTTCCTGTGATTGAATATGCACAGCTCCTGGAAGTA
ACTCCTAGAGCTATTCATCTCATCGT TGAAT GGGGAGACCCAGGCGT AGCAGT TGCTGATGECCTCTCAAATCTGI TAA
AGGTATGCCCTGCTCAGATGI CGCCCCAATTCTGT TCATCAGAAACACACCAACGT TCAGAATGCTAACATTCATGTGC
CCGCATCCTTTACCCGG

G3116

GTCATCATGGGGGTATCGEECGCTAGATCTCCTAACAGCT GTTATCTCAAAAAACAGGAACTATGCTTCTCTGT TGTCT
CATTGCTCTGGCATAAGCTTATTGCATCTCCTGAAACGCCAGATGT CTGCAGAAAGT ACATCAGCTCATCAAGGT TGGAG
AAAGGTATGATTCGT GTGGCCATTGGCATAACACAACAATGCTTCAGTGACATTCTAATTTTGITATCT T@CT Gr
ATATCTGACATTTTTTTTACGTATAGGT TGTAGATGCACTTTGTGATGT TGT TTCAGCCTCACCAGCCAAGCCTTCAAC
TGCTATTGI TCTGCAGGTAAAGATTTATTCAGACATTTGGT CG:AATGAAATTTG@GATTTTGGCT TCTTCTCCC
TTGITCATTTCTCACGT GGGAACATACATTATCTTCATGACGTATAAATATTTCCTGTCATATTCATGGACTCTTGTAT
GCAGGCTGAGAAGGACCTACAGCCCT GGAT TGCT CGAGAT GACGAGGAAGGT CAGAAGAT GT GGAGAGT CAACCAGCGA
ATAGTTAAACTGATAGCTGAGCT TATGAGGAACCAT GATAGCCCAGAAGCATTGATAATTCTTGCTAGTGCTTCAGACC
TTCTGCTTCGT GCTACAGATGGGATGCT TGT CGACGGT GAAGCT TGTACCT TGCCTCAGT TAGAGGTAAATACATATAC
AAACTTCCTTCACAGAATACCACAAACATATCATCTATCGTACTTTGT TGT CGT TAAAGCAGCATCGACTCATTTTCTT
TCTTGAAAGT TGCATGTCATCGATTCTTTCTGACAACATTGCTTCCTGTGATTGAATATGCACAGCTCCTGGAAGTAAC
TGCTAGAGCTATTCATCTCATCGT TGAAT GGGGAGACCCAGGECGTAGCAGI TGCTGATGGECCTCTCAAATCTGT TAAAG
GTATGCCCTGCTCAGATCTCGCCCCAATTCTGI TCATCAGAAACACACCAACGT TCAGAATGCTAACATTCATGTGCCG
CAGGCTTTCCGCGG

Left primer: 5-TTTGGCGAACTTCCTTACCATG-3’

Right primer: 5-TCCCACGTGAGAAATGAACA-3’

Restriction enzymeMsel (5’-T/TAA-3’)

Expected product size: Tm53 (254-bp + 186-BP), G3116 (252-bp + 143-bp + 43-bp)
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