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HIGH GRAIN PROTEIN CONTENT GENE

STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNDER
FEDERALLY SPONSORED RESEARCH AND DEVELOPMENT
[0001] This invention was made with Government support under Grant (or Contract) No.
2001-52100-11293 awarded by the USDA-IFAFS, No. 97-36200-5272 awarded by the
USDA-Fund for Rural America, and No. US-3224-01R and No. US-3573-04C awarded by
BARD, The United States — Israel Binational Agricultural Research and Development Fund.

The US and Israel Governments have certain rights in the invention.

FIELD OF THE INVENTION
[0002] This invention is in the field of plant breeding and plant molecular biology. In
particular, this invention relates to non-naturally occurring plants with altered grain protein

content and other improved characteristics.

BACKGROUND OF THE INVENTION
[0003] High grain protein content (GPC) is one of the most important factors determining
pasta and breadmaking quality, and is also important to human nutrition. In addition, high
protein determines premium prices for wheat in many regions of the world, making high
grain protein content a primary target for hard common wheats and durum wheat breeding-
programs. The emphasis on end-use quality in the current export markets has increased the

value of this trait.

[0004] In spite of the economic importance of high grain protein content, genetic

improvement of this trait by conventional breeding has been slow because of the complex
genetic system governing this trait, the high influence of the environment and the existence of
a negative correlation between GPC and yield. There is thus a need for the identification of

genetic determinants of high grain protein content.

BRIEF SUMMARY OF THE INVENTION
[0005] In order to meet these needs, the present invention is directed to the sequence of the

NAC genes and their use to modulate grain protein in small grain cereals.
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[0006] ‘Iransgenic modifications of this gene can be used to modify the amount of protein

in the grain, to alter the senescence process, and to modify the length of grain maturation and
grain filling periods in wheat and barley. The promoter of the WNAC-1 gene can be used to

express any type of introduced genes in leaves after anthesis.

[0007]  The current invention describes a non-naturally occurring plant comprising a
recombinant nucleic acid encoding a plant WNAC-1 protein, where said nucleic acid
hybridizes to the nucleic acid sequence depicted in SEQ ID NO:1 or its complement under
hybridization conditions that include at least one wash in 0.1 X SSC and 0.1 % SDS at 60-65
°C for thirty minutes, or where said nucleic acid is more than 70%, more than 80%, more
than 90%, more than 95% identical or substantially identical to the nucleic acid sequence
depicted in SEQ ID NOS:1, 3, 5,7, 9, 11, 13, 15 or 17, or when the nucleic acid encodes a
polypeptide which is substantially identical to the amino acid sequence depicted in SEQ ID
NOS:2, 4,6, 8,10, 12, 14, 16 or 18, or where the nucleic acid encodes a polypeptide which is
at least 70%, at least 80%, at least 90%, at least 95%, or greater than 95% identical to the
amino acid sequence depicted in SEQ ID NOS:2, 4, 6, 8, 10, 12, 14, 16, or 18, or where the

nucleic acid is operably linked to a promoter.

[0008] Another aspect of the invention is a non-naturally occurring plant comprising a
recombinant nucleic acid encoding a plant WNAC-1 protein, where the plant is selected from
the group consisting of wheat, rice, barley, rye, oats, rice. maize, sorghum and forage grasses,

and seeds from the transgenic plants described.

[0009] A further aspect of the invention is methods of detecting the presence or absence of
a WNAC-1 allele in a plant or plant part comprising detecting the WNAC-1 gene or gene
product by PCR and/or the use of a microarray, or hybridization or sequencing, or detecting

WNAC-1 protein levels, structure or activity.

[0010] Another aspect of the present invention is an antibody which recognizes a WNAC-1

protein.

[0011] Another aspect of the current invention is a non-naturally occurring plant with an
increased grain protein content compared to its level in a control, naturally occurring plant.
The grain protein content can be increased by increasing the mRNA or protein levels encoded
by a functional WNAC-1 gene (for example, SEQ ID NOS:1 and 2) in the non-naturally
occurring plant compared to the mRNA or protein levels encoded by the functional WNAC-1

gene in a control, naturally occurring plant. The mRNA or protein levels can be increased by
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introduction of a recombinant WNAC-1 gene or a portion thereof, by mutagenesis, or by

introduction of a WNAC-1 allele from a wild relative which is not present in the cultivated

crop.

[0012] Another aspect of the current invention is a non-naturally occurring plant with a
decreased grain protein content compared to its level in a control, naturally occurring plant.
The grain protein content can be decreased by decreasing the mRNA or protein levels
encoded by a functional WNAC-1 gene (for example, SEQ ID NOS:1 and 2)in the non-
naturally occurring plant compared to the mRNA or protein levels encoded by the functional
WNAC-1 gene in a control, naturally occurring plant. The mRNA or protein levels can be
decreased by introduction of an antisense recombinant WNAC-1 gene, by RNA interference,

or by mutagenesis.

[0013] Another aspect of the invention is a non-naturally occurring plant exhibiting delayed
timing of senescence onset compared to the timing of senescence onset in a control, naturally
occurring plant where the timing of senescence onset is delayed in said non-naturally
occurring plant by reducing the mRNA or protein levels encoded by a functional WNAC-1
gene in said non-naturally occurring plant compared to the mRNA or protein levels encoded
by the functional WNAC-1 gene in the control, naturally occurring plant. The mRNA or
protein levels can be reduced by expression of the WNAC-1 gene or a portion thereof in the

antisense orientation, or by RNA interference, or by mutagenesis.

[0014] A further aspect of the present invention is a method of increasing the rate of
senescence in a plant by increasing the mRNA or protein levels encoded by a functional

WNAC-1 allele, or increasing the activity of a WNAC-1 protein.

[0015] Another aspect of the invention is a method of decreasing the rate of senescence ina
plant by reducing the mRNA or protein levels encoded by a functional WNAC-1 allele, or
decreasing the activity of a WNAC-1 protein.

BRIEF DESCRIPTION OF THE DRAWINGS
[0016] Figure 1 depicts genetic and physical maps of the Gpc-B1 region in wheat. Top:
Rice BAC AP004061. Middle: High resolution genetic map. The gray area represents the 0.2
cM region of the genetic map including the Gpc-B1 locus. Bottom: Physical map. Xuhw
markers were developed at the University of Haifa and Xucw markers at the University of

California at Davis.
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[0017]  Figure 2 depicts a comparison of the UCW87 region (SEQ ID NOS:19-27)

including the polymorphic amino acid with the most similar rice and Arabidopsis proteins.

[0018]  Figure 3 depicts RT-PCR results. Top: amplification using ACTIN primers
(control). Below: amplification using genome specific primers for WNAC-A1, WNAC-B1,
WNAC-B2. 1 & 3) RSL152 with DIC allele, rest LDN allele. 1-2) Flag leaves at beginning of
spike emergence (Feekes scale 10). 3-4) Flag leaves 10 days after anthesis at medium milk
stage (Feekes scale 11.1). 5) Flag leaf at ripening (Feekes scale 11.4). 6-7) Beginning of
emergence of the flag leaf (Feekes scale 8), 6) yellowing leaf, 7) young green leaf. 8) Water

control.

[0019] Figure 4 depicts a phylogenetic analysis of rice NAC proteins and wheat WNAC-
B1. Following the red clade, WNAC-B1 clusters alongside of OsSNAC. The closest
homologue of OsNAC in rice, OSNAC-A, clusters on a separate branch. Analysis done with
neighbor-joining method in MEGA3. The numbers beside the branches represent bootstrap

values based on 250 replications.

[0020] Figure 5 depicts the expression profile of OsNAC gene in Rice: Top: RT-PCR
amplification using Rice-Actin primers (control). Below: amplification using genome specific
primers for OsNAC. 1) leaves from seedling stage (Feekes scale 1.0). 2) leaves from tillering
stage (Feekes scale 3.0). 3) leaves from stem elongation stage (Feekes scale 7.0). 4) Flag
leaves at beginning of spike emergence (Feekes scale 10). 5) Flag leaf at ripening (Feekes

scale 11.4). 6) rice genomic DNA control. 7) Water control.

[0021] Figure 6 depicts: a) Grain protein content of RSLs (209, 129, 300 and 121) and
control lines (LDN and 65). RSLs 209 and 129 were similar to the low protein control LDN
and were assigned the WNAC-B1b low protein allele (black bars), whereas RSLs 300 and 121
were similar to the high protein control RSL 65 and were assigned the WNAC-B1a high
protein allele (grey bars). b) Chlorophyll content profile (SPAD units) from 13 to 35 DAA.
Grey line with open diamonds represents lines with the WNAC-BIa allele and black line with
solid squares represents lines with the WNAC-B1b allele. Error bars are standard errors of the

means.

[0022] Figure 7 depicts the effect of the WNAC-BIa allele on the chlorophyll content
profile of isogenic lines of hexaploid wheat Anza (a), RSIS (b), UC1041 (c) and tetraploid
wheat Kofa (d). Chlorophyll content is measured in relative SPAD units from 20-25 DAA
until complete yellowing (50-60 DAA). Black lines with solid squares represent the original
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recurrent parent and grey lines with open diamonds represent the corresponding isogenic line

with the WNAC-Bla allele. Significant differences (P < 0.05) between isogenic pairs are

represented by arrows on the corresponding date. Error bars are standard errors of the means.

[0023] Figure 8 depicts the effect of WNAC-BI on the moisture content of grains from
isogenic lines of hexaploid wheat Anza (), RSI5 (b) and tetraploid wheat Kofa (c). Black
lines with solid squares represent the original recurrent parent and grey lines with open
diamonds represent the corresponding isogenic line with the WNAC-Bla allele. Significant
differences (P < 0.05) between isogenic pairs are represented by arrows on the corresponding

date. Error bars are standard errors of the means.

[0024] Figure 9 depicts the effects of altering the expression levels of WNAC on different
senescence phenotypes. a) Chlorophyll content profile (SPAD units). Black line with solid
squares represents positive transgenic lines with reduced WNAC expression (n=25) and the
gray line with open diamonds represents control lines (n=10). b) DAA for complete
yellowing of peduncle. ¢) DAA for the main spike to be completely dry. In b) and ¢) black
bars represent positive transgenic lines with reduced WNAC expression and the striped

patterned bars represent control lines. Error bars are standard errors of the means.

[0025] Figure 10 depicts spike, flag leaf and peduncle color comparisons between positive
and negative (control) plants at 34 and 70 DAA for event L19-54. Left panel, positive plant
has green flag leaf, peduncle and immature grains compared to a completely senescence
control plant. Right panel, at 70 DAA, the positive plant still has a green peduncle and flag
leaf is dry but green. Spike (not shown) is completely dry.

[0026] Figure 11 depicts the effect of WNAC-BI on protein, Zn and Fe content in the grain
of RSLs (28, 121, 14 and 77) and control lines (LDN and DIC). RSLs 14 and 77 were similar
to the low protein control LDN and were assigned the WNAC-B1b low protein allele (black
bars), whereas RSLs 28 and 121 were similar to the high protein control DIC and were
assigned the WNAC-B1a high protein allele (striped pattern bars). A

[0027] Figure 12 depicts transcription levels of WNAC-41, WNAC-B1, and WNAC-B2 in
wheat leaves at different stages of development using real-time reverse transcription PCR

(quantitative).

[0028] Figure 13 depicts the vector map of pMCG161
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Sequence Listing

[0029] SEQ ID NO:1. WNAC-Bla allele BAC 916017, chromosome 6BS. This gene
corresponds to the Gpc-B1 locus. Genomic DNA sequence from the functional Triticum
turgidum var. dicoccoides allele. The 5’UTR was determined by 5° race and the 3° UTR
predicted by presence of a putative TAATAAATA polyadenilation signal. The sequence
includes 1000-bp upstream from the start codon and 1000-bp downstream from the stop

codon.

[0030] SEQ ID NO:2. Predicted protein for the WNAC-B1a allele from the functional
Triticum turgidum var. dicoccoides allele (SEQ ID NO:1). Conserved NAC domains are
identified.

[0031] SEQ ID NO:3. WNAC-B1b allele, chromosome arm 6BS. Genomic DNA sequence
from the Triticum turgidum var. durum non functional allele with a 1-bp frame-shift

mutation.

[0032] SEQ ID NO:4. Predicted protein for the WNAC-B1b non-functional allele (SEQ ID
NO:3, assuming conserved exon structure). No conserved NAC domains nor significant

BLASTP results.

[0033] SEQ ID NO:5. WNAC-AI. Genomic DNA sequence from the Triticum turgidum

var. durum variety Langdon from the A genome (chromosome arm 6AS).

[0034] SEQ ID NO:6. Predicted protein for the WNAC-A41 gene from the Triticum turgidum
var. durum from the A genome (SEQ ID NO:5). Conserved NAC domains are indicated.

[0035] SEQ ID NO:7. WNAC-D1. Genomic DNA sequence from the D genome (Zriticum

tauschii).

[0036] SEQ ID NO:8. Predicted protein for the WNAC-D1 gene from the D genome,
Triticum tauschii (SEQ ID NO:7). Conserved NAC domains are indicated.

[0037] SEQ ID NO:9. WNAC-B2 allele. Genomic DNA sequence from the Triticum

turgidum var. durum allele from chromosome arm 2BS.

[0038] SEQ ID NO:10. Predicted protein for the WNAC-B2 allele (SEQ ID NO:9) from

Triticum turgidum var. durum chromosome arm 2BS. Conserved NAC domains are indicated.
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[0039] SEQ ID NO:11. HyNAC-HI allele. Genomic DNA sequence from the Hordeum

vulgare cv. Optic allele from chromosome 6.

[0040] SEQ ID NO:12. Predicted protein for the HvNAC-H1 allele (SEQ ID NO:11) from
Hordeum vulgare cv. Optic allele from chromosome 6. Conserved NAC domains are

indicated.

[0041] SEQ ID NO:13. HyNAC-H?2 allele. Genomic DNA sequence from the Hordeum

vulgare cv. Morex allele.

[0042] SEQ ID NO:14. Predicted protein for the HvNAC-H2 allele (SEQ ID NO:13) from

Hordeum vulgare cv. Morex allele. Conserved NAC domains are indicated.

[0043] SEQ ID NO:15. UCW87 BAC 409D13, chromosome arm 6BS. Genomic DNA

sequence from Triticum turgidum var. dicoccoides.

[0044] SEQ ID NO:16. Predicted protein for the UCW87 gene from chromosome arm 6BS
from the Triticum turgidum var. dicoccoides allele (SEQ ID NO:15). The conserved

Rhamnogalacturonate lyase domain is indicated.

[0045] SEQ ID NO:17. UCW87, chromosome arm 6BS. Genomic DNA sequence from the

Triticum turgidum var. durum allele.

[0046] SEQ ID NO:18. Predicted protein for the UCWS87 gene from chromosome arm 6BS
from the Triticum turgidum var. durum allele (SEQ ID NO:17). The conserved
Rhamnogalacturonate lyase domain is indicated. Only one amino acid substitution (N by K)

was observed between the DIC and LDN alleles.
[0047] SEQ ID NO:28. Oryza sativa OsNAC rice homologue of WNAC-BI1.

[0048] SEQ ID NO:29. Predicted protein of Oryza sativa OsNAC gene (SEQ ID NO:29).

Conserved NAC domains are indicated.
[0049] SEQ ID NO:30. Zea mays ZmNAC maize homologue of WNAC-B1.

[0050] SEQ ID NO:31. Predicted protein of Zea mays ZmNAC gene (SEQ ID NO:30).

Conserved NAC domains are indicated.
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DETAILED DESCRIPTION OF THE INVENTION

[0051] The present invention is based, at least in part, on the characterization of the high
grain protein content locus Gpe-B1 in wheat. A frame shift mutation in the B genome copy
of this gene located on chromosome arm 6BS is associated with the recessive gpc-B1 allele
for low grain protein content. This frame shift mutation is linked to the low grain protein
content in a segregating population of 3000 gametes and this non-functional mutation is the

prevalent allele in the cultivated tetraploid wheats.

[0052] The WNAC-1 gene is a transcription factor with a NAC (NAM/ATAF1/CUC2)
domain and is associated with leaf senescence. Transcription of this gene starts in the flag
leaves at the time of anthesis and increases dramatically during senescence. The presence of
the functional Gpc-B1 allele is associated with an acceleration of the senescence process,
with an increase in the concentration of free amino acids and soluble protein in the flag
leaves, a more efficient remobilization of nitrogen from the vegetative tissues to the grain,
and significantly higher grain protein content. The cloning and characterization of this gene
has provided means to clone homologues in barley (HVNAC), rice (OsNAC) and maize
(ZmNAC). Natural allelic variants from these genes can be used to increase or decrease
protein content in the grain of small grain cereals such as wheat, barley, oats, triticale, and

sorghum, as well as rice, maize and forage grasses.

[0053] This invention includes also the natural allelic variation of NAC genes and their use
to develop molecular markers for the different Gpe-B1 alleles. These markers can be used in
breeding programs aimed to increase or decrease grain protein content in cereals. This
invention also covers the use of antibodies against the different protein variants of the NAC
genes as a diagnostic tool for cereal breeding programs. Antibody recognition can be

implemented in commercial kits for easy detection of alternative Gpe-B1 alleles.

[0054] Before explaining at least one embodiment of the invention in detail, it is to be
understood that the invention is not limited in its application to the details of construction and
the arrangement of the components set forth in the following description. The invention is
capable of other embodiments or of being practiced or carried out in various ways. Also, it is
to be understood that the phraseology and terminology employed herein is for the purpose of

description and should not be regarded as limiting.

[0055] Throughout this disclosure, various publications, patents and published patent

specifications are referenced. The disclosures of these publications, patents and published
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patent specifications are hereby incorporated by reference into the present disclosure to more

fully describe the state of the art to which this invention pertains. The practice of the present
invention will employ, unless otherwise indicated, conventional techniques of plant breeding,
immunology, molecular biology, microbiology, cell biology and recombinant DNA, which
are within the skill of the art. See, e.g., Sambrook, Fritsch and Maniatis, MOLECULAR
CLONING: A LABORATORY MANUAL, 2nd edition (1989); CURRENT PROTOCOLS
IN MOLECULAR BIOLOGY [(F. M. Ausubel, et al. eds., (1987)]; PLANT BREEDING:
PRINCIPLES AND PROSPECTS (Plant Breeding, Vol 1) M.D. Hayward, N.O. Bosemark,
I. Romagosa; Chapman & Hall, (1993.); Coligan, Dunn, Ploegh, Speicher and Wingfeld, eds.
(1995) CURRENT PROTOCOLS IN PROTEIN SCIENCE (John Wiley & Sons, Inc.); the
series METHODS IN ENZYMOLOGY (Academic Press, Inc.): PCR 2: APRACTICAL
APPROACH (M.J. MacPherson, B.D. Hames and G.R. Taylor eds. (1995)], Harlow and
Lane, eds. (1988) ANTIBODIES, A LABORATORY MANUAL, and ANIMAL CELL
CULTURE [R.L Freshney, ed. (1987)].

[0056] Unless otherwise noted, technical terms are used according to conventional usage.
Definitions of common terms in molecular biology may be found in Lewin, Genes V,
published by Oxford University Press, 1994 (SBN 0-19-854287-9); Kendrew et al. (eds.),
The Encyclopedia of Molecular Biology, published by Blackwell Science Ltd., 1994 (SBN 0-
632-02182-9); and Robert A. Meyers (ed.), Molecular Biology and Biotechnology, a
Comprehensive Desk Reference, published by VCH Publishers, Inc., 1995 (ISBN 1-56081-
569-8); Ausubel et al. (1987) Current Protocols in Molecular Biology, Green Publishing;
Sambrook et al. (1989) Molecular Cloning: A Laboratory Manual, Cold Spring Harbor, New
York.

[0057] In order to facilitate review of the various embodiments of the invention, the

following definitions are provided:

[0058] NAC proteins and genes: An NAC protein or polypeptide is a protein encoded by
the NAC gene, as described herein. The NAC genes of the invention encode transcription
factors which comprise an NAC domain. Exemplary conserved NAC domains of NAC
proteins of the invention are identified in SEQ ID NOS:2, 6, 8, 10, 12, 29, 31. Plants with a
functional NAC gene (as a non-limiting example, the WNAC-Bl1a allele in wheat, SEQ ID
NO:1) exhibit an acceleration in the senescence process, exhibited by higher levels of soluble

proteins and amino acids in the flag leaves relative to plants with a non-functional WNAC-1
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gene (in wheat, the WNAC-B1b gene, SEQ ID NO:3, is an example). Soluble proteins are

the results of degradation of structural or storage proteins into a form which can be
transported to the grain. In particular, trangenic plants with a with increased or enhanced
NAC gene expression show increased grain protein content relative to identical plants lacking

the transgene.

[0059] The present invention may be practiced using nucleic acid sequences that encode
full length NAC proteins as well as NAC derived proteins that retain NAC activity. NAC
derived proteins which retain NAC biological actvity include fragments of NAC proteins
disclosed here, generated either by chemical (e.g. enzymatic) digestion or genetic
engineering means; chemically functionalized protein molecules obtained starting with the
exemplified protein or nucleic acid sequences, and protein sequence variants, for example
allelic variants and mutational variants, such as those produced by in vitro mutagenesis
techniques, such as gene shuffling (Stemmer WP. Nature. 1994 Aug 4;370(6488):389-91
(1994a); Stemmer WP. Proc Natl Acad Sci U S A. 1994a Oct 25;91(22):10747-51 (1994b)).
Thus, the term "NAC protein" encompasses full-length NAC proteins, as well as such NAC
derived proteins that retain NAC activity.

[0060] Representative but non-limiting NAC sequences useful in the invention include the
Triticum turgidum var. dicoccoides WNAC-Bla DNA and protein sequences (SEQ ID
NOS:1 and 2).

[0061] Also encompassed within the definition of NAC sequences include the Triticum
turgidum var. durum WNAC-1B1b non-functional allele DNA and protein sequences (SEQ
ID NOS:3 and 4).

[0062] Also encompassed within the definition of NAC sequences include the Triticum
turgidum var. durum variety Langdon WNAC-A1 DNA and protein sequences (SEQ ID
NOS:5 and 6).

[0063] Also encompassed within the definition of NAC sequences include the Triticum
tauschii WNAC-D1 DNA and protein sequences (SEQ ID NOS:7 and 8).

[0064] Also encompassed within the definition of NAC sequences include the Triticum

turgidum var. durum WNAC-B2 DNA and protein sequences (SEQ ID NOS:9 and 10).

[0065] Also encompassed within the definition of NAC sequences include the Hordeum
vulgare cv. Optic HYNAC-H1 DNA and protein sequences (SEQ ID NOS:11 and 12).

10
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[0066] Also encompassed within the definition of NAC sequences include the Hordeum

vulgare cv. Morex HYNAC-H2 DNA and protein sequences (SEQ ID NOS:13 and 14).

[0067] Also encompassed within the definition of NAC sequences include the Oryza sativa
OsNAC DNA and protein sequences (SEQ ID NOS:28 and 28).

[0068] Also encompassed within the definition of NAC sequences include the Zea mays
ZmNAC DNA and protein sequences (SEQ ID NOS:30 and 31).

[0069] NAC Promoter: An NAC promoter is a promoter for an NAC gene of the
invention. NAC promoters are generally found 5' to the NAC protein coding sequence and
regulate expression of the NAC gene. Such sequences can be synthesized chemically or they
can be isolated from plants. Representative plants from which NAC promoters can be

isolated include wheat (spring and winter), barley, rice, and maize.

[0070] Expression cassette: A nucleic acid construct, which when introduced into a host
cell, results in transcription and/or translation of a RNA or polypeptide, respectively.
Antisense or sense constructs that are not or cannot be translated are expressly included by
this definition. In the case of both expression of transgenes and inhibition of endogenous
genes (e.g., by antisense, or sense suppression) one of skill will recognize that the inserted
polynucleotide sequence need not be identical and may be "substantially identical" to a

sequence of the gene from which it was derived.

[0071] Sequence Identity: As noted above, sequence variants of the sequences disclosed
here are encompassed by the present invention. Either all or portions of the NAC nucleic
acids or proteins or of the invention may vary from the disclosed sequences and still retain
the functions disclosed here. Thus, nucleic acids or proteins of the invention may have
substantial identity (as defined below) to particular domains (e.g., NAC domains) and retain

the functions described here.

[0072] The similarity between two nucleic acid sequences or two amino acid sequences is
expressed in terms of sequence identity (or, for proteins, also in terms of sequence similarity).
Sequence identity is frequently measured in terms of percentage identity; the higher the
percentage, the more similar the two sequences are. As described herein, homologs and
variants of the NAC nucleic acid molecules may be used in the present invention. Homologs

and variants of these nucleic acid molecules will possess a relatively high degree of sequence

11



10

15

20

25

30

WO 2006/124752 PCT/US2006/018686
identity when aligned using standard methods. Such homologs and variants will hybridize

under high stringency conditions to one another.

[0073] Methods of alignhlent of sequences for comparison are well known in the art.
Various programs and alignment algorithms are described in: Smith, T. F. and Waterman, M.
S., J. Mol. Biol., 147:195-197 (1981); Needleman, S.B. and Wunsch, C.D., J. Mol. Biol.,
48:443-453 (1970); Pearson, W.R., Lipman, D.J., Proc Natl Acad Sci U.S.A., 85:2444-8
(1988); Higgins, D.G. and Sharp, P. M., Gene 73(1):237-44 (1988); Higgins, D.G. and Sharp,
P. M., Comput Appl Biosci. 5(2):151-3 (1989); Corpet, F., Nucleic Acids Res., 16:10881-
10890 (1988); Huang X. et al., Comput. Appl. Biosci., 8(2):155-65 (1992); and Pearson WR.,
Methods Mol Biol., 24:307-31 (1994). Altschul, S.F. et al. (1994) Nat. Genet. 6(2):119-29

presents a detailed consideration of sequence alignment methods and homology calculations.

[0074] The NCBI Basic Local Alignment Search Tool (BLAST) (Altschul, S.F. et al.
(1990) J. Mol. Bio. 215:403-410) is available from several sources, including the National
Center for Biotechnology Information (NCBI, Bethesda, MD) and on the Internet, for use in
connection with the sequence analysis programs blastp, blastn, blastx, tblastn and tblastx. It
can be accessed at the NCBI Website. A description of how to determine sequence identity

using this program is available at the NCBI website.

[0075] Homologs of the disclosed protein and nucleic acid sequences are typically
characterized by possession of at least 40% sequence identity counted over the full length
alignment with the nucleic acid or amino acid sequence of the disclosed sequence using the
NCBI Blast 2.0, gapped blastp or blastn set to default parameters. For example, using blastp,
the adjustable parameters are preferably set with the following values: overlap span 1,

overlap fraction = 0.125, word threshold (T) = 11. The HSP S and HSP S2 parameters are
dynamic values and are established by the program itself depending upon the composition of
the particular sequence and composition of the particular database against which the sequence

of interest is being searched; however, the values may be adjusted to increase sensitivity.

[0076] Nucleic acids or proteins which are “substantially identical” to a reference sequence
will show increasing percentage identities when assessed by these methods. Such nucleic
acids and proteins will typically show at least about 70%, 75%, 80%, 90% or 95% sequence

identity to a reference sequence.

[0077] Polypeptides that are "substantially similar" share sequences as noted above except

that residue positions which are not identical may differ by conservative amino acid changes.
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Conservative amino acid substitutions refer to the interchangeability of residues having

similar side chains. For example, a group of amino acids having aliphatic side chains is
glycine, alanine, valine, leucine, and isoleucine; a group of amino acids having aliphatic-
hydroxyl side chains is serine and threonine; a group of amino acids having amide-containing
side chains is asparagine and glutamine; a group of amino acids having aromatic side chains
is phenylalanine, tyrosine, and tryptophan; a group of amino acids having basic side chains is
lysine, arginine, and histidine; and a group of amino acids having sulfur-containing side
chains is cysteine and methionine. Preferred conservative amino acids substitution groups
are: valine-leucine-isoleucine, phenylalanine-tyrosine, lysine-arginine, alanine-valine,

aspartic acid-glutamic acid, and asparagine-glutamine.

[0078] The alignment may include the introduction of gaps in the sequences to be aligned.
In addition, for sequences which contain either more or fewer amino acids than the protein
encoded by the sequences in the figures, it is understood that in one embodiment, the
percentage of sequence identity will be determined based on the number of identical amino
acids in relation to the total number of amino acids. Thus, for example, sequence identity of
sequences shorter than that shown in the figures as discussed below, will be determined using
the number of amino acids in the longer sequence, in one embodiment. In percent identity
calculations relative weight is not assigned to various manifestations of sequence variation,

such as, insertions, deletions, substitutions, etc.

[0079] In one embodiment, only identities are scored positively (+1) and all forms of
sequence variation including gaps are assigned a value of "0", which obviates the need for a
weighted scale or parameters as described herein for sequence similarity calculations.

Percent sequence identity can be calculated, for example, by dividing the number of matching
identical residues by the total number of residues of the "shorter" sequence in the aligned
region and multiplying by 100. The "longer” sequence is the one having the most actual

residues in the aligned region.

[0080] As will be appreciated by those skilled in the art, the sequences of the present
invention may contain sequencing errors. That is, there may be incorrect nucleotides,
frameshifts, unknown nucleotides, or other types of sequencing errors in any of the
sequences; however, the correct sequences will fall within the homology and stringency .

definitions herein.
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[0081] MHigh Stringency: Another indication that nucleotide sequences are substantially

identical is if two molecules hybridize to each other, or a third nucleic acid, under stringent
conditions. Stringent conditions are sequence dependent and will be different in different
circumstances. Generally, stringent conditions are selected to be about 50C lower than the
thermal melting point (Tm) for the specific sequence at a defined ionic strength and pH. The
Tm is the temperature (under defined ionic strength and pH) at which 50% of the target
sequence hybridizes to a perfectly matched probe. Typically, stringent conditions will be
those in which the salt concentration is about 0.02 molar at pH 7 and the temperature is at
least about 60 °C or 65 °C. For the purposes of this disclosure, stringent conditions for
hybridizations are those which include at least one wash in 0.2X SSC at 63°C for 20 minutes,
or equivalent conditions. Moderately stringent conditions include at least one wash (usually
2)in 0.2X SSC at a temperature of at least about 50°C, usually about 55°C, for 20 minutes, or
equivalent conditions. High stringency conditions also refer to hybridization to filter-bound
DNA in 5 X SSC, 2% sodium dodecyl sulfate (SDS), 100 ug/ml single stranded DNA at 55-
65 °C, and washing in 0.1 X SSC and 0.1% SDS at 60-65 °C.

[0082] Vector: A nucleic acid molecule as introduced into a host cell, thereby producing a
transformed host cell. A vector may include one or more nucleic acid sequences that permit
it to replicate in one or more host cells, such as origin(s) of replication. A vector may also

include one or more selectable marker genes and other genetic elements known in the art.

[0083] Transformed: A transformed cell is a cell into which has been introduced a
nucleic acid molecule by molecular biology techniques. As used herein, the term
transformation encompasses all techniques by which a nucleic acid molecule might be
introduced into such a cell, plant or animal cell, including transfection with viral vectors,
transformation by Agrobacterium, with plasmid vectors, and introduction of naked DNA by
electroporation, lipofection, and particle gun acceleration and includes transient as well as

stable transformants.

[0084] Isolated: An "isolated" biological component (such as a nucleic acid or protein or
organelle) has been substantially separated or purified away from other biological
components in the cell or the organism in which the component naturally occurs, i.e., other
chromosomal and extra chromosomal DNA and RNA, proteins and organelles. Nucleic acids
and proteins that have been "isolated" include nucleic acids and proteins purified by standard

purification methods. The term embraces nucleic acids including chemically synthesized
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nucleic acids and also embraces proteins prepared by recombinant expression in vitro or in a

host cell and recombinant nucleic acids as defined below.

[0085] Operably linked: A first nucleic acid sequence is operably linked with a second
nucleic acid sequence when the first nucleic acid sequence is placed in a functional
relationship with the second nucleic acid sequence. For instance, a promoter is operably
linked to a protein coding sequence if the promoter affects the transcription or expression of
the protein coding sequence. Generally, operably linked DNA sequences are contiguous and,
where necessary, join two protein coding regions in the same reading frame. With respect to
polypeptides, two polypeptide sequences may be operably linked by covalent linkage, such as
through peptide bonds or disulfide bonds.

[0086] Recombinant: By "recombinant nucleic acid" herein is meant a nucleic acid that
has a sequence that is not naturally occurring or has a sequence that is made by an artificial
combination of two otherwise separated segments of sequence. This artificial combination is
often accomplished by chemical synthesis or, more commonly, by the artificial manipulation
of nucleic acids, e.g., by genetic engineering techniques, such as by the manipulation of at
least one nucleic acid by a restriction enzyme, ligase, recombinase, and/or a polymerase.
Once introduced into a host cell, a recombinant nucleic acid is replicated by the host cell,
however, the recombinant nucleic acid once replicated in the cell remains a recombinant
nucleic acid for purposes of this invention. By "recombinant protein" herein is meant a
protein produced by a method employing a recombinant nucleic acid. As outlined above
"recombinant nucleic acids" and "recombinant proteins" also are "isolated" as described

above.

[0087] Antibody production: Methods of producing antibodies which specifically
recognize a protein of interest are well known in the art. Protocols for preparing
immunogens, immunization of animals, and collection of antiserum may be found in
Antibodies: A Laboratory Manual, E. Harlow and D. Lane, ed., Cold Spring Harbor
Laboratory (Cold Spring Harbor, NY, 1988) pp. 55-120.

[0088] Non-naturally Occurring Plant: A non-naturally occurring plant is a plant that
does not occur in nature without human intervention. Non-naturally occurring plants include

transgenic plants and plants produced by non transgenic means such as plant breeding.

[0089] Transgenic plant: As used herein, this term refers to a plant or tree that contains

recombinant genetic material not normally found in plants or trees of this type and which has
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been introduced into the plant in question (or into progenitors of the plant) by human

manipulation. Thus, a plant that is grown from a plant cell into which recombinant DNA is
introduced by transformation is a transgenic plant, as are all offspring of that plant that
contain the introduced transgene (whether produced sexually or asexually). It is understood
that the term transgenic plant encompasses the entire plant or tree and parts of the plant or

tree, for instance grains, seeds, flowers, leaves, roots, fruit, pollen, stems etc.

[0090] Orthologue: Two nucleotide or amino acid sequences are orthologues of each
other if they share a common ancestral sequence and diverged when a species carrying that
ancestral sequence split into two species, sub species, or cultivars. Orthologous sequences
are also homologous sequences. Orthologous sequences hybridize to one another under high-
stringency conditions. The term "polynucleotide", "oligonucleotide", or "nucleic acid" refers
to a polymeric form of nucleotides of any length, either deoxyribonucleotides or
ribonucleotides, or analogs thereof. The terms "polynucleotide" and "nucleotide" as used
herein are used interchangeably. Polynucleotides may have any three-dimensional structure,
and may perform any function, known or unknown. The following are non-limiting
examples of polynucleotides: a gene or gene fragment, exons, introns, messenger RNA
(mRNA), transfer RNA, ribosomal RNA, ribozymes, cDNA, recombinant polynucleotides,
branched polynucleotides, plasmids, vectors, isolated DNA of any sequence, isolated RNA of
any sequence, nucleic acid probes, and primers. A polynucleotide may comprise modified
nucleotides, such as methylated nucleotides and nucleotide analogs. If present, modifications
to the nucleotide structure may be imparted before or after assembly of the polymer. The
sequence of nucleotides may be interrupted by non-nucleotide components. A polynucleotide
may be further modified after polymerization, such as by conjugation with a labeling

component. A "fragment" or "segment" of a nucleic acid is a small piece of that nucleic acid.
Vectors

[0091] The NAC sequences of the invention may be cloned into a suitable vector.
Expression vectors are well known in the art and provide a means to transfer and express an
exogenous nucleic acid molecule into a host cell. Thus, an expression vector contains, for
example, transcription start and stop sites such as a TATA sequence and a poly-A signal
sequence, as well as a translation start site such as a ribosome binding site and a stop codon,
if not present in the coding sequence. A vector can be a cloning vector or an expression

vector and provides a means to transfer an exogenous nucleic acid molecule into a host cell,
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which can be a prokaryotic or eukaryotic cell. Such vectors include plasmids, cosmids, phage

vectors and viral vectors. Various vectors and methods for introducing such vectors into a

cell are described, for example, by Sambrook et al. 1989.

[0092] The invention also provides an expression cassette containing a promoter operably
linked to a protein coding sequence or to a sequence that inhibits expression of a target
endogenous gene. For instance, antisense or sense suppression technology can be
conveniently used. To accomplish antisense suppression, a nucleic acid segment from the
desired gene is cloned and operably linked to a promoter such that the antisense strand of
RNA will be transcribed. The expression cassette is then transformed into plants and the
antisense strand of RNA is produced. In plant cells, it has been suggested that antisense RNA
inhibits gene expression by preventing the accumulation of mRNA which encodes the protein
of interest, see, e.g., Sheehy et al., Proc. Natl. Acad. Sci. USA, 85:8805 8809 (1988), and
Hiatt et al., U.S. Patent No. 4,801,340. In some embodiments, small interfering RNAs are
used. The phenomenon of RNA interference is described and discussed, e.g., in Bass,
Nature 411:428-29 (2001); Elbahir et al., Nature 411:494-98 (2001); and Fire et al., Nature
391:806-11 (1998), where methods of making interfering RNA also are discussed. The
siRNA inhibitors are less than 100 base pairs, typically 30 bps or shorter, and are made by
approaches known in the art. Introduction of expression cassettes in which a nucleic acid is
configured in the sense orientation with respect to the promoter has also been shown to be an
effective means by which to block the transcription of target genes. For an example of the
use of this method to modulate expression of endogenous genes see, Napoli et al., The Plant

Cell 2:279-289 (1990), and U.S. Patents Nos. 5,034,323, 5,231,020, and 5,283,184.

[0093] In the constructs of the invention, each component is operably linked to the next.
For example, where the construct comprises the NAC promoter, and protein encoding
sequence, preferably, the NAC protein, the NAC promoter is operably linked to the 5' end of

the NAC protein encoding sequence or open reading frame.

[0094] The NAC coding sequence may be from wheat or other NAC protein coding
sequences as defined herein. The protein coding sequence linked to the NAC promoter may
be an NAC protein coding sequence or another heterologous protein. The heterologous
proteins which find use in the invention include those that provide resistance to plant pests,
faciliate translocation of nutrients, provide resistance to stresses typical of the summer: heat

and dehydration, etc.
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[0095] The constructs of the invention may be introduced into transgenic plants. A number

of recombinant vectors suitable for stable transformation of plant cells or for the
establishment of transgenic plants have been described including those described in
Weissbach and Weissbach (1989), and Gelvin et al. (1990). Typically, plant transformation
vectors include one or more open reading frames (ORFs) under the transcriptional control of
5'and 3' regulatory sequences and a dominant selectable marker with 5' and 3' regulatory
sequences. Dominant selectable marker genes that allow for the ready selection of
transformants include those encoding antibiotic resistance genes (e.g., resistance to
hygromycin, kanamycin, bleomycin, G418, streptomycin or spectinomycin) and herbicide

resistance genes (e.g, phosphinothricin acetyltransferase).

[0096] Standard molecular biology methods, such as the polymerase chain reaction,

restriction enzyme digestion, and/or ligation may be employed to produce these constructs.
Transgenic Plants

[0097] Standard molecular biology methods and plant transformation techniques can be
used to produce transgenic plants that produce plants having a recombinant NAC promoter or

gene.

[0098] Introduction of the selected construct into plants is typically achieved using standard
transformation techniques. The basic approach is to: (a) clone the construct into a
transformation vector, which (b) is then introduced into plant cells by one of a number of
techniques (e.g., electroporation, microparticle bombardment, Agrobacterium infection); (c)
identify the transformed plant cells; (d) regenerate whole plants from the identified plant

cells, and (e) select progeny plants containing the introduced construct.

[0099] Preferably all or part of the transformation vector will stably integrate into the
genome of the plant cell. That part of the transformation vector which integrates into the plant
cell and which contains the introduced recombinant sequence may be referred to as the

recombinant expression cassette.

[0100] Selection of progeny plants containing the introduced transgene may be made based
upon the detection of the recombinant NAC allele in transgenic plants, or upon enhanced
resistance to a chemical agent (such as an antibiotic) as a result of the inclusion of a dominant

selectable marker gene incorporated into the transformation vector.
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[0101] Successful examples of the modification of plant characteristics by transformation

with cloned nucleic acid sequences are replete in the technical and scientific literature.
Selected examples, which serve to illustrate the knowledge in this field of technology
include: U.S. Patent No.5,571,706 ("Plant Virus Resistance Gene and Methods"); U.S. Patent
No.5,677,175 ("Plant Pathogen Induced Proteins"); U.S. Patent No. 5,510,471 ("Chimeric
Gene for the Transformation of Plants"); U.S. Patent No.5,750,386 ("Pathogen-Resistant
Transgenic Plants"); U.S. Patent No.5,597,945 ("Plants Genetically Enhanced for Disease
Resistance"); U.S. Patent No.5,589,615 ("Process for the Production of Transgenic Plants
with Increased Nutritional Value Via the Expression of Modified 2S Storage Albumins");
U.S. Patent No.5,750,871 ("Transformation and Foreign Gene Expression in Brassica
Species"); U.S. Patent No. 5,268,526 ("Overexpression of Phytochrome in Transgenic
Plants"); U.S. Patent No. 5,780,708 ("Fertile Transgenic Corn Plants"); U.S. Patent No.
5,538,880 ("Method for Preparing Fertile Transgenic Corn Plants"); U.S. Patent No.
5,773,269 ("Fertile Transgenic Oat Plants"); U.S. Patent No. 5,736,369 ("Method for
Producing Transgenic Cereal Plants"); U.S. Patent No. 5,610,049 ("Methods for Stable
Transformation of Wheat"); U.S. Patent No. 6,235,529 ("Compositions and Methods for
Plant Transformation and Regeneration") all of which are hereby incorporated by reference in
their entirety. These examples include descriptions of transformation vector selection,
transformation techniques and the construction of constructs designed to express an

introduced transgene.

[0102] The transgene-expressing constructs of the present invention may be usefully
expressed in a wide range of grain producing higher plants where an increased grain protein
content is useful. The invention is expected to be particularly applicable to
monocotyledonous cereal plants including barley, wheat, rye, triticale, sorghum, oat, rice,

maize and forage grasses.

[0103] Methods for the transformation and regeneration of monocotyledonous plant cells
are known, and the appropriate transformation technique will be determined by the
practitioner. The choice of method will vary with the type of plant to be transformed; those
skilled in the art will recognize the suitability of particular methods for given plant types.
Suitable methods may include, but are not limited to: electroporation of plant protoplasts;
liposome-mediated transformation; polyethylene glycol (PEG-mediated transformation);
transformation using viruses; micro-injection of plant cells; micro-projectile bombardment of

plant cells; vacuum infiltration; and Agrobacterium-mediated transformation. Typical
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procedures for transforming and regenerating plants are described in the patent documents

listed above.

[0104] Following transformation, transformants are preferably selected using a dominant
selectable marker. Typically, such a marker will confer antibiotic or herbicide resistance on
the seedlings of transformed plants, and selection of transformants can be accomplished by
exposing the seedlings to appropriate concentrations of the antibiotic or herbicide. After
transformed plants are selected and grown the plant can be assayed for expression of
recombinant proteins, increased grain protein content, using a near-infrared reflectance
equipment (Technicon InfraAnalyzer model 400), micro-Kjeldahl (Bradford 1976) or other
protein assays well known to those of skill in the art. Similarly, onset of senescence can be
detected by assaying for chlorophyll content using standard procedures described for example
in Jing, HC et al., The Plant Journal, 32:51-63 (2002) and Woo, HR et al., The Plant Journal,
31:331-340 (2002)

Uses of the Non-naturally Occurring Plants of the Invention

[0105] The non-naturally occurring plants of the invention have many uses, including
increased or decreased grain protein content and delay or acceleration in the onset of
senescence. Non-naturally occurring plants include transgenic plants and plants produced by

non transgenic means such as plant breeding.

[0106] The non-naturally occurring plants of the invention are useful in that they exhibit
altered grain protein content. As defined herein, altered grain protein content means that the
transgenic plant will have higher or lower grain protein content than a comparable non-

transgenic plant.

[0107] Other transgenic plants of the invention are useful in that they exhibit an altered rate
of senescence. As defined herein, an altered rate of senescence means that the transgenic

plant will senesce at a slower or higher rate than a comparable non-transgenic plant.

[0108] The protein coding sequence linked to the NAC promoter may be also any
heterologous protein. Heterologous proteins useful in the invention include proteins encoded
by polynucleotides from any source, natural or synthetic. Suitable coding regions encode
animal RNAs or polypeptides, as well as variants, fragments and derivatives thereof. The
encoded products may be recovered for use outside the host plant cell (e.g., therapeutically

active products) or they may alter the phenotype of the host plant cell (e.g., conferring disease
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resistance, the ability to survive or grow in the presence of particular substrates). Examples

of such coding regions include polynucleotides derived from vertebrates, such as mammalian
coding regions for RNAs (e.g., small interfering RNAs (siRNAs) anti-sense RNAs,
ribozymes, and chimeric RNAs having ribozyme structure and activity) or polypeptides (e.g.,
human polypeptide coding regions). Other coding regions useful in the inventive methods
are derived from invertebrates (e.g., insects), plants (e.g., crop plants), and other life forms
such as yeast, fungi and bacteria. The heterologous proteins which find particular use in the
invention include those that provide resistance to plant pests, facilitate translocation of
nutrients, provide resistance to stresses typical of the summer: heat and dehydration, etc.
Such protein sequences are available in the literature and known to those of skill in the art.
Representative proteins of interest are described and disclosed in Plant Biochemistry and
Molecular Biology, 2nd Edition, Peter Lea and Richard C. Leegood editors; Plant Molecular
Biology Second Edition; D. Grierson , S.N. Covey John Innes Institute, Norwich, UK Kluwer
Academic Publishers, Dordrecht April 1991 and Biochemistry & Molecular Biology of
Plants, edited, Bob B. Buchanan, Wilhelm Gruissem, and Russell L. Jones; John Wiley and

Sons, Publishers, 2001, all of which are hereby incorporated by reference in their entirety.
Plants Produced by Plant Breeding

[0109] Results presented here demonstrated that the allelic variation at the NAC gene is
responsible for the variation of GPC and senescence in wheat. Therefore, allelic variation at
the NAC gene can be used as a molecular marker for GPC and senescence in marker assisted

selection programs.

[0110] These markers can be used to transfer different NAC alleles into different
germplasm by marker-assisted selection. They can also be used to determine the different
haplotypes present in this region in the cultivated wheats and to establish a classification of
the different haplotypes. This characterization will be useful to determine the value of the

different haplotypes for grain protein content.

[0111] This invention will be better understood by reference to the following non-limiting

examples.
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EXAMPLE 1: Identification of gene responsible for high grain protein content in wheat
[0112] Background Efforts to improve GPC without selecting for low yield can be
accelerated by the identification of the genes that affect GPC and the direct selection of the

alleles with positive effects.

[0113] A promising source of high GPC was detected in a survey of wild populations of
tetraploid Triticum turgidum ssp. dicoccoides (accession FA-15-3) referred as dicoccoides or
DIC hereafter (Avivi, L., Indian Soc. Genet. Plant Breed., New Delhi, pp. 372-380 (1978)).
Cantrell, R.G., and L.R. Joppa., Crop Science 31:645-649 (1991) developed complete sets of
disomic substitution lines from each of the chromosomes of this dicoccoides accession into
the tetraploid durum cultivar Langdon (LDN). The substitution of the complete chromosome
6B of DIC into LDN [LDN(DIC-6B)] showed the highest protein yield. This significant
increase in GPC was not associated with a significant decrease in grain yield or kernel weight
(Cantrell, R.G., and L.R. Joppa., Crop Science 31:645-649 (1991)). Moreover, the increase
in protein content in LDN(DIC-6B) was associated with an increase in the quality of the
pasta products (Joppa, L.R., Crop Science, 31:1513-1517 (1991)). When introduced into
adapted durum germplasm, the DIC allele was also associated with an increase in protein
content (15 g/Kg) with non significant effects on protein quality, plant height, or heading date
(Chee, P., Crop Science 41:295-301 (2001)).

[0114] The evaluation of a mapping population of recombinant substitution lines (RSLs)
from the cross between LDN(DIC-6B) x LDN, showed that the increase in GPC in
LDN(DIC-6B) was associated with a quantitative trait locus (QTL) located on the short arm
of chromosome 6B (Joppa, L.R., Crop Science, 37:1586-1589 (1997)) . This QTL, designated
QGpc.ndsu.6Bb, accounted for approximately 66% of variation in GPC in this cross,
suggesting that a single gene or a closely linked group of genes was segregating in this

population.

[0115] Other QTL studies have shown significant effects on GPC associated with markers
located in similar regions of the short arms of homeologous group 6. The Xpsr167 marker on
chromosome arm 6AS (R*=18.4%) and the Nor-B2 marker on chromosome arm 6BS
(R?=6.5%) were significantly associated with GPC in a cross between durum wheat cultivar
"Messapia' and a wild dicoccoides accession MG4343 (Blanco, A., et al., Plant Molecular
Biology 48:615-623 (2002)). A significant QTL for GPC on chromosome arm 6AS in
hexaploid wheat was found to be associated with AFLP marker XE38M60200 (R2=17.1%)
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(Sourdille, P., et al., Theoretical & Applied Genetics 106:530-538 (2003)). Finally, QTLs for

high-GPC were reported in barley chromosome 6HS associated with GPC (Mickelson, S., et
al., Journal of Experimental Botany 54:801-812 (2003); See, D., et al., Crop Science, 42:680-
685 (2002)). These studies suggest that a major gene affecting GPC in the Triticeae is

probably located in the short arms of the chromosomes from homoeologous group 6.

[0116] Development of PCR markers for the high GPC gene into tetraploid and
hexaploid wheat cultivars (Khan, I. A., et al., Crop Science 40: 518-524 (2000)) Two sets
of PCR primers were designed to amplify regions of the non-transcribed spacer of the XNor-
B2 locus. This locus was selected because it mapped on the peak of the QTL for GPC. The
first pair of allele specific primers produced an amplification product only when the DIC
XNor-B2 allele was present. The second pair of primers amplified fragment(s) of similar
length in the different genotypes that after digestion with the restriction enzyme Bam HI
allowed differentiation of the DIC allele. Four microsatellites markers were mapped on the
short arm of chromosome 6B at both sides of the QTL peak and two on the long arm. These
PCR markers together with 10 RFLP markers showed that the hexaploid cultivar Glupro,
selected for high GPC, carries a distal segment of chromosome 6BL and a proximal segment
of 6BS from dicoccoides accession FA15-3 encompassing the segment with highest LOD
score for the GPC QTL. These results demonstrated that the introgression of the DIC allele

into common wheat varieties also produced high GPC levels.

[0117] Construction and characterization of a BAC library of tetraploid recombinant
substitution line of durum wheat cultivar 'Langdon’' carrying a 30 cM segment of
chromosome 6BS from DIC carrying the allele for high grain protein content (Cenci,
A., Theor Appl Genet 107:931-939 (2003)) A total of 516,096 clones were organized in 1344
384-well plates and blotted into 28 high-density filters. The average insert size of 500
randomly selected BAC clones was 131-kb, resulting in a coverage of 5.1 X genome
equivalents for each of the two genomes, and a 99.4% probability of recovering any gene
from each of the two genomes of durum wheat. Six known copy number probes were used to
validate this theoretical coverage and gave an estimated coverage of 5.8 X genome
equivalents. The main objective for the construction of this BAC library was the positional

cloning of the GPC gene for high grain protein content.

[0118] Detailed mapping of the GPC gene (Olmos S, et al., Theor. Appl. Genet.
107:1243-1251 (2003)) A larger set of secondary recombinant substitution lines with
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recombination events within the QGpc.ndsu.6Bb QTL region and field trials with large

number of replications to map the source of the variation in GPC as a single Mendelian locus
designated Gpc-B1 (GPC-B1 gene). This locus was mapped within a 2.7-cM region
encompassed by restriction fragment length polymorphism (RFLP) loci Xcdo365 and
Xucw67.

[0119] The precise mapping of the Gpc-B1 locus was followed by a study on the
microcolinearity between rice and wheat in the Gpe-B1 region (Distelfeld A. et al.,
Functional and Integrative Genomics. 4: 59-66 (2004)). This study facilitated the use of rice
as a stepping stone for the development of new markers and for the construction of a high-
density map of the region. This approach enabled to narrow down the mapping of the Gpc-B1
locus to a 0.3-cM region flanked by PCR markers for loci Xucw79 and Xucw?71, which
corresponds to a 64-kb region in rice genome located within Nipponbare BAC AP004061.

[0120] Physiological study comparing the tetraploid recombinant substitution line #68
(RSL#68) carrying the Gpe-B1 allele from high GPC (DIC) and the near isogenic line
Langdon with the allele for low GPC. Immediately after anthesis RSL#68 had higher
soluble protein and amino acids concentrations in the flag leaf than the isogenic line
Langdon. At maturity, both lines presented a similar above ground biomass and grain yield.
However, RSL#68 showed a higher total N content in ears, grain, and chaff than Langdon; N
harvest index was also higher due to a lower straw N concentration and higher grain N
concentration. It was concluded that the presence of the DIC Gpc-B1 allele resulted in a more

efficient N remobilization from the leaves to the ears during grain filling.

[0121] Using the tetraploid wheat BAC library and the high-density map we constructed a
complete physical map of the Gpc-B1 region including the allele from DIC for high GPC
(Distelfeld A. et al., New Phytologist, 169:753-763 (2006)). The chromosome walk was
initiated with the closest proximal marker (Xucw?71) and was completed with the
identification of overlapping BACs 409D13 and 916017 that formed a contig of
approximately 250-kb that includes Xuhw84. The Xuhw89 locus corresponding to the distal
end of BAC clone 916017 was mapped 0.1 ¢cM distal to the Gpc-B1 locus. Based on these
results it was concluded that the GPC-B1 gene is located within the 250-kb physical contig
delimited by loci Xucw71 and Xuhw89. A high-throughput PCR marker was developed for

the Xuhw89 locus to facilitate the introgression of this gene into commercial varieties by
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marker assisted selection. The polymorphism for the Xuhw89 locus was validated in a large

collection of tetraploid and hexaploid wheat germplasm.
[0122] Identification of WNAC-1 as the gene responsible for high GPC

[0123] Sequencing of the Gpc-B1 physical contig The BACs 409D13 (1030 sub-clones
both directions, 10.8x coverage) and 916017 (1270 sub-clones both directions, 20x coverage)
were sequenced from the RSL#65 BAC library. These two BACs included the Gpe-Bl
flanking loci Xuhw89 and Xucw71 and therefore, the Gpc-B1 gene. The ends of these two
BACs overlapped on a 32,224-bp region (100% identical) confirming the connection

predicted by the physical map. The sequence of the complete contig was approximately 245~
kb.

[0124] BAC 409D13 proximal end included part of wheat gene UCW96 (Fig. 1). Wheat
gene UCW96 was separated by 856-bp from gene UCW71 which was also close (1142-bp) to
gene UHW84. These three wheat genes were in the same orientation as the colinear rice
genes 2474.123, 22474.122 and 2474.t14, which where the most similar genes in the rice
genome, confirming that these three pairs of genes were orthologous (Fig. 1). The region
between 22474.t22 and 2474.t14 was larger in rice and included an additional gene
22474117, which was mapped in a different wheat chromosome (5L). A non-colinear wheat
gene, designated UCW97, was predicted by Genscan 7,440-bp distal to UHW84. The
predicted UCW97 protein includes a leucine-rich repeat (LRR), ribonuclease inhibitor (RI)-
like domain (amino acids 278-448, ¢cd00116, E=5¢-6) and also showed similarity to a leucine-
rich repeat (LRR) (domain COG4886, E=1e-8) between amino acids 504 to 831. This
predicted gene was not supported by ESTs. The best match in the Triticum EST collection
CA733412.1, showed a low level of identity (84%) to be considered a real orthologue.

[0125] An additional wheat gene that was not colinear with the rice genes was identified
38.6-kb distal to UCW97 in BAC 409D13. This putative wheat gene, designated UCW87
(SEQ ID NOS:15 and 16), includes a Rhamnogalacturonate lyase domain (pfam06045, first
190 amino acids, E= le-56). This domain is characteristic of proteins that degrade the
rhamnogalacturonan I (RG-I) backbone of pectin. This family contains mainly members
from plants, but also contains the plant pathogen Erwinia chrysanthemi. The closest
homologues in plants are Arabidopsis NP_172459.1 (68% similarity, E= 0) and rice
BACBX000498 (79% similar, E= 0, chromosome 12). The wheat protein differs from both

the rice and the Arabidopsis genes by the absence of introns three to seven. The large exon
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three from the predicted wheat protein corresponds to exons three to eight in the rice and

Arabidopsis putative orthologous proteins.

[0126] BAC 916017 revealed the presence of one additional wheat gene that was not
colinear with the rice genes. This gene designated WNAC-B1 (SEQ ID NOS:1 and 2)
includes a NAM domain (pfam 02365, E=2e-57) characteristic of a large family of plant
NAC transcription factors. Reported herein are also the orthologous WNAC-1 copies for the
A genome (SEQ ID NOS:5 and 6), D genome (SEQ ID NOS:7 and 8), and H genome from
barley (SEQ ID NOS:11 and 12). A paralogous copy of this gene designated WNAC-B2
(SEQ ID NOS:9 and 10) was mapped in the centromeric region of the short arm of wheat
homoeologous group 2B using deletion lines. This paralogous gene is 91% identical at the
DNA level to WNAC-B1 suggesting a relatively recent duplication. The paralogous WNAC-
2 copy was also found in barley (Figure 4, SEQ ID NO:13 and 14). The closest rice gene in
rice is OsNACS5, which was mapped on rice chromosome 7 (BAC AP003932) in a region
colinear to the centromeric bin of the short arm of wheat chromosome 2. This result suggests
that the WNAC-2 copy in wheat is the ancestral gene and that the WNAC-1 is the result of a
duplication that occurred in the Triticeae lineage after the Triticeae —rice divergence but
before the wheat - barley divergence. The closest rice gene in rice in further described in
Example 3. The Arabidopsis NAC genes more closely related to the WNAC-1 gene belong
to the NAP subgroup (Ooka, H., et al., DNA Research 10:239-247 (2003)).

[0127] Screening for additional recombinant lines to reduce the number of candidate genes
To further reduce the list of candidate genes a total of 3,000 gametes from the cross LDN x
RSL65 were screened. F2-3 lines to identify recombinants between flanking markers
Xuhw89 and Xucw?71. Only 4 lines showed recombination between flanking markers
Xuhw89 and Xucw71: RSL121, RSL152, RSL300, and RSL28 (Table 1).

Table 1. Molecular characterization of critical recombinant lines and linkage with the
phenotype (Gpc-B1 locus) for high grain protein content.

UHW

UCW UCW  Xuhw ucw  Ucw ucw  ucw
RSL WNAC o BI

79 83 89 I 87 97 71 96
121 L D -HighGPC. D. D D D D
300 | DD Hghec D. L L L L
152 . D D HighGPC D D L L
28 D . D HighGPC D L L
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* D= DIC alleles, L= LDN alleles. A change between gray and white cells indicates a

recombination event.

[0128] The Gpc-B1 genotype can be accurately evaluated using near isogenic lines
segregating only for the 30-cM of the GPC QTL region, combined with 10 replications (1 m
rows) organized in a split plot experimental designs (Olmos S., et al., Theor. Appl. Genet.
107:1243-1251 (2003)). The same procedures were used to evaluate the critical lines in at
least two independent experiments (Table 1). A line was classified as low-GPC if it was
simultaneously significantly lower (P<0.01) than the high-GPC group and non-significantly
(NS) different from the low-GPC group. A line was classified as high-GPC if it was
simultaneously significantly higher (P<0.01) than the low-GPC control group and NS
different from the high-GPC control group. To further validate the GPC determinations the
critical lines were backcrossed again to Langdon (low GPC) and sister homozygous lines

from the progeny with alternative alleles were compared against each other.

[0129] For example, 19 independent RSL300-derived homozygous recombinant lines were
compared to both high- (P= 0.9478) and low-GPC controls (P<0.001) and also to sister
RSL300 lines for which the non recombinant chromosome DIC segment was fixed
(P=0.6394). These results demonstrated that the recombinant chromosome in RSL300 carries
the WNAC-B1a allele for high grain protein, and therefore eliminated UCW97 and UHW 84

as candidate genes for the Gpc-B1 locus.

[0130] In summary, the high-density genetic map combined with the sequencing of the
physical contig showed that the Gpe-B1 locus is proximal to the Xuhw89 locus and distal to
the Xucw97 locus (Table 1). Only the WNAC-1 gene and the UCW87 putative gene were
completely linked to the segregation for GPC and therefore, were the only candidate genes
for the Gpc-B1 locus.

[0131] Allelic variation at the WNAC-1 and UCW87 candidate genes To determine which
of these two genes is Gpc-B1, the allelic variation between the DIC (high-protein parent) and
LDN (low protein parent) was analyzed for both the UCW87 and WNAC-B1 candidate genes

from chromosome 6B.

[0132] UCWS87: The DNA genomic sequence of wheat UCW87 for both LDN and DIC

alleles showed that the large exon 3 from wheat corresponded to exons 3 to 8 in the rice and
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Arabidopsis closely related genes (SEQ ID NOS:15 and 17). It is not known if this large

structural change affected the functionality of this wheat gene.

[0133] The predicted UCWS87 protein from the high-GPC parent (SEQ ID NO:16) shows
only one amino acid difference relative to the predicted protein of the low-GPC parent (LDN,
SEQ ID NO:18). This K (DIC) to N (LDN) mutation is outside the functional
Rhamnogalacturonate lyase domain and therefore is not likely to affect the function of this
domain. In addition, this mutation involves two polar amino acids with similar
hydrophobicity and has therefore, a low probability to alter the protein folding. A K to N
mutation is regarded as neutral in the BLOSUM 62 matrix for amino acid substitutions.
Finally, a BLASTP analysis of the most similar proteins to UCW87 revealed that the
polymorphic K /N amino acids are not located in a conserved position in the protein,

suggesting that this amino acid is not critical for the protein function.

[0134] In summary, the single amino acid substitution observed between the LDN and DIC
UCWR8T7 proteins does not seem to be sufficient to explain the large phenotypic differences

observed between the parental lines.

[0135] WNAC-B1: On the contrary, a significant difference was observed between the
LDN and DIC alleles for the 6BS WNAC-B1gene. The DIC allele for WNAC-B1, designated
WNAC-B1a hereafter (SEQ ID NO:1), showed the five conserved domains characteristic of
the NAC transcription factors (SEQ ID NO:2). However, the LDN allele, designated
WNAC-B1b showed a 1-bp T insertion after the first 10-bp of the gene (Figure 4, SEQ ID
NO:3) that results in a frame-shift mutation that completely alter the WNAC-1 protein after
the third amino acid (SEQ ID NO:4). This mutation is sufficient to produce a non-functional
protein for the B genome copy of this transcription factor. Even though there is a second
functional copy of the WNAC-1 transcription factor in the A genome, the abundance of
functional WNAC-1 protein would be reduced in the plants carrying the LDN allele.

[0136] The WNAC-BI1bD allele associated with low protein content is widely distributed
among the cultivated durum varieties. A survey of a world collection of 54 durum lines
(Maccaferri, et al., Theor App! Genet 107:783-797 (2003)) with a molecular marker for the
frame-shift mutation revealed that all the tested durum cultivated varieties have the non
functional WNAC-B1b allele for low protein content (Table 2). This result indicates that the
introduction of the WNAC-B1a allele from DIC into the cultivated durum varieties has the

potential to increase GPC in a large set of tetraploid varieties.
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Table 2. Durum varieties carrying the WNAC-B1b allele with the frame-shift mutation.

VARIETY COUNTRY  VARIETY  COUNTRY VARIETY COUNTRY

Dunfati Ofanto ITALY Khiar TUNISIA
Edolic Russello sg7 ITALY Aldura USA
Durfort FRANCE San carlo ITALY Aruba USA
Exeldur FRANCE Saragolla ITALY Colorado  USA
Nefer FRANCE Trinakria - ITALY Duraking USA
Neodur FRANCE Valbelice ITALY Durex USA
Minos GREECE Valforte ITALY Imperial USA
Adamello ITALY Valnova ITALY Kofa USA
Appio ITALY Varano ITALY Kronos USA
Capelli ITALY Zenit ITALY Langdon  USA
Ciccio ITALY Appulo ITALY Leeds USA
Cirillo ITALY Vitron SPAIN Ocotillo USA
Colosseo ITALY Aconchi 89 MEXICO Produra USA
Duilio ITALY Altar 84 MEXICO Reva USA
Karel ITALY Carcomun 's' MEXICO Ria USA
L35 ITALY Mexicali 75 MEXICO UC1112 USA
Latino ITALY Inrat 69 TUNISIA UC1113 USA
Messapia ITALY Karim TUNISIA Wb 881 USA

[0137] Two isogenic lines of tetraploid wheat were developed by backcrossing the WNAC-
Bla allele into the durum lines Kofa and UC1113 (which have the nonfunctional WNAC-
B1b allele) by six backcross generations followed by selection of homologous lines using
molecular markers. In a Randomized Complete Block Design (RCBD) experiment with 10
replications (Buenos Aires, Argentina, 2004) it was demonstrated that the lines with the
introgressed WNAC-B1a allele showed significantly higher levels of PC than the isogenic

lines with the allele originally present in those varieties (Table 3).

[0138] The introduction of the DIC 6BS segment including the WNAC-B1a allele has been
also shown to increase GPC when introduced into hexaploid wheat (Mesfin, A., R.C.
Frohberg, and J.A. Anderson, Crop Science, 39:508-513 (1999), Khan, L. A., et al., Crop
Science 40: 518-524 (2000)). Two additional isogenic lines of hexaploid wheat were
developed by backcrossing the WNAC-B1a allele into the high-protein HRS breeding line
UC1041 and the low-protein HRS variety RSI5. The isogenic lines were developed by six
backcross generations followed by selection of homozygous lines using molecular markers,
and compared using a split plot design experiment with 20 replications in the field (Davis,
CA 2004). In this experiment, the lines with the introgressed WNAC-B1a allele showed
significantly higher levels of GPC than the isogenic lines with the allele originally present in

those varieties. The incorporation of the DIC allele resulted in a grain protein content
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increase of 0.5% in UC1041 (from 14.2 to 14.7%, P=0.001) and of 1.6% in RSI5 (from

11.9% to 13.5%, P<0.0001). These results confirmed the potential of the WNAC-Bla allele

from DIC to increase protein content in hexaploid wheat, both in lines of low and high-GPC.

[0139] The introduction of the DIC 6BS segment including the WNAC-B1a allele has been
also shown to increase GPC when introduced into hexaploid wheat (Mesfin, A., R.C.
Frohberg, and J.A. Anderson, Crop Science, 39:508-513 (1999); Khan, I. A., et al., Crop
Science 40: 518-524 (2000)). Six additional isogenic lines of hexaploid wheat were
developed by backcrossing the WNAC-B1a allele into the high-protein HRS‘ breeding lines
and varieties UC1037, UC1041, Express, and Yecora Rojo and the low-protein HRS varieties
Anza and RSI5. The isogenic lines were developed by six backcross generations followed by
selection of homozygous lines using molecular markers. UC1041 and RSI5 were compared
using a split plot design experiment with 20 replications in the field at Davis, CA (2004); and
in an RCBD experiment with 10 replications at Buenos Airs, Argentina (2004). The other
isogenic lines were tested only in the second location. In both experiments, the lines with the
introgressed WNAC-B1a allele showed significantly higher levels of GPC than the isogenic
lines with the allele originally present in those varieties (Table 3). These results confirmed
the potential of the WNAC-B1a allele from DIC to increase protein content in hexaploid
wheat, both in lines of low and high-GPC.

Table 3. Effect of the WNA C—.B] b on GPC in different genetic backgrounds.
Davis, CA, USA (04): Split Plot design, 20 replications. Buenos Argentina 04: RCBD 10

replications.
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VARIETY Class % Protein Relative Significance
Gpc-Blb Gpc-Bla Increase P value

Davis, CA 04
UC1041 HRS 14.2 % 14.7 % 3.5% 0.0011
RSI5 HRS 11.9% 13.5% 13.4 % <0.0001

Argentina 04
UC1041 HRS 13.0% 14.2 % 9.4 % <0.0001
RSI5 HRS 10.9 % 12.0 % 10.1 % 0.0014
Express HRS 12.2 % 13.2% 8.0% 0.0002
UcC1037 HRS 12.8 % 13.7% 7.4 % 0.0075
Anza HRS 10.8 % 11.8 % 8.5 % 0.0003
Yecora Rojo HRS 12.4 % 13.1 % 51% 0.0300
Kofa Durum 12.9 % 142 % 10.6 % 0.0007
UC1113 Durum 11.8 % 13.5% 13.9% <0.0001
Average 9.0% Increase GPC

[0140] Transcription profile of the candidate genes. The process of N remobilization in
wheat is regulated at the leaves and ears rather than at the grain level (Barneix, A. J., and M.
R. Guitman, J. Exp. Bot. 44:1607-1612 (1993), Martre, P., et al., Plant Physiol. 133:1959-
1967 (2003)). The GPC-B1 gene, follows this general principle as demonstrated by the
increased availability of soluble amino acids and proteins in the flag leaves of lines with the
WNAC-B1a allele relative to the lines with the WNAC-B1b allele. This increased
concentration of proteins and amino acids in a form that can be readily transported to the
grain provides a simple explanation to the increased grain protein content and lower straw

residual N observed in the lines carrying the WNAC-B1a allele.

[0141] Since the differences in soluble proteins and amino acids were detected after
anthesis but not in younger leaves, the candidate gene for the Gpc-B1 locus was expected to

show some differences in the flag leaves around the time of anthesis.

[0142] No transcripts of UCWS87 were observed in the flag leaves or other leaves of LDN
or DIC at the time of anthesis. Transcripts were detected only with the UCW87 primers in
developing seeds. These results indicate that UCW87 is not transcribed in the critical tissues

and at the developmental stages expected for the GPC-B1 gene.

[0143] On the contrary WNAC-B1 showed the expected transcription profile based on the
physiological experiments. Transcription of the WNAC-Bla, WNAC-B1b, WNAC-A1, and
WNAC-B2 dramatically increased in the flag leaves after anthesis and during maturity (Fig.
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2, lanes 3-5). No transcripts for the WNAC-1 genes were detected in earlier developmental

stages in young green leaves. However a low level of transcripts was detected in senescing

yellowing leaves (Fig. 2, lane 6).

[0144] Based on their natural allelic variation, transcription profiles, and the predicted
function of orthologous genes in other plant species, UCW87 was eliminated as a candidate
for the Gpc-B1 locus and concluded that WNAC-B1 is Gpc-Bl.

EXAMPLE 2: Effect of the allelic variation at the Gpc-B1 locus on senescence.

[0145] Allelic variation at the Gpc-B1 locus has other effects in addition to the observed
difference in GPC. A field study comparing several RSLs carrying the WNAC-B1a allele
with other carrying the WNAC-B1b allele (Davis, CA, 2004, split plot design, 20 blocks)
showed that the lines with the WNAC-B1a senesce faster than the lines with the WNAC-B1b
allele after anthesis. No significant differences were detected in ear emergence or time of
anthesis between the two alleles indicating that the differences in maturation were due to
differences in senescence/maturation rates. A few days after the first symptoms of
senescence, the RSLs with the WNAC-B1a allele showed a significantly higher percent of
yellow peduncles (P<0.001) and a significantly lower water content in the spikes (P<0.001)
than the lines with the WNAC-B1b allele. Lines with WNAC-B1a allele had an average
humidity of 25.9% versus lines with LDN allele that had average of 29.5%.

[0146] The acceleration in the senescence process in the plants with the WNAC-B1a allele
is consistent with the higher levels of soluble proteins and amino acids observed in the flag
leaves of the plants with this allele relative to the plants with the WNAC-B1b allele. Soluble
proteins are the results of degradation of structural or storage proteins into a form that can be
transported to the grain. These results suggest that the WNAC-1 gene plays a significant role
in the regulation of the senescence process. It is possible, that the observed difference in
grain protein content is one of the multiple effects generated by the differences in senescence

rates.

[0147] The Arabidopsis NAC genes more closely related to the WNAC-B1 gene have been
shown to be upregulated during dark induced (Lin J. -F., S. -H. Wu, The Plant Journal
39:612-628 (2004)) and natural senescence (Guo, Y., Plant Cell and Environment 27:521-
549 (2004)) in leaves. The initiation of WNAC-1 transcription in the flag leaves after

anthesis is also consistent with the proposed role in the regulation of senescence.
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[0148] The RSLs tested in the senescence experiment included the critical lines RSL28 and

RSL121 facilitating a precise mapping of the difference in senescence. The locus regulating
the differences in senescence was mapped between flanking loci Xuhw89 and Xucw71
(Table 1) and completely linked to the WNAC-1 gene. It appears that the different amounts
of functional WNAC-1 protein generated by the frame shift mutation were responsible for
both the differences in maturity and the differences in GPC content. In conclusion, the
modulation of the transcript levels of the WNAC-B1 gene can be used to alter both grain

protein content and also the rate of leaf senescence in wheat and other cereals.

EXAMPLE 3: WNAC-BI1 orthologues in rice and maize.
[0149] WNAC-BI1 orthologue in rice.

[0150] The complete genomic sequence of rice was searched to identify the closest-
homologue of WNAC-BI in rice (SEQ ID NOS:28 and 29). One rice NAC protein was
identified (OsNAC) that had 98% similarity to WNAC-BI1 at the protein level within the
NAC domain (115 of 117 amino acid residues). This high level of similarity dropped to 84%
with the second highest score in the blast search (OsNAC-4). Figure 4 displays a multiple
sequence alignment of the 75 NAC proteins previously reported by Ooka, H., et al., DNA
Research 10:239-247 (2003) and the wheat WNAC-B1 protein, followed by a phylogenetic
analysis (neighbor-joining method). OsNAC and WNAC-B1 clustered together, while
OsNAC-A and all the other rice NAC proteins were located on separate branches (complete

tree not shown).

[0151] In addition, the promoter region of the WNAC-BI and OsNAC genes was analyzed
to find common regulatory elements. A 40-bp segment with perfect conservation between
OsNAC, WNAC-B1 and homoeoallele WNAC-A1 was found. Within this conserved segment,
an ABRE-like motif (ACGTG) was identified. This motif has previously been shown to be
required for senescence responsive gene expression in the erdl promoter of Arabidopsis
(Simpson et al, 2003). This study also identified an ACG motif 40 bp downstream that was
required (along with the ABRE-like motif) to promote senescence associated erd1
expression. These two motifs are perfectly conserved and separated by similar distance (38-
40 bp) in the rice, wheat and barley promoters for the WNAC-BI orthologues. The two
presented sources of evidence strongly support the hypothesis that OsNAC is the single
orthologue of WNAC-BI in rice.

33



10

15

20

25

30

WO 2006/124752 PCT/US2006/018686
[0152] The rice orthologue OsNAC is located on chromosome 7, which is collinear with

wheat chromosome 2. WNAC-BI maps to wheat chromosome 6, but has a paralogous copy
(WNAC-B2) on wheat chromosome 2. This gene, WNAC-B2, is in perfect colinearity with the
rice OsNAC gene and therefore, the original gene that was cloned from wheat chromosome 6
is product of a duplication event that occurred in wheat, but was absent in rice. A QTL for
rice soluble protein content in senescing leaf blade was mapped near marker R1357 which is
located 1.6 cM proximal to OsNAC (Obara et al. 2001), while Tan et al (2001) mapped a
QTL for rice GPC 3.6 cM distal to OsNAC. This collinear location between the wheat and
rice NAC genes, along with the colocalization of equivalent QTLs in this region, further
supports the hypothesis that OsNAC and WNAC-B1 are orthologues that share a similar

function.

[0153] Additional evidence is provided by the fact that OsNAC shares similar expression
patterns as WNAC-BI (Figure 5), with no detectable expression in any tissue until the days
prior to anthesis. An electronic search for EST sequences of OsNAC before anthesis or in
other tissues was negative, with the only EST identified belonging to a library developed
from leaf tissue after anthesis. Taking together the conserved promoter motifs, the sequence
similarity, their collinear location on the wheat and rice chromosomes and their similar
expression profiles, these results strongly suggest that rice OsNAC is the unique orthologue of
wheat WNAC-BI1.

[0154] WNAC-B1 orthologue in maize.

[0155] The latest version of the maize genome assembly at the Plant Genome Database
(http://www.plantgdb.org) was searched. This search identified a GSS contig (SEQ ID
NOS:30 and 31) that encodes a protein (ZmNAC) which has 100% similarity to WNAC-B1
at the protein level within the NAC domain (117 of 117 amino acid residues). This high level
of conservation within the NAC domain is even higher than that found for the rice orthologue
(OsNAC) providing evidence that this protein (ZmNAC) is an orthologue of the wheat
WNAC-B1 protein. The possibility for other WNAC-B1 orthologues in maize exists,
although ZmNAC is the most likely true orthologue to WNAC-B1 due to its high

conservation within the functional NAC domain.

EXAMPLE 4. Effect of the allelic variation at the WNAC-B1 locus on senescence.
[0156] To further asses the senescence phenotype, a time-course of chlorophyll content in

the flag leaves of plants grown under field conditions was established (Fig. 6b). Plants with
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the WNAC-BIa allele underwent earlier chlorophyll degradation than plants with the WNAC-

B1b allele, starting 19 days after anthesis (DAA). Significant differences in flag leaf
chlorophyll content were detected in the measurements performed at 24 DAA (P <0.006), 26
DAA (P <0.002), 28 DAA (P <0.001) and 32 DAA.(P <0.001). Measurements for both
alleles converged when the flag leaves were completely yellow (35 DAA). No differences
were detected between RSLs and controls in the time of anthesis. The average GPC increase
in the RSLs with the WNAC-BIa allele relative to the lines with the WNAC-B1b allele was 12
g/ kg (P <0.001, Fig. 2a), confirming that the conditions were appropriate for the expression
of the differences attributable to the Gpc-B1I locus.

EXAMPLE 5. Effect of WNAC-B1 on senescence in tetraploid and hexaploid isogenic
lines.

[0157] The effect of WNAC-BI in different genetic backgrounds was tested in three
hexaploid (Anza, RSI5, and UC1041) and one tetraploid (Kofa) pairs of isogenic lines
(BCq¢Fs). The presence of the WNAC-Bla allele significantly increased GPC (P <0.01) in the
three hexaploid isogenic lines (Anza, RSI5, UC1041) with respect to the recurrent parent by
an average of 12.1 gkg”. The tetraploid line Kofa carrying the WNAC-Bla allele showed a
smaller increase of GPC (3.3 gkg™, P = 0.26) relative to the recurrent parent (a high-protein

content variety), and the differences were not significant in this experiment.

[0158] In all four genetic backgrounds, the chlorophyll degradation time-course (Fig. 7)
showed more rapid chlorophyll degradation in the lines with the WNAC-BIa allele than in the
isogenic lines with the recurrent parent allele. These differences were not originated in
flowering time variability since the lines for each isogenic pair reached anthesis at the same
time. During the first 20-30 DAA no significant differences in chlorophyll content were
detected in the flag leaves, but after that, chlorophyll degradation was faster in the isogenic
lines carrying the WNAC-Bla allele (Fig. 7, grey lines with open squares) as compared with
the original recurrent parent (Fig. 7, black lines with full squares). These differences were
similar across genotypes, with the isogenic lines carrying the WNAC-B1a allele being on
average 3-4 days more advanced in their senescence process than the corresponding recurrent
parent. The significant differences in chlorophyll content (P <0.05, indicated by arrows in
Fig. 7) were maintained until the flag leaves of the isogenic pairs approached complete

yellowing.
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[0159] In addition to chlorophyll degradation, the progression of grain moisture content

was measured leading to the observation that the isogenic lines with the WNAC-Bla allele
presented significantly lower grain moisture content than the isogenic lines with the recurrent
parent allele (P <0.05, Fig. 4). Although isogenic lines of UC1041 were not included in Fig.
8, they also showed significant differences in grain moisture content (P = 0.02) between the
recurrent UC1041 line (20.2 % moisture content) and the UC1041 isogenic line carrying the
WNAC-Bl1a allele (8.9% moisture content). These results indicate that the more rapid
chlorophyll degradation in the isogenic lines carrying the WNAC-Bla allele was associated
with a shorter grain filling period in all four genotypes. This result is consistent with those

observed in the tetraploid recombinant substitution lines (Fig. 6).

EXAMPLE 6. Modulation of senescence by altering the expression levels of WNAC
using a transgenic approach.

[0160] The RNAI construct was made in the binary vector pMCG161 provided by V.
Chandler and built using pPCAMBIA 1200. The pMCG161 vector is depicted in Figure 13
and described on The Plant Chromatin Database website accessible at
http://www.chromdb.org/. This vector contains a cassette designed for making inverted
repeat transcripts of a gene, flanking loop, which should efficiently produce a double
stranded RNA. Expression of the transgene is driven by the 35S promoter followed by the
Adhl intron. A 475-bp construct was made from the functional WNAC-A1 (832-bp to TGA
stop codon plus 88-bp from the 5' UTR) in the sense orientation between restriction sites
AscI-AvrlIl and in antisense orientation between restriction sites Sgfl-Spel. The cloned
region excluded the NAC domain to avoid silencing of other NAC genes. The engineered
plasmid was co-transformed with UBI:BAR into immature embryos of Bobwhite, a hard

white spring wheat, by electrophoresis.

[0161] To validate WNAC-B1 as the gene responsible for the differences in senescence
observed in the RSLs (Fig. 6a), an RNAi construct was designed that was expected to
decrease transcript levels for the WNAC copies on all three genomes (A, B and D), as well as
on homologous group 2. A delay in senescence was expected to result in transgenic lines with
reduced expression of the WNAC genes, similar to the delay of 4-5 days seen in RSLs with
the non-functional WNAC-BI1b allele (Fig. 6a). Two independent T transgenic events were
generated (1.19-54 and 1.23-119) that showed a delay in senescence with respect to the non-
transgenic controls (Fig. 9). Three different phenotypes were measured to determine their

senescence profile: flag leaf chlorophyll degradation, DAA when the peduncle was
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completely yellow and DAA for the main spike to be completely dry. Plants that were

positive for the RNAi construct from event 1.19-54 presented a delay in flag leaf chiorophyll
degradation at 24 days with respect to the control lines that were negative for the transgene
(Fig. 9a). These same positive plants had a delay of over 30 days to reach complete
yellowing of the peduncle and a two week delay in spike yellowing (Fig. 9b,c). Interestingly,
when the flag leaf and peduncle of the positive plants dried, in many cases they still
conserved chlorophyll, (Fig. 10b). This suggests a role of WNAC in chlorophyll degradation
in both flag leaf and peduncle, among other senescence related processes. Positive plants had
similar physical appearance compared to control plants, produced equal number of tillers and
presented no differences in time to anthesis. Similar results were obtained from the second

positive event, L.23-119.

EXAMPLE 7: Effect of the allelic variation at the WNAC-B1 locus on Zn and Fe
concentration in the grain.

[0162] Allelic variation at the WNAC-BI locus has other effects in addition to the observed
difference in GPC and senescence. A field study by Distelfeld A. et al., New Phytologist,
169:753-763 (2006) comparing several RSLs carrying the WNAC-BIa allele with other
carrying the WNAC-BIb allele (Haifa, Israel, 2004-2005) showed that the lines with the
WNAC-B1a accumulate 10-20% higher Zn and Fe concentration in the grain compared to the
lines with the WNAC-B1b allele (Fig. 11). The RSLs with the WNA C’-E] a allele showed a
significantly higher GPC (£<0.01), Zn concentration (£<0.01) and Fe concentration (£<0.01)
than the lines with the WNAC-B1b allele. Lines with WNAC-Bla allele had an average Zn
concentration of 61 mg/kg versus the lines with the WNAC-BIb allele that had an average of
56 mg/kg. In this same manner, lines carrying the WNAC-BIa allele had an average grain Fe
concentration of 39 mg/kg versus an average of 34 mg/kg in the lines with the WNAC-B1b
allele. The expected differences in GPC and senescence were also observed in this
experiment. Lines with the WNAC-Bla allele increased GPC by 17 g/kg and had an
acceleration in senescence of 3 days (peduncle yellowing) with respect to lines with the
WNAC-BIb allele.

[0163] The increased accumulation of Zn and Fe in the grain of plants with the WNAC-Bla
allele is consistent with the proposed role of WNAC-B1 in modulating senescence and
therefore nutrient translocation. Physiological studies concluded that the presence of the
WNAC-Bla allele resulted in a more efficient N remobilization from the senescing leaves to

the ears during grain filling. This same mechanism may be responsible for the increased Zn
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and"¥ & 2GR Aon in the grain. These results suggest that WNAC-BI plays a significant

role in the regulation of the senescence and through this, in the nutrient remobilization

process of not only protein, but of other micronutrients such as Zn and Fe, as well.

[0164] The RSLs tested in the Zn and Fe experiment included the critical lines RSL28 and
RSL121 facilitating a precise mapping of the difference in grain mineral concentration. The
locus regulating these differences was mapped within a 250-kb region and completely linked
to the WNAC-1 gene. Therefore, the different amounts of functional WNAC-BI1 protein
generated by the frame shift mutation appears responsible for the differences in senescence,

GPC, Zn and Fe content in the grain.

EXAMPLE 8: Transcription profile of candidate genes.

[0165] Transcription of WNAC -A1, WNAC -B1, and WNAC -B2 was first detected in
leaf samples from Zadoks 45 stage, 10 days before anthesis and dramatically increased in the
flag leaves after anthesis (Zadoks 65 stage) and during maturity (Fig. 12). The highest
transcription level was detected at Zadoks 72 stage, 10 days after anthesis. At this point the
estimated mRNA copy number in 50 ng of RNA was significantly higher in WNAC-A1
(119,442) and WNAC-B2 (146,679) as compared to WNAC-B1 (47,867). From this point
forward, the mRNA levels of WNAC-A1, WNAC-B1, and WNAC-B2 decreased but
remained present in the leaves until complete senescence (Zadoks 87). In addition,

expression of the WNAC genes was detected in green spikes and peduncles.

[0166] It is understood that the examples and embodiments described herein are for
illustrative purposes only and that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are to be included within the spirit and purview of
this application and scope of the appended claims. All publications, patents, and patent

applications cited herein are hereby incorporated by reference for all purposes.
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WHAT IS CLAIMED IS.

1. A transgenic plant comprising a recombinant nucleic acid encoding a
plant NAC protein, wherein said nucleic acid encodes a NAC protein which is at least 90%

identical to an'amino acid sequence depicted in SEQ ID NOS:2, 6, 8, 10, 12, 29, or 31.

2. The transgenic plant of claim 1 wherein said nucleic acid is depicted in
SEQ ID NOS:1, 5,7, 9, 11, 28 or 30.

3. The transgenic plant of claim 1 wherein said nucleic acid is SEQ ID
NO:1.

4. The transgenic plant of claim 1 wherein said nucleic acid encodes a
polypeptide which is SEQ ID NOS:2, 4, 6, 8, 10, 12, 29, or 31.

5. The transgenic plant of claim 1 wherein said nucleic acid is operably

linked to a heterologous promoter.

6. The transgenic plant of claim 1 wherein said plant is selected from the

group consisting of wheat, rice, or maize.

7. A method of modulating grain protein content or delaying senescence
in a plant, the method comprising introducing into the plant a recombinant expression

cassette comprising a NAC nucleic acid.

8. The method of claim 7, wherein the NAC nucleic acid encodes a NAC
protein at least 90% identical to SEQ ID NOS:2, 6, 8, 10, 12, 29, or 31.

0. The method of claim 8, wherein the NAC nucleic acid is SEQ ID
NOS:1,5,7,9,11, 28 or 30.

10.  The method of claim 7, further comprising selecting plants exhibiting
delayed timing of senescence onset compared to the timing of senescence onset in a control

plant.

11.  The method of claim 7, further comprising selecting plants exhibiting

higher grain protein content compared to a control plant.
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12. A method of modulating grain protein content or delaying senescence
in a plant, the method comprising contacting the plant with mutagen and selecting plants with

increased grain protein content of delayed senescence compared to a control plant.

13.  Anisolated nucleic acid molecule comprising a NAC promoter

operaply linked to a heterologous coding sequence.

14.  Anisolated nucleic acid molecule comprising an recombinant
expression cassette comprising nucleic acid sequence encoding a NAC protein which is at
least 90% identical to an amino acid sequence depicted in SEQ ID NOS:2, 6, 8, 10, 12, 29, or
31.

15. The nucleic acid molecule of claim 14 wherein said nucleic acid

sequence is depicted in SEQ ID NOS:1, 5,7, 9, 11, 28 or 30.

16. The nucleic acid molecule of claim 14 wherein said nucleic acid

sequence is SEQ ID NO:1.

17. The nucleic acid molecule of claim 14 wherein said nucleic acid

sequence encodes a polypeptide which is SEQ ID NOS:2, 4, 6, 8, 10, 12, 29, or 31.

18. The nucleic acid molecule of claim 14 wherein said nucleic acid

sequence is operably linked to a heterologous promoter.
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gatcaaatga
tcgtacaaca
tgagtagttg
acgtacttgt
gaagtacaaa
atatatatga
atatatatgc
ttatcatgta
tatcattgat
aactagtatg
atatatatat
ttgaaagaaa
ctaatcgeceg
aaagatatgt
agaggtgtge
acacgctggg
ggggtacata

Triticum turgidum

(NAM/ATAF1/CUC2)

tatgaacacc
ttgctagccea
catgcacatc
gcgaacttge
aaaatcataa
gtatgataat
agttgattac
taaatagggyg
ctatatggac
tcgecagtggt
atatatatat
aacatcatct
ccgegetceat
gaacgtaaga
cacatgatta
atccctgtec

cgtgtagatg

conserved NAC (NAM/ATAF1/CUC2) domain

domain

45

acatacgggc
gtagttgttg
accactgcecat
tagccatata
catagtactc
agcttcatat
aaaccccagt
tgtatgtaaa
gtacactgta
ttagttatta
atatgttcga
tgacagttgt
gtaagttcta
cataagtaca
tacaatgtct
tagctagatc

tactaattca

functional Triticum turgidum var. dicoccoides

allele predicted protein

PCT/US2006/018686

atgcacgcac
cagtttgtgg
ggatatatat
tatagtagta
catatatatt
gcatatacta
cagatacaat
tgagcaacge
taactttttt
tgtgaatgge
aaaatgtgtg
cacatgtcca
tgttgccttg
tctectatttce
cttagtagtc
aaaaggccag

acgtatgtte

2580
2640
2700
2760
2820
2880
2940
3000
3060
3120
3180
3240
3300
3360
3420
3480
3540
3542
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<222> (86)..(124)
<223> conserved NAC (NAM/ATAF1/CUC2) domain

<220>

<221> DOMAIN

<222> (139)..(166)

<223> conserved NAC (NAM/ATAF1/CUC2) domain

<220>

<221> DOMAIN

<222> (193)..(205)

<223> conserved NAC (NAM/ATAF1/CUC2) domain

<400> 2
Met Gly Ser Ser Asp Ser Ser Ser Gly Ser Ala Gln Lys Ala Thr Arg
1 5 10 15

Tyr His His Gln His Gln Pro Pro Pro Pro Gln Arg Gly Ser Ala Pro
20 25 30
Glu Leu Pro Pro Gly Phe Arg Phe His Pro Thr Asp Glu Glu Leu Val

35 40 45

Val His Tyr Leu Lys Lys Lys Ala Asp Lys Ala Pro Leu Pro Val Asn
50 55 60

Ile Ile Ala Glu Val Asp Leu Tyr Lys Phe Asp Pro Trp Glu Leu Pro
65 70 75 80

Glu Lys Ala Thr Ile Gly Glu Gln Glu Trp Tyr Phe Phe Ser Pro Arg
85 90 95

Asp Arg Lys Tyr Pro Asn Gly Ala Arg Pro Asn Arg Ala Ala Thr Ser
100 105 110

Gly Tyr Trp Lys Ala Thr Gly Thr Asp Lys Pro Ile Leu Ala Ser Gly
115 120 125

Thr Gly Cys Gly Leu Val Arg Glu Lys Leu Gly Val Lys Lys Ala Leu
130 135 140

Val Phe Tyr Arg Gly Lys Pro Pro Lys Gly Leu Lys Thr Asn Trp Ile

46



WO 2006/124752 PCT/US2006/018686

145 150 155 160

Met His Glu Tyr Arg Leu Thr Asp Ala Ser Gly Ser Thr Thr Ala Thr
165 170 175

Asn Arg Pro Pro Pro Val Thr Gly Gly Ser Arg Ala Ala Ala Ser Leu
180 185 190

Arg Leu Asp Asp Trp Val Leu Cys Arg Ile Tyr Lys Lys Ile Asn Lys
195 200 205

Ala Ala Ala Gly Asp Gln Gln Arg Asn Thr Glu Cys Glu Asp Sex Val
210 215 220

Glu Asp Ala Val Thr Ala Tyr Pro Leu Tyr Ala Thr Ala Gly Met Thr
225 230 235 240

Gly Ala Gly Ala His Gly Ser Asn Tyr Ala Ser Pro Ser Leu Leu His
245 250 255

His Gln Asp Ser His Phe Leu Asp Gly Leu Phe Thr Ala Asp Asp Ala
260 265 270

Gly Leu Ser Ala Gly Ala Thr Ser Leu Ser His Leu Ala Ala Ala Ala
275 280 285

Arg Ala Ser Pro Ala Pro Thr Lys Gln Phe Leu Ala Pro Ser Ser Ser
290 295 300

Thr Pro Phe Asn Trp Leu Asp Ala Ser Pro Val Gly Ile Leu Pro Gln
305 310 315 320

Ala Arg Asn Phe Pro Gly Phe Asn Arg Ser Arg Asn Val Gly Asn Met
325 330 335

Ser Leu Ser Ser Thr Ala Asp Met Ala Gly Ala Val Asp Asn Gly Gly
340 345 350
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Gly Asn Ala Val Asn Ala Met Ser Thr Tyr Leu Pro Val Gln Asp Gly
355 360 . 365

Thr Tyr His Gln Gln His Val Ile Leu Gly Ala Pro Leu Val Pro Glu
370 375 380

Ala Ala Ala Ala Thr Ser Gly Phe Gln His Pro Val Gln Ile Ser Gly
385 330 395 400

Val Asn Trp Asn Pro
405

<210> 3
<211> 2517
<212> DNA

<213> Triticum turgidum

<220>
<223> non-functional Triticum turgidum var. durum
WNAC-Blb tetraploid cultivar Langdon (LDN) allele

frame-shift mutation genomic DNA

<220>
<221> 5'UTR
<222> (1)..(922)

<220>

<221> variation

<222> (657)

<223> polymorphic base between LDN and DIC alleles

<220>

<221> CDS

<222> join(923..1164, 1380..1717, 1827..2230)

<223> non-functional Triticum turgidum var. durum
WNAC-Blb tetraplcoid cultivar Langdon (LDN) allele
frame-shift mutation predicted protein assuming

conserved exon structure

<220>

48
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<221>
<222>
<223>

(933)

<220>
<221>
L222>

exon

(923)

<220>
<221>
<222>
<223>

<220>
<221>
<222>

<220>
<221>
<222>
<220>
<221>
<222>

exon

<220>
<221>
L222>

exon

<220>
<221>
<222>

<400> 3

ttgecctectte
gcctgecageg
tttgettttt
acgtggtctg
agaggtaccc
agaggtcacg
gggccaacaa

gccgaaggat

(1380).

(1827) .

3'UTR
(2231) ..

mutation

..(11le4)

variation

(1224)

intron

(1165)..

(1379)

. (1717)

intron

(1718) .

. (1826)

. {2230)

(2517)

atgggccgge
ccgtatagga

ttgacgaact
acgaactggt
tttgattagt
atgttggtat

aatacctagce

ggggcaaggt

ccagcgeggyg
gctccctaca
gatttgtttt
tgggttcata
tgctteccega
catgcggecc
ccaggaagcet

gaaccgtgtce

1-bp t insertion frame-shift mutation

gcgctgeagyg
tgtccttcta
taattgtttg
aggtgtgtga
gaaacatctyg
accagaatat
acgaagccgg

cggtcegget

49

polymorphic base between LDN and DIC alleles

cgtcaggagce
accatccaat
aattgcttac
aatgaggtca
tgctaaaaaa
gctgaaatgg
tgcaaactac

cccecgegte

PCT/US2006/018686

gccaacgggce
cacagattgg
cacatgttte
cgatgttaaa
gagagcaaga
agctcagcac
caggccttaa

cgcecgcecata

60

120
180
240
300
360
420
480
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gaaggaagtg
gggtggcegt
ggcggceegge
geegtattte
ctccecacage
aatcccactc
caccacaggg
ggaagaagat
aagcaacgcg
agctccecgee
agaagaaggc
agttcgacce
ctttatcaag
tgcttatact
tggtttatgt
gaaggcgacc
caacggcgceg
caagcctatc
gaaggcgetc
gcacgagtac
ggtgaccggce
ggtctagcag
ttaattatgt
agatcaacaa
aggacgcggt
atggcagcaa
gcctgtteac
cagcggegge
cceegttcecaa
ctgggtttaa
ctggcgcagt
tgcaagacgg
ccgecgecge

cctgatcaaa

<210> 4

<211> 327
<212> PRT
<213>
<220>

gcggaatact
ggtcgegega
atacgtgtcc
tccectgete
agatcactcg
cgttecttce
gtgctctggt
ctgatgaggt
gtatcaccat
gggcttcegyg
cgacaaggcg
atgggagctc
cgccgcaaat
cctgtgcaca
atgtgatcct
atcggggage
cggccgaace
ctggcctegg
gtgttctacc
cgcctecaccyg
gggagcaggyg
tatttaattg
accgtcgtct
ggccgeggec
caccgcecgtac
ctacgcttca
agcagacgac
gagggcaagce
ctggctcgat
caggagcaga
ggacaacggt
gacgtaccat
cacctctgga

tgatatgaac

cttcecatce
gcttgcgecyg
agcggegacyg
tcetegecac
cccgectete
ttcacactac
gggatcatct
ccatgggcag
cagcatcagc
ttccacccga
ccgcteececyg
cceggtatgt
tttaggtgea
agtagtattt
gtcgtgettg
aggagtggta
gggeggegac
ggacggggty
gcgggaagcec
acgcatctgg
ctgctgecetce
ctctecaget
catcagttgg
ggcgatcagc
ccgctctatg
ccttecactge
gccggectet
ccggetcecega
gcgtcaccag
aacgtcggea
ggaggcaaty
cagcagcatg
ttccagcatc

accacatacg

Triticum turgidum

cagaagaaaa
tecggtggeg
ggccecgegge
ggtttcacag
ctctecttece
ctagaagcett
ggtgtgtttyg
cttccgactce
cgeegectee
cggacgagga
tcaacatcat
tatgtctate
attaaataat
ttatattett
ttcatgeget
cttcttcage
gtceggggtac
cggectggte
gcccaagggce
ctccaccacce
tctcagggta
taattagggt
acgactgggt
agaggaacac
ccacggceggyg
tccatcatca
tggcgggcge
ccaaacagtt
tcggeatcect
atatgtcget
cggtgaacgce
tcatecctecgg
ccgttcaaat

ggcatgcacg

50

aataaggtag
atctgacacg
cccgggetag
ccgececgaa
tcccaaccgt
tggcagttga
ttggtagcta
atcttecgge
gcagcgggge
gctggtggtyg
cgccgaggtyg
tcgteggeceg
cgaataatcc
ccagtacaca
cgggatccgyg
ccgegegace
tggaaggcca
cgggagaagc
ctcaaaacca
gccaccaacce
cgtacacgtg
attgttgatg
gectgtgeege
ggagtgcgag
catgaccggt
ggacagccat
cacctegetg
tctcgeeeeg
cccacaggea
gtcatcgacg
catgtctacc
cgctcegetyg
atccggegtyg

cacgcatgca

PCT/US2006/018686

gaagcggaat
cggtacgage
gtacaaaggt
accaccagag
cgctgtaaca
gttaggtgce
gctagcectagg
tcggecgcaaa
tcggegeegg
cactacctca
gatctctaca
gcegtgetta
atccatctca
tgtgtgtaga
atccatcaga
gcaagtaccce
ccggecacgga
tcggcgtcaa
actggatcat
gaccgccgcec
tcgatcgecac
gttgatgaag
atctacaaga
gactccgtygg
gcaggtgcge
ttcctggacyg
agccacctag
tcgtettega
aggaattttc
gccgacatgg
tatcttceeg
gtgccagaag
aactggaatc

taacttt

540

600

660

720

780

840

900

960

1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1860
1920
1980
2040
2100
2160
2220
2280
2340
2400
2460
2517
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<223> non-functional Triticum turgidum var. durum
WNAC-Blb tetraploid cultivar Langdon (LDN) allele
frame-shift mutation predicted protein assuming

conserved exon structure

<400> 4
Met Gly Ser Phe Arg Leu Ile Phe Arg Leu Gly Ala Lys Ser Asn Ala
1 5 10 15

Val Ser Pro Ser Ala Ser Ala Ala Ala Ser Ala Ala Gly Leu Gly Ala
20 25 30

Gly Ala Pro Ala Gly Leu Pro Val Pro Pro Asp Gly Arg Gly Ala Gly
35 40 45

Gly Ala Leu Pro Gln Glu Glu Gly Arg Gln Gly Ala Ala Pro Arg Gln
50 55 60

His His Arg Arg Gly Gly Ser Leu Gln Val Arg Pro Met Gly Ala Pro
65 70 75 80

Arg Glu Gly Asp His Arg Gly Ala Gly Val Val Leu Leu Gln Pro Ala
85 90 95

Arg Pro Gln Val Pro Gln Arg Arg Ala Ala Glu Pro Gly Gly Asp Val
100 105 110

Gly Val Leu Glu Gly His Arg His Gly Gln Ala Tyr Pro Gly Leu Gly
115 120 125

Asp Gly Val Arg Pro Gly Pro Gly Glu Ala Arg Arg Gln Glu Gly Ala
130 135 140

Arg Val Leu Pro Arg Glu Ala Ala Gln Gly Pro Gln Asn Gln Leu Asp
145 150 155 160

His Ala Arg Val Pro Pro His Arg Arg Ile Trp Leu His His Arg His
165 170 175

Gln Pro Thr Ala Ala Gly Asp Arg Arg Glu Gln Gly Cys Cys Leu Ser
180 185 190

51



Gln

Gly

Gly

225

Arg

Ser

Glu

Asp

305

Gly

<21

<211>

<21

<213>

<22

<22

<22
<22

<222>

WO 2006/124752

Val

Arg

210

Gly

Cys

Sex

Pro

Gly

290

Pro

Lys

0> 5

Gly

1958

Gly

Arg

Arg

Gly

Leu

275

Lys

Val

Glu

3162

2> DNA

0>

Arg

Arg

Gly

Cys

Gln

260

Gly

Pro

Gln

Phe

Leu

Arg

His

Ala

245

Pro

Gly

Gly

Leu

Ser

325

Gly

Ser

Arg

230

Trp

Phe

Arg

Ser

Ala

310

Trp

Triticum turgidum

Ala

Ala

215

Val

Gln

Pro

His

Asp

295

Arg

Val

Val

200

Glu

Pro

Gln

Gly

Leu

280

Gln

Cys

Glu

Ala

Leu

Arg

265

Ala

Thr

vVal

His

His

Leu

Arg

250

Pro

Glu

Val

Thr

Leu

Gly

Cys

235

Phe

Val

Pro

Ser

Ser

315

Gln

Val

220

His

Thr

His

Pro

Arg

300

Arg

Glu

205

Arg

Gly

Phe

Ser

Ser

285

Pro

His

Asp

Gly

Gly

Thr

Arg

270

Ser

Val

Pro

3> Triticum turgidum var. durum variety Langdon A

genome WNAC-Al genomic DNA

0>

1> 5"

UTR

(1)..(614)

52

Gln

Leu

His

Ala

255

Arg

Gly

Val

Pro

PCT/US2006/018686

Gln

Arg

Asp

240

Pro

Arg

Gly

Phe

Thr
320
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<220>
<221>
<222>
<223>

CDS

join(615..852,

1072..1409,

Triticum turgidum var. durum variety Langdon A

1522..2163)

genome WNAC-Al predicted protein

<220>

<221> exon

<222> (615)..(852)
<220>

<221> intron

<222> (853)..(1071)
<220>

<221> exon

<222> (1072)..(1409)
<220>

<221> intron

<222> (1410)..(1521)
<220>

<221> exon

<222> (1522)..(2163)
<220>

<221> 3'UTR

<222> (2164)..(3162)
<400> 5

acgatgttag gtatcatgcg
ataaaacacc caggaagcta
caaggtgagc cgtggtccgg
ggaagcggaa tgggtggagg
gcggtacgag cggeggceegg
ggttacaacg gagccgtatt
cccgaaacca ccagagette
caaccgtcecge ggtaacaaat
tggcagttga gttaggtgce

gcccaccaga
cgaagccggt
tcecggetece
tggtcgegeg
catacgtgtce
tactcctecece
caccgcagat
cccactcegt

caccacagaa

atatgctgaa
gcaaactagg
ccgecgeceate
agctcgegeco
cagcggcgac
ctgctctect
cactcgcceeg
tccttectte

tcgaattece

53

atggagctca
cecttgggeecyg
ccagaagaga
gteceggtygge
gggcccgegyg
cgccacggtt
ccteceectcet
atcacactac

gcggecgeca

PCT/US2006/018686

gcacgggecy
aaggacgggyg

aaaaaagtga
gatctgacac
ccecegggeaa
tcacageccecgce
cctctecetee

ctagaagctt
tggcggggeg

60

120
180
240
300
360
420
480
540
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cteceggtggy
atccgatgag
ggcatcagca
gcttccggtt
ccaaggtgece
gggagctcce
aaatttccgg
gtgcacaagt
gtgatcctgt
ccttcgggga
cgcggccgaa
tectggecete
tegtettceta
accgcectcecac
gcgggageeyg
tagcagtatt
ttatgtacgt
aacaaggccyg
gcggtcaccg
agcaactacg
ttcacagcag
gceggcgaggyg
ttcaactgge
tttaacagga
gcggccggcea
gggacgtacc
ggcggcgeea
tgagcaaatg
agccagtagt
atgcacatca
cgaacttgcet
cataacatag
attagcgtca
attacaaacc
aggtgtgtat
tggacctaca
tggtttagtt
aatttatatg
ggaaaacttc
accattataa

ttttagtcag

atcatctggt
gtcecatggge
tgagccgecyg
ccacccgacg
gctececeegte
cggtatgcta
tgcaattaaa
atttttatat
cgtgcttgtt
gcaggagtgyg
ccgggceggcy
ggggacgggyg
ccgegggaag
cgacgtgtct
ggctgcagee
taattactct
cgtctcatca
cggecggaga
cgtacceget
cttcaccttc
acgacgccgg
cgagcecegge
tcgatgegte
gcagaaacgt
atgcggtgaa
atcaacacca
cctctggttt
atatgaacac
tgttgcagtt
ccattgcatyg
agcccatata
tgctccatat
tatgcatata
ccagtcagat
gtaaataagc
tcgtataact
attagttatg
ctaaatatgt
tttecttgga
ccgactctat

taggacaaca

gtgtttgttg
agctccgact
cctececgegge
gacgaggagc
accatcatcg
tgtctatecte
taatcgaata
tcttctageca
catgcgeteg
tacttcttca
acgtcgggcet
tgcggectgg
ccgeccaagyg
ggctccacca
tctectgaggg
cgagcttaat
gttggacgac
tcagcagagyg
ctatgccacg
actgctccat
ccteteggeg
tcegaccaaa
acccgecgge
cggcaatatg
cgccatgtce
tgtcatccte
ccagcatcce
cacatacgcg
cgtggtagtc
gatatatatg
gtagcacata
atattgtagt
gtatatattg
ataatttttg
aacgcatggt
tttttttgeg
tgagtggcce
ttgacaattg
atggaaggca
gtaagcctaa

tacacatcaa

gtagctagcet
catcctecgg
agcggggcete
tggtcgtgea
ccgaggtgga
gtcggeegty
atccatccat
cacatgtgtg
ggatcgggat
gceccgegega
actggaaggc
tccgggagaa
gcectcaaaac
ccaccagcecg
tacgtacacg
tagggtattg
tgggtgetgt
agcacggagt
gcgggeatgg
catcaggaca
ggcgccacct
cagtttctcg
atcctgccac
tcgetgteat
gcatttatga
ggcgecccac
gtccaagtat
catgcacgeca
gctttcagtg
gctgcattge
gctagggagt
aaatatatat
tagtgcatat
gcegggteta
aattgcatac
aatgaagttt
ttatgcgeea
tgtgttatect
ggcttggega
ccectctecgg

caatcatacc

54

tgctaggggy
ctcggcgeaa
ggcgecggag
ctacctcaag
tctctacaag
cttgatttat
ctcatgctta
tagatatctg
ccatccatca
ccgcaagtac
caccggcacg
gctecggegte
caactggatc
gcecgecgeceg
tgtecgatege
ttgatggttg
gcegeatcta
gcgaggacte
ccggtgeagyg
gccatttccect
cgctgagcecca
cceegtegte
aggcaaggaa
cgacggccga
atcctectcecee
tggcgecaga
ccggegtgaa
tgcataactt
agcactgagt
accatggcca
attttcgaag
tttagatata
agcaaataca
gctacgcatc
acgggtatga
tgtgagctac
atcttttata
ccttaattce
tacagatgtt
tgtctatata
ataggctagc

PCT/US2006/018686

aacgaagaag
aaagcagcgc
ctcccaccgg
aagaaggccg
ttcgacccat
cacgcgecge
tactattgcet
ggttatgtat
gagaaggcga
cccaacggeg
gacaaaccta
aagaaggcgce
atgcacgagt
cctgtgaccg
acggtatage
atgaagttaa
caagaagatc
cgtggaggac
tgcgcatgge
ggagggcctyg
cctggeegeg
ttcaaccccg
tttcectggg
catggctgge
cgtgcaagac
ggctaccaca
ctggaatccce
ttgcaagtgt
agctagctge
cgtacttgte
taaaaaagat
tgagtatgat
tatgcagttg
atgtataaat
ttcatctaca
tatgttgcag
catagattgg
acttttcaaa
cagatctcct

aaccggaggyg
ttctagggtt

600

660

720

780

840

900

960

1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1860
1920
1980
2040
2100
2160
2220
2280
2340
2400
2460
2520
2580
2640
2700
2760
2820
2880
2940
3000
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tagecctetcet gatctcgtgg tagatctact cttgtactac ccatatcatc aatattaatc 3060
aagcaggacg tagggtttta cctccatcga gagggcccaa acctgggtaa aacttcatgt 3120
ccattgtctc ctgttaccat ceggectaga cgtatagttc gg 3162

<210> 6
<211> 405
<212> PRT

<213> Triticum turgidum

<220>
<223> Triticum turgidum var. durum variety Langden A

genome WNAC-Al predicted protein

<220>

<221> DOMAIN

<222> (34)..(55)

<223> conserved NAC (NAM/ATAF1/CUC2) domain

<220>
<221> DOMAIN
<222> (66)..(80)

<223> conserved NAC (NAM/ATAF1/CUC2) domain

<220>

<221> DOMAIN

<222> (86)..(124)

<223> conserved NAC (NAM/ATAF1/CUC2) domain

<220>

<221> DOMAIN

<222> (139)..(166)

<223> conserved NAC (NAM/ATAF1/CUC2) domain

<220>

<221> DOMAIN

<222> {(193)..(205)

<223> conserved NAC (NAM/ATAF1/CUC2) domain

<400> 6

Met Gly Ser Ser Asp Ser Ser Ser Gly Ser Ala Gln Lys Ala Ala Axrg
1 5 10 15

55



His

Leu

His

Ile

65

Lys

Arg

Tyr

Gly

Phe

145

His

Pro

Leu

WO 2006/124752

Gln

Pro

Tyr

50

Ala

Ala

Lys

Trp

Cys

130

Tyr

Glu

Pro

Asp

His

Pro

35

Leu

Glu

Thr

Tyr

Lys

115

Gly

Arg

Tyr

Pro

Asp
195

Glu

20

Gly

Lys

Val

Phe

Pro

100

Ala

Leu

Gly

Arg

Pro

180

Trp

Pro

Phe

Lys

Asp

Gly

85

Asn

Thr

Val

Lys

Leu

165

vVal

Val

Pro

Arg

Lys

Leu

70

Glu

Gly

Gly

Arg

Pro

150

Thr

Thr

Leu

Pro

Phe

Ala

55

Tyr

Gln

Ala

Thr

Glu

135

Pro

Asp

Gly

Cys

Pro

His

40

Ala

Lys

Glu

Arg

Asp

120

Lys

Lys

Val

Gly

Arg
200

Arg

25

Lys

Phe

Trp

Pro

105

Lys

Leu

Gly

Ser

Ser

185

Ile

Gln

Thr

Val

Asp

Tyr

90

Asn

Pro

Gly

Leu

Gly

170

Arg

Tyr

56

Arg

Asp

Pro

Pro

75

Phe

Arg

Ile

Val

Lys

155

Ser

Ala

Lys

Gly

Glu

Leu

60

Trp

Phe

Ala

Leu

Lys

140

Thr

Thr

Ala

Lys

Ser

Glu

45

Pro

Glu

Ser

Ala

Ala

125

Lys

Asn

Thr

Ala

Ile
205

Ala

30

Leu

Val

Leu

Pro

Thr

110

Ser

Ala

Trp

Thr

Ser

190

Asn

PCT/US2006/018686

Pro Glu

Val Val

Thr Ile

Pro Glu

80

Arg Asp
95

Ser Gly

Gly Thr

Leu Val

Ile Met

160

Ser Arg
175

Leu Arg

Lys Ala



Ala

Asp

225

Ala

Gln

Leu

Ala

Pro

305

Arg

Leu

Ala

His

Thr

385

Val

<21
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Ala

210

Ala

Gly

Asp

Ser

Ser

290

Phe

Asn

Ser

Met

Gln

370

Asn

0> 7

Gly Asp Gln

Val

Ala

Ser

Ala

275

Pro

Asn

Phe

Ser

Ser

355

His

Gly

Trp

Thr

His

His

260

Gly

Ala

Trp

Pro

Thr

340

Ala

His

Ala

Asn

Ala

Gly

245

Phe

Ala

Pro

Leu

Gly

325

Ala

Phe

Val

Thr

Pro

405

Gln

Tyxr

230

Ser

Leu

Thr

Thr

Asp

310

Phe

Asp

Met

Ile

Ser

390

Arg

215

Pro

Asn

Glu

Ser

Lys

295

Ala

Asn

Met

Asn

Leu

375

Gly

Ser

Leu

Tyr

Gly

Leu

280

Gln

Ser

Arg

Ala

Pro

360

Gly

Phe

Thr

Tyx

Ala

Leu

265

Ser

Phe

Pro

Ser

Gly

345

Leu

Ala

Gln

Glu

Ala

Ser

250

Phe

His

Leu

Ala

Arg

330

Ala

Pro

His

57

Cys

Thr

235

Pro

Thr

Leu

Ala

Gly

315

Asn

Ala

Val

Leu

Pro
395

Glu

220

Ala

Ser

Ala

Ala

Pro

300

Ile

Val

Gly

Gln

Ala

380

Val

Asp

Gly

Leu

Asp

Ala

285

Ser

Leu

Gly

Asn

Asp

365

Pro

Gln

Ser

Met

Leu

Asp

270

Ala

Ser

Pro

Asn

Ala

350

Gly

Glu

Val

PCT/US2006/018686

Val Glu

Ala Gly
240

His His
255

Ala Gly -

Ala Arg

Ser Thr

Gln Ala

320

Met Ser

335

Val Asn

Thr Tyr

Ala Thr

Ser Gly
400
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<211>
<212>
<213>

<220>
<223>

<220>
<221>
<222>

<220>
<221>
<222>
<223>

<220>
<221>
<222>
<220>
<221>
<222>

<220>
<221>
<222>

<220>
<221>
<222>

<220>
<221>
<222>

<220>

<221>

<222>

<400>

1712
DNA

Triticum tauschii

Triticum tauschii D genome WNAC-D1 genomic DNA

5TUTR

(1)..(104)

CDS

Join(105..342, 551..894,

protein

exon

(105)..(342)
intron

(343)..(550)

exon

(551)..(8%94)

intron

(895)..(1109)

exon

(1010) .. (1654)

3'UTR
(1655)..(1712)

1010..1654)
Triticum tauschii D genome WNAC-D1l predicted

58
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ggcagtgagt
tgttggtagce
catcttececgg
agcggggete
tggtcgtgea
ccgaggtgga
gtcggtegtg
atccatccat
atgtgtgtag
gatccatcag
cgcaagtacc
accggcacgg
ctcggegtea
aactggatca
ccgecgecge
acacgtgtecg
tattgttgat
ggtgcetgtge
catggagtgce
gggcatggce
tcaggacagce
cgccacctcg
gtttctecgece
cctgcecacag
gctgtcateg
atttatgaat
cgceccactg
cgtccaaata

gcatgcacge

<210> 8

<211> 408
<212> PRT
<213>

<220>
<223>

taggtgccca
tagctagcta
ctecggegeaa
ggcgeceggag
ctacctcaag
tctctacaag
cttagtttat
ctcatgctta
atggtttatg
agaaggcgac
ccaacggcgce
acaaacctat
agaaggcget
tgcatgaata
cgcegectgt
atcgcacggt
ggttgatgaa
cgcatctaca
gaggactccg
ggtgcaggtyg
catttcctygg
ctgagccacce
ccgtegtett
gcaaggaatt
acggccgaca
cctctteecg
gcgeccagagyg
tcecggegtga
tecgcatgeat

protein

<220>

ccacaggggc
agggaagagg
aaagcagcgc
ctececegecgg
aagaaggccyg
ttcgacccat
caagcgccge
tactcctgtg
tatgtgatcce
ctteggggag
gcggeccaac
cctggectece
cgtgttctac
ccgcectceace
gaccggceggyg
ctagctagca
gttaattatg
agaagatcaa
tggaggacgc
cgcatggecag
acggcctgtt
tggcceegge
caacccegtt
tcectgggtt
tggetggege
tgcaagacgg
ccaccgecagg
actggaatcc

aactttgcaa

Triticum tauschii

gctcgatetg
atccgatgag
ggcatcagca
gctteeggtt
ccaaggtgcece
gggagctccc
aaaattccgg
cacaagtatt
tgtcgtgett
caggagtggt
cgggcggcga
gggacggggt
cgcgggaage
gacgcgtctg
agcagggctg
gtatttaatt
tacgtcgteg
caaggccgcg
ggtcactgeg
caactacgcet
cacagcagac
ggcgagggceg
caactggctc
taacaggagc
ggccggecaat
gacgtaccat
cgccgccecacce

ctgagcaaat

ga

59

gtgggatcat
gtccatgggce
tgagcecgecg
ccacccgacyg
gctceccegte
cggtatgtta
cgcaattaaa
tttatattct
gttcatgcge
acttcttcag
cgtcggggta
gcggeetggt
cgcccaaggg
gctccaccac
ctgcctctet
gctctcecage
tctcatcagt
gccggagate
tacccgetct
tcatcttecac
gacgceggec
agccecggete
gaggcgtcag
agaaacgtcyg
gcggtgaacg
caacaccatg
tctggtttcc

gatatgaaca

Triticum tauschii D genome WNAC-D1l predicted

PCT/US2006/018686

ccggtgtgtt
agctcggact
cctecgegge
gacgaggagc
accatcatcg
tgtctatctce
taatcgaata
tgtagtacac
tcgggatcgy
cccgegegac
ctggaaggcce
ccgggagaag
cctcaaaacc
caccagccga
gagggtacgt
ttaattaggg
tggatgactg
agcagaggag
atgccacgge
tgctccateca
tcteggeggg
cgaccaaaca
ccgctggeat
gcaatatgtc
ccatgtctge
tcatcctegg
agcatcatgce

ccacatacge

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1712
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<221> DOMAIN
<222> (33)..(54)
<223> conserved NAC (NAM/ATAF1/CUC2) domain

<220>

<221> DOMAIN

<222> (65)..(79)

<223> conserved NAC (NAM/ATAF1/CUC2) domain

<220>

<221> DOMAIN

<222> (85)..(123)

<223> conserved NAC (NAM/ATAF1/CUC2) domain

<220>

<221> DOMAIN

<222> (138)..(165)

<223> conserved NAC (NAM/ATAF1/CUC2) domain

<220>

<221> DOMAIN

<222> (194)..(206)

<223> conserved NAC (NAM/ATAF1/CUC2) domain

<400> 8
Met Gly Ser Ser Asp Ser Ser Ser Gly Ser Ala Gln Lys Ala Ala Arg
1 5 10 15

His Gln His Glu Pro Pro Pro Pro Arg Gln Arg Gly Ser Ala Pro Glu
20 25 30

Leu Pro Pro Gly Phe Arg Phe His Pro Thr Asp Glu Glu Leu Val Val
35 40 45

His Tyr Leu Lys Lys Lys Ala Ala Lys Val Pro Leu Pro Val Thr Ile
50 55 60

Ile Ala Glu Val Asp Leu Tyr Lys Phe Asp Pro Trp Glu Leu Pro Glu
65 70 75 80

Lys Ala Thr Phe Gly Glu Gln Glu Trp Tyr Phe Phe Ser Pro Arg Asp

60
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85 90 95

Arg Lys Tyr Pro Asn Gly Ala Arg Pro Asn Arg Ala Ala Thr Ser Gly
100 105 110

Tyr Trp Lys Ala Thr Gly Thr Asp Lys Pro Ile Leu Ala Ser Gly Thr
115 120 125

Gly Cys Gly Leu Val Arg Glu Lys Leu Gly Val Lys Lys Ala Leu Val
130 135 140

Phe Tyr Arg Gly Lys Pro Pro Lys Gly Leu Lys Thr Asn Trp Ile Met
145 150 155 160

His Glu Tyr Arg Leu Thr Asp Ala Ser Gly Ser Thr Thr Thr Ser Arg
165 170 175

Pro Pro Pro Pro Pro Pro Val Thr Gly Gly Ser Arg Ala Ala Ala Ser
180 185 190
Leu Arg Leu Asp Asp Trp Val Leu Cys Arg Ile Tyr Lys Lys Ile Asn

195 200 205

Lys Ala Ala Ala Gly Asp Gln Gln Arg Ser Met Glu Cys Glu Asp Ser
210 215 220

Val Glu Asp Ala Val Thr Ala Tyr Pro Leu Tyr Ala Thr Ala Gly Met
225 230 235 240

Ala Gly Ala Gly Ala His Gly Ser Asn Tyr Ala Ser Ser Ser Leu Leu
245 250 255

His His Gln Asp Ser His Phe Leu Asp Gly Leu Phe Thr Ala Asp Asp
260 265 270

Ala Gly Leu Ser Ala Gly Ala Thr Ser Leu Ser His Leu Ala Pro Ala
275 280 285

Ala Arg Ala Ser Pro Ala Pro Thr Lys Gln Phe Leu Ala Pro Ser Ser
290 295 300

Ser Thr Pro Phe Asn Trp Leu Glu Ala Ser Ala Ala Gly Ile Leu Pro
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305 310 315 320

Gln Ala Arg Asn Phe Pro Gly Phe Asn Arg Ser Arg Asn Val Gly Asn
325 330 335

Met Ser Leu Ser Ser Thr Ala Asp Met Ala Gly Ala Ala Gly Asn Ala
340 345 350

Val Asn Ala Met Ser Ala Phe Met Asn Pro Leu Pro Val Gln Asp Gly
355 360 365

Thr Tyr His Gln His His Val Ile Leu Gly Ala Pro Leu Ala Pro Glu
370 375 380

Ala Thr Ala Gly Ala Ala Thr Ser Gly Phe Gln His His Ala Val Gln
385 390 395 400

Ile Ser Gly Val Asn Trp Asn Pro
405

<210> 9
<211> 1558
<212> DNA

<213> Triticum turgidum

<220>
<223> Triticum turgidum var. durum WNAC-B2 allele

genomic DNA

<220>
<221> 5'UTR
<222> (1)..(23)

<220>

<221> CDS

<222> join(24..246, 437..756, 874..1521)

<223> Triticum turgidum var. durum WNAC-BZ allele
predicted protein

<220>

<221> exon

62
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<222> (24).
<220>
<221>
<222>

intro

(247)

<220>
<221>
<222>

exon

(437)

<220>
<221>
<222>

intro

(757)

<220>
<221> exon
<222> (874)
<220>
<221>

<222>

3'UTR
(1522

<400> 9

gctgtgcagyg
cgcggceatca
ggttccaccc
tgccgcectece
tgcccoggtat
ttaaataatc
cagtacacat
gctcgggate
cgecgaccgea
aaggccaccg
gtcaagaagg
atcatgcacg
cctgtcaceg
ctagcatage
gaatttaatt
tacaagaaga
tcegtggagg
ggggcgceatg

. {2406)

n

.. (436)

.. (756)

n

.. {873)

.. (1521)

) .. (1558)

tctgatgaga
gccgecgect
gacggacgag
cgtcaccatc
gtgtatctca
gaacccatcce
gtatgtagat
gatcagagaa
agtaccccaa
gcacggacaa
cgctegtgtt
agtaccgccet
gcgggageag
agtaaccaat
agtgtacgtc
tcaacaaggc
acgccgtcac

gcagcaacta

tccatgggea
cegcagcagg
gagctggteg
atcaccgagg
cctegtegtg
atcatgctta
ggtttatgta
ggcgacctte
cggegegegyg
acctatcctg
ctaccgeggyg
caccgacgcg
gtctgectcet
cgtgtttaat
gtcgtctcat
cgcegeeggy
cgcatacccyg

cgattcactg

gctecggacte
gctcggecece
tgcactacct
tggatctceta
cttatcaagce
taccgtgcaa
tgtgatcctyg
ggtgagcagy
cccaacaggg
gcctecgggt
aagccgecca
tctagetecg
ctcagggtac
tactctcgag
cagttggacg
gatcagcaga
ctttatgeca

ctccatcacce

63

atcttcaggce
ggagctceceg
caagaagaag
caagttcgac
gcegtaattt
gaagtatttt
tcgtgettgt
agtggtactt
cggctacgte
gcggecggga
agggcctcaa
ccaccaccag
gtgtcgatcg
cttagggtat
actgggtgct
ggagcatgga
cggegggeat

aggacagcca
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tcggcaccac
ccgggcttee
gcegecaagg
ccatgggagc
tccagtgcaa
tatattecttt
tcatgcegete

cttcagcceg

ggggtactgg
gaaggtcggce
aaccaactgg
ccgaccgeeg
atcgcgeggt
tgtggttgat
gtgccgcecata
gtgcgaggac
gaccggtgceca

cgaggacaac

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
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ttectggacg
agccacctag
tcgtcttcaa
aggaatttcc
gccgacatgg
aatcatcttc
ctcgegecag

ggcgtgaact

<210>
<211>
<2l2>
<213>

10
396
PRT

<220>
<223>

gcectgetceac
ccgeggegge
ccecegtteaa
ctgggtttaa
cggtggacaa
ccatgcaaga
aagccactgce

ggaatccctg

agcagaggac
gagggcgage
ctggctcgat
caggagcaga
cggcggggge
cgggacctac
cgcecgcececace

aacaaatgat

Triticum turgidum

predicted protein

<220>
<221>
222>
<223>

<222>
<223>

<220>
<221>
<222>
<223>

conserved NAC

conserved NAC

conserved NAC

DOMATN
(28).

. (49)

DOMATIN
(60) .

. (74)

DOMAIN
(80).

. (118)

<220>

<221> DOMAIN

<222> (129)..(156)
<223> conserved NAC

<220>
<221> DOMAIN
<222> (181)..(193)

gceggecetet
ccggctecga
gcgtcaaccg
aatgtcggea
aatgcgataa
catcaacagc
tctgecttcece

atgaacacca

(NAM/ATAF1/CUC2) domain
(NAM/ATAF1/CUC2) domain
(NAM/ATAF1/CUC2) domain
(NAM/ATAF1/CUC2) domain

64

cggcgggceccc

ccaaacagtt
ttggcatcct
acatgteget
acaccatgcc
atgtcatcct
agcaccccegt

catatgcgcea

Triticum turgidum var. durum WNAC-B2 allele

PCT/US2006/018686

cacctcgcetg
tetggeeceg
cccacaggca
gtcgtcgacg
tccattcatg
cggcgeecey
ccaaatatcce

tgcacgca

1140
1200
1260
1320
1380
1440
1500
1558
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<223> conserved NAC (NAM/ATAF1/CUC2) domain

<400> 10
Met Gly Ser Ser Asp Ser Ser Ser Gly Ser Ala
1 5 10

Pro Pro Pro Pro Gln Gln Gly Ser Ala Pro Glu
20 25

Arg Phe His Pro Thr Asp Glu Glu Leu Val Val
35 40

Lys Ala Ala Lys Val Pro Leu Pro Val Thr Ile
50 55

Leu Tyr Lys Phe Asp Pro Trp Glu Leu Pro Glu
65 70 75

Glu Gln Glu Trp Tyr Phe Phe Ser Pro Arg Asp
85 90

Gly Ala Arg Pro Asn Arg Ala Ala Thr Ser Gly
100 105

Gly Thr Asp Lys Pro Ile Leu Ala Ser Gly Cys
115 120

Gly Val Lys Lys Ala Leu Val Phe Tyr Arg Gly
130 135

Leu Lys Thr Asn Trp Tle Met His Glu Tyr Arg
145 150 155

Ser Ser Ala Thr Thr Ser Arg Pro Pro Pro Val
165 170

Ser Ala Ser Leu Arg Leu Asp Asp Trp Val Leu
180 185
Lys Ile Asn Lys Ala Ala Ala Gly Asp Gln Gln
195 200

65

Pro

Leu

His

Ile

60

Lys

Arg

Tyr

Gly

Lys

140

Leu

Thr

Cys

Axrg

Pro

Pro

Tyr

45

Thr

Ala

Lys

Trp

Arg

125

Pro

Thr

Gly

Arg

Ser

205

Pro

30

Leu

Glu

Thr

Tyxr

Lys

110

Glu

Pro

Asp

Gly

Ile
190
Met

His

15

Gly

Lys

Val

Phe

Pro

95

Ala

Lys

Lys

Ala

Ser

175

Tyr

Glu

PCT/US2006/018686

Gln

Phe

Lys

Asp

Gly

80

Asn

Thr

Val

Gly

Ser

160

Arg

Lys

Cys



Glu

Ala

225

Leu

Thr

Leu

Ala

Gly

305

Asn

Asn

Leu

Ala

His

385

<21
<21
<21
<21
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Asp

210

Gly

His

Ala

Ala

Pro

290

Ile

Val

Gly

Pro

Pro

370

Pro

0> 11
1> 17

Ser

Met

His

Glu

Ala

275

Ser

Leu

Gly

Gly

Met

355

Leu

Val

40

2> DNA

Val

Thx

Gln

Asp

260

Ala

Ser

Pro

Asn

Gly

340

Gln

Bla

Gln

Glu

Gly

Asp

245

Ala

Ala

Ser

Gln

Met

325

Asn

Asp

Pro

Ile

Asp

Ala

230

Ser

Gly

Arg

Thr

Ala

310

Ser

Ala

Gly

Glu

Ser
390

3> Hordeum vulgare

Ala

215

His

Leu

Ala

Pro

295

Arg

Leu

Ile

Thr

Ala

375

Gly

Val

Ala

Glu

Ser

Ser

280

Phe

Asn

Ser

Asn

Tyr

360

Thr

Val

Thr

His

Asp

Ala

265

Pro

Asn

Phe

Ser

Thr

345

His

Ala

Asn

Ala

Gly

Asn

250

Gly

Ala

Trp

Pro

Thr

330

Met

Gln

Ala

Trp

66

Tyr

Ser

235

Phe

Pro

Pro

Leu

Gly

315

Ala

Pro

Gln

Ala

Asn
395

Pro

220

Asn

Leu

Thr

Thr

Asp

300

Phe

Asp

Pro

His

Thr

380

Pro

Leu

Tyr

Asp

Ser

Lys

285

Ala

Asn

Met

Phe

Val

365

Ser

Tyr

Asp

Gly

Leu

270

Gln

Ser

Arg

Ala

Met

350

Ile

Ala

PCT/US2006/018686

Ala Thr

Ser Leu

240

Leu Leu
255

Ser His

Phe Leu

Thr Val

Ser Arg

320

Val Asp

335

Asn His

Leu Gly

Phe Gln
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<220>
<223>

<220>
<221>
<222>

<220>
<221>
<222>
<223>

Hordeum vulgare cv. Optic WNAC-Hl allele genomic

DNA

5'UTR
(1)..(118)

CDS
join(119..362,

Hordeum vulgare cv. Optic WNAC-H1l allele predicted

protein

603..934,

1059..1703)

67
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<220>
<221> exon

<222> (119)..(362)

<220>
<221> intron

<222> (363)..(602)

<220>
<221> exon

<222> (603)..(934)

<220>
<221> intron

<222> (935)..(1058)

<220>
<221> exon

<222> (1059)..(1703)

<220>
<221> 3'UTR
<222> (1704)..(1740)

<400> 11

agctgctage tagaageett ggcagttgag ttaggtgctg tgecgetgeg tttgttggtg 60
tggaagctag ctgctagcta gccaggggaa gaagaagaag atctgatcga tgaggtccat 120
gggcagcccyg gactcatcet cecggectcgge gcaaaaacca ccgeggeatc agcatcagcea 180
tcagccgecg cctcegegge ggcagggcte ggegecggag ctccctceceg gettceggtt 240
ccacccgacg gacgaggage tggtcgtgeca ctacctcaag aagaaggccg ccaaggcgcec 300
gctceccegte accatcatceg cecgaggtgga cctctacaag ttcgaccecat gggagcetcce 360
cggtatgtac tactagttag tactatgtct atccctatct cgtcgategt gettgettge 420
tctatcaagc gccgtaattt cccggtgcaa ttaaataatc gaatccgtcc acgcatccat 480
ccatcatget ttttattata ctgtgcacaa gtatttttat attcttccag taagtacage 540
gcatgtatgt gatcctgtceg tcgtgettgt tcatgegctc gggegggatce atcatccate 600
agagaaggcyg accttcgggg agcacgagtg gtacttcttc agcccgegeg accgcaagta 660
cgccaacgge gocgeggocga accgggcgge gacgtceggge tactggaagg ccaccggcac 720
ggacaagcct atcctggect cggeccacegg gtgeggeccgg gagaaggtcg gegtcaagaa 780
ggcegetegte ttctaccgeg ggaagecgee caggggectc aagaccaact ggatcatgea 840
tgagtaccge ctcaccggag cctctgetgg ctccaccace accagecgge cgcegecggt 900
gaccggeggg agcagggccoce cggectctet cagggtacgt acttacacgt gtccatcgea 960
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cggtctatca
tgatgaagtt
gcatctacaa
agtgcgagga
tggcecggege
acgaggacaa
gcgecgecete
cgtcgtecte
aggcaaggaa
ccacggccga
ccatgtatct
tggcgccaga
ccggegtgaa

<210> 12
406

PRT

<211>
<212>
<213>

<220>
<223>

gtatttattt
aattattgta
gaagaccagc
ctcecgtggag
aggtgcgeat
cttccagcta
gctgggcecac
aacccegtte
tttcectggg
cgacatgget
ccecegtgeaa
ggccatcgeg

ctggaatccc

Hordeum vulgare

Hordeum vulgare

protein

<220>
<221>
<222>
<223>

<220>
<221>
<222>
<223>

<220>
<221>
<222>

<223>

<220>
<221>

conserved NAC

conserved NAC

conserved NAC

DOMAIN
(35).

. (55)

DOMAIN
(67).

. (81)

DOMAIN
(87).

. (125)

DOMAIN

attaactact
cgccgtcetca
aaggccgegyg
gacgcggtca
ggcagcaact
gacggcctge
cttgcegegg
aactggctcg
tttaacagga
ggcgeggtgyg
gacgggacct
ggcgccgeea

tgaacgaatg

ctcgagetta
tcgatcagtt
ccgeggtegy
ccgegtaccee
acgttcaact
tcacagaaca
cggcgagggce
aggcgtcaac
gcagaaacgt
acgtcagcga
accatcagca
cctectggttt

acaccaacgc

attatggtat
ggacgactgg
agatgagcag
gcectacgee
gctccateat
cgacgtecgge
caccaaacag
cggtggcage
cggcagtatg
cggaggcaat
tgtcatecte
ccagcatcac

cacatatgcg

PCT/US2006/018686

tgttgatagt
gtgetgtgece
aggagcatgg
acggcgggea
cacgacagcc
ctecteggegg
ttcectegece
atccteccac
tcgetgtceat
gcggtgaacyg
ggagctccge
gtccaaatat

catgcacaca

cv. Optic WNAC-Hl1l allele predicted

(NAM/ATAF1/CUC2) domain
(NAM/ATAF1/CUC2) domain
(NAM/ATAF1/CUC2) domain
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1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
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<222> (138)..(165)
<223> conserved NAC (NAM/ATAF1/CUC2) domain

<220>

<221> DOMAIN

<222> (192)..(204)

<223> conserved NAC (NAM/ATAF1/CUC2) domain

<400> 12
Met Gly Ser Pro Asp Ser Ser Ser Gly Ser Ala Gln Lys Pro Pro Arg

1 5 10 15

His Gln His Gln His Gln Pro Pro Pro Pro Arg Arg Gln Gly Ser Ala
20 25 30

Pro Glu Leu Pro Pro Gly Phe Arg Phe His Pro Thr Asp Glu Glu Leu
35 40 45

Val Val His Tyr Leu Lys Lys Lys Ala Ala Lys Ala Pro Leu Pro Val
50 55 60

Thr Ile Ile Ala Glu Val Asp Leu Tyr Lys Phe Asp Pro Trp Glu Leu
65 70 75 80

Pro Glu Lys Ala Thr Phe Gly Glu His Glu Trp Tyr Phe Phe Ser Pro
85 90 95

Arg Asp Arg Lys Tyr Ala Asn Gly Ala Arg Pro Asn Arg Ala Ala Thr
100 105 110

Ser Gly Tyr Trp Lys Ala Thr Gly Thr Asp Lys Pro Ile Leu Ala Ser
115 120 125

Ala Thr Gly Cys Gly Arg Glu Lys Val Gly Val Lys Lys Ala Leu Val
130 135 140

Phe Tyr Arg Gly Lys Pro Pro Arg Gly Leu Lys Thr Asn Trp Ile Met
145 150 155 160
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His Glu Tyr Arg Leu Thr Gly Ala Ser Ala Gly Ser Thr Thr Thr Ser
165 170 175

Arg Pro Pro Pro Val Thr Gly Gly Ser Arg Ala Pro Ala Ser Leu Arg
180 185 190

Leu Asp Asp Trp Val Leu Cys Arg Ile Tyr Lys Lys Thr Ser Lys Ala
195 200 205

Ala Ala Ala Val Gly Asp Glu Gln Arg Ser Met Glu Cys Glu Asp Ser
210 215 220

Val Glu Asp Ala Val Thr Ala Tyr Pro Pro Tyr Ala Thr Ala Gly Met
225 230 235 240

Ala Gly Ala Gly Ala His Gly Ser Asn Tyr Val Gln Leu Leu His His
245 250 255

His Asp Ser His Glu Asp Asn Phe Gln Leu Asp Gly Leu Leu Thr Glu
260 265 270

His Asp Val Gly Leu Ser Ala Gly Ala Ala Ser Leu Gly His Leu Ala
275 280 285

Ala Ala Ala Arg Ala Thr Lys Gln Phe Leu Ala Pro Ser Ser Ser Thr
290 295 300

Pro Phe Asn Trp Leu Glu Ala Ser Thr Gly Gly Ser Ile Leu Pro Gln
305 310 315 320

Ala Arg Asn Phe Pro Gly Phe Asn Arg Ser Arg Asn Val Gly Ser Met
325 330 335

Ser Leu Ser Ser Thr Ala Asp Asp Met Ala Gly Ala Val Asp Val Ser
340 345 350

Asp Gly Gly Asn Ala Val Asn Ala Met Tyr Leu Pro Val Gln Asp Gly
355 360 365

Thr Tyr His Gln His Val Ile Leu Gly Ala Pro Leu Ala Pro Glu Ala
370 375 380
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Ile Ala Gly Ala Ala Thr Ser Gly Phe Gln His His Val Gln Ile Ser

385

390 395 400

Gly Val Asn Trp Asn Pro

<210>
<211>
<212>
<213>

<220>
<223>

<220>
<221>
<222>
<220>
<221>
<222>
<223>

<220>
<221>
<222>

<220>
<221>
<222>

<220>
<221>
<222>

<220>
<221>
<222>

405

13
1628
DNA

Hordeum vulgare

Hordeum vulgare cv. Morex WNAC-H2 allele genomic

DNA

CDS
Join(97..319, 525..844, 959..1624)
Hordeum vulgare cv. Morex WNAC-H2 allele predicted

protein

exon

(97)..(319)

intron

(320) ..(524)

exon

(525)..(844)

modified base

(697)

72



WO 2006/124752

<223>

<220>
<221>
<222>

<220>
<221>
<222>

exon

<220>
<221>
<222>

<400> 13

gecttggecag
gttgttgget
ggctcggeac
ccgeeggget
aaggccgcca
gacccatggg
cgtaaatttt
ctgtgcaaga
tgatcctgtce
ggagcaggag
caacagggcyg
ctctgggtge
gcecgeccaag
tagctcecgece
cagggtacgt
atatcgagct
ggatgactgg
gcagaggage
tgccacageg
tcaccaggac
actctcggeg
tcecgaccaaa
aaccgttgge
cggaaatatg
caacggtgga
agatgggacc

n=4dg,

a, cor t

intron

(845)..(958)

(959)..(1624)

3T'UTR
(1625)..(1628)

ttgagttagg
agctagggga
cgccgeggea
tceggtteca
aggtgceget
agctcececegg
ccggtgeaat
agtattttta
gtgcttgttce
tggtacttct
gccacgtegg
ggccgggaga
ggcctcaaaa
gccaccagcec
gtcgaccgat
tagggtattg
gtgctgtgce
atggagtgecg
tgcatgaccg
agccacgagg
ggcgecacct
cagtttctcg
atcctcccac
tcgetgteat
ggcaatgcga

taccatcaac

caccacaata
aggtttgatg
tcagccgecg
cceccacagac
ccetgtceacce
tacgtatgta
taaataatag
tattgtttca
atgcgctege
tcagccegeg
ggtactggaa
aggtcggegt
ccaactggat
gacctccgee
cgcacggtca
tggttgatga
gcatatacaa
aggactccgt
gtgaaggggc
acaacttcct
cgctgagceca
cccegteate
atgcaaggaa
cgacggccga
tgaacgtcat
agcatgtcat

tatactctgg
aggtccatgg
cctecgeage
gaggagctgyg
atcatcgeeg
tgtaaatate
atcgaatcca
gtacacatgt
tcgggatcega
cgaccgcaag
ggcgaccgge
caagaangcg
catgcacgayg
cgtgaccgga
agcagtaacc
agttaattgg
gaagatcaac
ggaggacgcce
gcacggcagce
ggacggcctg
cctagecegeg
gtcaacccaa
ttttectggg
catggctggce
gcctccattt

ccteggegee

73

tgggatcatc
gcagctcgga
agggctcgge
tcgtgcacta
aggtggatct
tcgtegtget
tcgatcatge
atgtagatgg
tcagagaagg
tatcccaacg
acggacaagc
ctcgtcttet
taccgcectceca
gggagcaggg
gatctccgta
tgcacgtcgt
aaggccgcecg
gtcaccgcat
aactacgctt
ctcacagcag
gcggcgaggyg
ttcaactggc
tttaacagga
gcgggaacct
atgaatcatc

ccgectegege

PCT/US2006/018686

tggtgtgttt
ctcatcttce
gccggagete
cctcaagaag
ctacaagttc
tatcaagcgce
ttgtacacta
tttatgtatg
cgaccttegg
gcgcgeggece
ccatcectgge
accgcgggaa
ccgacgcgtc
ctgcctctet
tttcagtact
ctcaccagtt
ccgcggatca
acccgecgta
cactgctcca
aggacgccgyg
ggagcccgge
tcgatgegte
gcagaaacgt
gcgeggtgga
tcecegtgea

cagaagccac

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
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cggagecgee gectetgect tccageatcce cgttcaaata tccggegtga actggaatec 1620
ctgaacga 1628

<210> 14
<211> 402
<212> PRT

<213> Hordeum vulgare

<220>
<223> Hordeum vulgare cv. Morex WNAC-H2 allele predicted

protein

<220>

<221> DOMAIN

<222> (28)..(48)

<223> conserved NAC (NAM/ATAF1/CUC2) domain

<220>

<221> DOMAIN

<222> (60)..(74)

<223> conserved NAC (NAM/ATAF1/CUC2) domain

<220>

<221> DOMAIN

<222> (80)..(118)

<223> conserved NAC (NAM/ATAF1/CUC2) domain

<220>

<221> DOMAIN

<222> (129)..(156)

<223> conserved NAC (NAM/ATAF1l/CUC2Z2) domain

<220>
<221> MOD_RES
<222> (132)

<223> Xaa = Asn or Lys
<220>

<221> DOMAIN
<222> (181)..(193)
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<223> conserved NAC (NAM/ATAF1/CUC2) domain
<400> 14
Met Gly Ser Ser Asp Ser Ser Ser Gly Ser Ala Pro Pro Arg His Gln

1 5 10 15

Pro Pro Pro Pro Gln Gln Gly Ser Ala Pro Glu Leu Pro Pro Gly Phe
20 25 30

Arg Phe His Pro Thr Asp Glu Glu Leu Val Val His Tyr Leu Lys Lys
35 40 45

Lys Ala Ala Lys Val Pro Leu Pro Val Thr Ile Ile Ala Glu Val Asp
50 55 60

Leu Tyr Lys Phe Asp Pro Trp Glu Leu Pro Glu Lys Ala Thr Phe Gly
65 70 75 80
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Glu Gln Glu Trp Tyr Phe Phe Ser Pro Arg Asp Arg Lys Tyr Pro Asn
85 90 95

Gly Ala Arg Pro Asn Arg Ala Ala Thr Ser Gly Tyr Trp Lys Ala Thr
100 105 110

Gly Thr Asp Lys Pro Ile Leu Ala Ser Gly Cys Gly Arg Glu Lys Val
115 120 125

Gly Val Lys Xaa Ala Leu Val Phe Tyr Arg Gly Lys Pro Pro Lys Gly
130 135 140

Leu Lys Thr Asn Trp Ile Met His Glu Tyr Arg Leu Thr Asp Ala Ser
145 150 155 160

Ser Ser Ala Ala Thr Ser Arg Pro Pro Pro Val Thr Gly Gly Ser Arg
165 170 175

Ala Ala Ser Leu Arg Leu Asp Asp Trp Val Leu Cys Arg Ile Tyr Lys
180 185 190

Lys Ile Asn Lys Ala Ala Ala Ala Asp Gln Gln Arg Ser Met Glu Cys
195 200 205

Glu Asp Ser Val Glu Asp Ala Val Thr Ala Tyr Pro Pro Tyr Ala Thr
210 215 220

Ala Cys Met Thr Gly Glu Gly Ala His Gly Ser Asn Tyr Ala Ser Leu
225 230 235 240

Leu His His Gln Asp Ser His Glu Asp Asn Phe Leu Asp Gly Leu Leu
245 250 255

Thr Ala Glu Asp Ala Gly Leu Ser Ala Gly Ala Thr Ser Leu Ser His
260 265 270

Leu Ala Ala Ala Ala Arg Gly Ser Pro Ala Pro Thr Lys Gln Phe Leu
275 280 285

Ala Pro Ser Ser Ser Thr Gln Phe Asn Trp Leu Asp Ala Ser Thr Val
290 295 300
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Gly Ile Leu Pro His Ala Arg Asn Phe Pro Gly Phe Asn Arg Ser Arg
305 310 315 320

Asn Val Gly Asn Met Ser Leu Ser Ser Thr Ala Asp Met Ala Gly Ala
325 330 335

Gly Thr Cys Ala Val Asp Asn Gly Gly Gly Asn Ala Met Asn Val Met
340 345 ‘ 350

Pro Pro Phe Met Asn His Leu Pro Val Gln Asp Gly Thr Tyr His Gln
355 360 365

Gln His Val Ile Leu Gly Ala Pro Leu Ala Pro Glu Ala Thr Gly Ala
370 375 380

Ala Ala Ser Ala Phe Gln His Pro Val Gln Ile Ser Gly Val Asn Trp
385 390 395 400

Asn Pro
<210> 15
<211> 2753
<212> DNA

<213> Triticum turgidum

<220>
<223> Triticum turgidum var. dicoccoides (DIC) allele

UCW87 gene (BAC 409D13) genomic DNA

<220>
<221> 5'UTR
<222> (1) ..(45)

<220>

<221> variation

<222> (41)..(42)

<223> polymorphic base between DIC and LDN alleles

<220>

<221> CDS
<222> join(46..176, 271..327, 424..1484, 1618..1888, 1977..2346)
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<223> Triticum turgidum var. dicoccoides (DIC) allele

<220>
<221>
<222>

<220>
<221>
<222>

<220>
<221>
<222>

<220>
<221>
<222>

<220>
<221>
<222>

<220>
<221>
<222>
<223>

<220>
<221>
<222>
<223>

<220>
<221>
<222>

<223>

UCW87 predicted protein

exon

(46)..(176)

intron

(177)..(270)

exon

(271)..(327)

intron

(328)..(423)

exon

(424)..(1484)

variation

(1069)

polymorphic base between DIC and LDN alleles

variation

(1217)

polymorphic base between DIC and LDN alleles

variation

(1369)

polymorphic base between DIC and LDN alleles
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<220>
<221>
<222>

<220>
<221>
<222>
<223>

<220>
<221>
<222>
<223>

<220>
<221>
<222>

<220>
<221>
<222>
<223>

<220>
<221>
<222>
<223>

<220>
<221>
<222>

<220>
<221>
<222>

<220>

<221>

<222>

<400>

intron

(1485)..(1617)

variation
(1520)
polymorphic base between DIC and LDN alleles

variation
(1587)..(1589)
polymorphic base between DIC and LDN alleles

exon

(1618)..(1888)

variation
(1694)..(1697)
polymorphic base between DIC and LDN alleles

variation
(1766)
polymorphic base between DIC and LDN alleles

intron
(1889)..(1976)
exon
(1977)..(2346)
3'UTR
(2347)..(2753)
15
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catatgactc
gacaacgggt
tacggegggyg
gtacatactt
atccgtatat
ctccgatcaa
cttgagaaat
taggcttgat
gttccggage
gctagtgatg
ggacacgccg
gttcaactac
ggacgcgece
ggagccacag
caacagggtg
ggtcgtcace
gcatgtegge
tgtggecgege
cctcaactct
ggcccaggece
ggccggegag
ggacaacatg
gtgggcgacyg
gttcaccatt
tctcggegat
ccegetgtte
caactctggg
gcgcaatcaa
agatcggcegt
acctcaacaa
acgcccaact
aggactggta
ccacttcagt
gceggegacyg
cceggeggea
gtccaggtga
gacggcaacg
atcagcggga
aacagcatat
tcctagaaca

tgagatgttce

cgtacgtata
tggtgcaggt
aagggtcgaa
cacgcttgct
atgatttgta
cgcgacttgce
atatgaagtg
ggttcggagt
acgtacagec
ctcaagggca
gccatcgaca
atggccgtcet
cgcagctccce
ttcaaggggg
cacgggtggg
cccagcageg
ccgacgtgea
atcggggacyg
aactcggaga
gaggcggeca
agaggctctg
ccegeteggg
gagagcaagyg
gacaacgtcc
tacatgaaca
tagtccaaat
tactgttttg
cctcggegat
tcetgatcegg
gctcttccag
gtacccgacg
cttcgcacat
ccaagccaac
acatcgtgcece
cctacacctt
acggggggac
cgattgcgag
gactgectccg
tcttaggggt
gagtgttttt
tggaagaata

acttagatac
gtecgetgteg
cctgctgeac
tgcgtgttaa
ctttttgcag
tcaactcgta
caaatactaa
tcagggtggt
cggaacgtcg
gctccgggtt
tcacccagge
cggacgacgt
cgctggcecgta
aggtggacga
tcagcactag
agttcaagag
tcagcatgtt
gcgagcagtyg
agggagaccc
agtggcccta
tcaccggecg

cagcttacgt

gctaccagtt’

gggcagggga

ccacccgegt
ttggtttgge
ctgacgatag
cttgtgtacg
agcgccaagg
aacaaagaca
gacgatctcg
gtcacaaggt
ggcacaagta
gacgacgcgg
gcgegtegec
gaggcgtggg
gcacggcgac
gcaaggggac
catgtacgac
tttttttgaa
atttgagcat

ttacgtgtge
aggcccgdggyg
tccagcagga
ttaatttgtt
gtactgggat
cgtgatcgeg
gctagaatcg
aacgcagagc
gaacggcgtce
ctacagctac
ccggcetegee
acagcgctac
caaggaggcg
caagtaccag
cagcggcecag
cggcgggeeyg
ccatgggagg
gaagaaggtc
gcgggtgete
cagctteccg
attgctcgta
tggcetggece
ctggacgacg
gtacaaccte
caccgtaaca
atttgttcca
tttgttcgat
aggccccgag
agatgttcgt
ggtacaggca
tctacaccgt
aagacacacc
ctgaccgacg
cagatccggt
ctcgeggecyg
ggcggcgtcet
cacggcacgc
aacaccatcce
tacatacggt
tgatctagaa
gaatatttgt

80

aatgcatgca
gccacatcac
gcagaaacac
cttgcagtta
atggtgtyggg
aattaacttg
ctatatattg
gacgaccagg
cggctcaacg
gccatcctgg
ttcaagctea
atgccgeggyg
gtgctgetgyg
tacacgctgg
ccgagcecacg
ctcaagcgag
cactatatcg
atgggccctg
tgggaggacg
gagtcgectg
agggacaggt
gcgccaggtce
gcgtcgaaca
tacgcgtggg
cccggttagt
gagctagtcet
tttcaacctt
atcggggceceg

cceccgacccece
gtacgggctg
cggcgaaage
catgggccat
ttgatctgte
tcecgeatggg
ctcacgcgge
tcgggacgece
agtggagett
acatcacgca
ttgaaggacc
cagagttgct

atataaataa

PCT/US2006/018686

ggtggtggtyg
cggecgteege
tggcgggtta
gttaagcaag
acatcccegg
atcgcattgt
tgtgcgtacg
tggagctgte
tcgacaagag
agcacggcgc
acacggacag
cggctgaccyg
tcgacccgte
acaccaagga
tcggettcetyg
acctcacctc
gggacgacat
ttttcgtcta
ctaaggcgac
acttccacaa
acgtgagcag
agcctggetc
cttcecggega
ttcctggagt
accgctacca
gcatgaccag
gaaacaggcg
acgctgtggyg
gacccgaagt
tgggagaggt
caccactcca
gggtgecattt
gtgcagaaag
ccgegtegtg
gaggctgeag
ggcgttcegga
cgagttteccg
gacgagggcg
gceccggctet
tgttgettgt
tttcettttt

120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1860
1920
1980
2040
2100
2160
2220
2280
2340
2400
2460
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catcaaattg ttaatggttg ccattgtgcg actgtcccat tatcccacaa tcgaccagec 2520
tatcttgcac acagctaagg tcaactccag tcagtggegg agctagacaa aaatgcttgg 2580
gggggccgaa agacaaaaaa atccaggatg agcaactgcet getgagagcea aatttataat 2640
aagtgtagct gggtcttagt tgactgagac ttaaccaage ctcggtcgaa tgctatagta 2700
tataaaaaaa ctgaagaaaa gaatgtacag ttctctatgc aagacctaag gga 2753
<210> 16
<211> 629
<212> PRT
<213> Triticum turgidum
<220>
<223> Triticum turgidum var. dicoccoides (DIC) allele
UCW87 predicted protein

<220>

<221> DOMAIN

<222> (1)..(190)

<223> conserved Rhamnogalacturonate lyase domain

<220>

<221> VARIANT

<222> (466)

<223> amino acid substitution between DIC and LDN
alleles

<400> 16

Met Gln Val Val Val Asp Asn Gly Leu Val Gln Val Ser Leu Ser Arg

1 5 10 15

Pro Gly Gly His Ile Thr Gly Val Arg Tyr Gly Gly Glu Gly Ser Asn
20 25 30
Leu Leu His Ser Ser Arg Ser Arg Asn Thr Gly Gly Tyr Trp Asp Met
35 40 45
Val Trp Asp Ile Pro Gly Ser Asp Gln Arg Asp Leu Leu Asn Ser Leu
50 55 60
Asp Gly Ser Glu Phe Arg Val Val Thr Gln Ser Asp Asp Gln Val Glu
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Leu

Leu

Tyr

Ile

Tyr

145

Asp

Leu

Lys

Val

Thr

225

Thr

Tyr

Lys

WO 2006/124752

Ser

Asn

Ser

Thr

130

Met

Arg

Leu

Tyr

Ser

210

Pro

Ser

Ile

Lys

Phe

Val

Tyr

115

Gln

Ala

Asp

Val

Gln

195

Thr

Ser

His

Val
275

Arg

Asp

100

Ala

Ala

Val

Ala

Asp

180

Tyr

Ser

Ser

Val

Asp

260

Met

Ser

85

Lys

Ile

Arg

Ser

Pro

165

Pro

Thr

Ser

Glu

Gly

245

Asp

Gly

70

Thr

Arg

Leu

Leu

Asp

150

Arg

Ser

Leu

Gly

Phe

230

Pro

Ile

Pro

Tyr

Leu

Glu

Ala

135

Asp

Ser

Glu

Asp

Gln

215

Lys

Thr

vVal

Val

Ser

Val

His

120

Phe

Val

Ser

Pro

Thr

200

Pro

Ser

Cys

Ala

Phe
280

Pro

Met

105

Gly

Lys

Gln

Pro

Gln

185

Lys

Ser

Gly

Ile

Arg

265

Val

Glu

90

Leu

Ala

Leu

Arg

Leu

170

Phe

Asp

His

Gly

Ser

250

Ile

Tyr

82

75

Arg

Lys

Asp

Asn

Tyr

155

Ala

Lys

Asn

Val

Pro

235

Met

Gly

Leu

Arg

Gly

Thr

Thr

140

Met

Tyx

Gly

Arg

Gly

220

Leu

Phe

Asp

Asn

Asn

Ser

Pro

125

Asp

Pro

Lys

Glu

Val

205

Phe

Lys

His

Gly

Ser
285

Gly

Ser

110

Ala

Arg

Arg

Glu

Val

190

His

Trp

Arg

Gly

Glu

270

Asn

Val

95

Gly

Ile

Phe

Ala

Ala

175

Asp

Gly

Val

Asp

Arg

255

Gln

Ser
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80

Arg

Phe

Asp

Asn

Ala

160

Val

Asp

Trp

Val

Leu

240

His

Trp

Glu



WO 2006/124752 PCT/US2006/018686

Lys Gly Asp Pro Arg Val Leu Trp Glu Asp Ala Lys Ala Thr Ala Gln
290 295 300

Ala Glu Ala Ala Lys Trp Pro Tyr Ser Phe Pro Glu Ser Pro Asp Phe
305 310 315 320

His Lys Ala Gly Glu Arg Gly Ser Val Thr Gly Arg Leu Leu Val Arg
325 330 335

Asp Arg Tyr Val Ser Arg Asp Asn Met Pro Ala Arg Ala Ala Tyr Val
340 345 350

Gly Leu Ala Ala Pro Gly Gln Pro Gly Ser Trp Ala Thr Glu Ser Lys
355 360 365

Gly Tyr Gln Phe Trp Thr Thr Ala Ser Asn Thr Ser Gly Glu Phe Thr
370 375 380
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Ile Asp Asn Val Arg Ala Gly Glu Tyr Asn Leu Tyr Ala Trp Val Pro
385 390 395 400

Gly Val Leu Gly Asp Tyr Met Asn Thr Thr Arg Val Thr Val Thr Pro
405 410 415

Gly Gly Ala Ile Asn Leu Gly Asp Leu Val Tyr Glu Ala Pro Arg Ser
420 425 430

Gly Pro Thr Leu Trp Glu Ile Gly Val Pro Asp Arg Ser Ala Lys Glu
435 440 445

Met Phe Val Pro Asp Pro Asp Pro Lys Tyr Leu Asn Lys Leu Phe Gln
450 455 460

Asn Lys Asp Arg Tyr Arg Gln Tyr Gly Leu Trp Glu Arg Tyr Ala Gln
465 470 475 480

Leu Tyr Pro Thr Asp Asp Leu Val Tyr Thr Val Gly Glu Ser His His
485 490 495

Ser Lys Asp Trp Tyr Phe Ala His Val Thr Arg Lys Ala Gly Asp Asp
500 505 510

Ile Val Pro Thr Thr Arg Gln Ile Arg Phe Arg Met Gly Arg Val Val
515 520 525

Pro Gly Gly Thr Tyr Thr Leu Arg Val Ala Leu Ala Ala Ala His Ala
530 535 540

Ala Arg Leu Gln Val Gln Val Asn Gly Gly Thr Arg Arg Gly Gly Gly
545 550 555 560

Val Phe Gly Thr Pro Ala Phe Gly Asp Gly Asn Ala Ile Ala Arg His
565 570 575

Gly Asp His Gly Thr Gln Trp Ser Phe Glu Phe Pro Ile Ser Gly Arg
580 585 590

Leu Leu Arg Gln Gly Asp Asn Thr Ile His Ile Thr Gln Thr Arg Ala
595 600 605
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Asn Ser Ile Phe Leu Gly Val Met Tyr Asp Tyr Ile Arg Phe Glu Gly
610 615 620

Pro Pro Gly Ser Ser
625

<210> 17
<211> 2349
<212> DNA

<213> Triticum turgidum

<220>
<223> Triticum turgidum var. durum tetraploid cultivar

Langdon (LDN) allele UCW87 genomic DNA

<220>

<221> 5'UTR

<222> (1)..(46)

<220>

<221> variation

<222> (41)..(43)

<223> polymorphic base between DIC and LDN alleles

<220>

<221> CDS

<222> join(47..177, 272..328, 425..1485, 1621..1891, 1980..2349)
<223> Triticum turgidum var. durum tetraploid cultivar

Langdon (LDN) allele UCW87 predicted protein

<220>
<221> exon

<222> (47)..(177)
<220>
<221> intron

<222> (178)..(271)

<220>

<221> exon

85



WO 2006/124752

<222>

<220>
<221>
<222>

<220>
<221>
222>

<220>
<221>
<222>
<223>

<220>
<221>
<222>
<223>

<220>
<221>
<222>

<220>
<221>
<222>
<223>

<220>
<221>
<222>
<223>

<220>
<221>
<222>

(272)..(328)
intron
(329)..(424)
exon
(425)..(1485)
variation
(1070)

polymorphic base between DIC and LDN alleles

variation
(1370)
polymorphic base between DIC and LDN alleles

intron

(1486) .. (1620)

variation
(1521)
polymorphic base between DIC and LDN alleles

variation
(1588)..(1592)
polymorphic base between DIC and LDN alleles

exon

(1621)..(1891)

36

PCT/US2006/018686
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<220>
<221>
<222>
<223>

<220>
<221>
<222>
<223>

<220>
<221>
<222>

<220>
<221>
<222>

exon

<400> 17
catatgactc
ggacaacggg

ctacggcggg
agtacatact

gatccgtata
gctccgatca
tcttgagaaa
gtaggcttga
cgttccggag
ggctagtgat
cggacacgcece
ggttcaacta
gggacgcgec
cggagccaca
acaacagggt
gggtcgtcac
cgcatgtegg
ttgtggecgeg
acctcaactc
cggceccaggce
aggccggcega

gggacaacat

(1980)

variation
(1697) .. (1700)
polymorphic base between DIC and LDN alleles

variation

(1769)

intron

(1892)

.. (1979)

.. {2349)

cgtacgtata
ttggtgcagy
gaagggtcga
tcacgcecttge
tatgatttgt
acgcgacttg
tatatgaagt
tggttcggag
cacgtacagce
gctcaagggce
ggccatcgac
catggcegtce
ccgecagetee
gttcaagggyg
gcacgggtgg

ccccagcage
cccgacgtge
catcggggac
taactcggag
cgaggcggec
gagaggctct
gcecegetegyg

acttagatac
tgtcgctgtce
acctgctgeca
ttgcgtgtta
actttttgeca
ctcaactcgt
gcaaatacta
ttcagggtgg
ccggaacgte
agctccgggt
atcacccagg
tcggacgacg
ccgetggegt
gaggtggacy
gtcagcacta
gagttcaaga
atcagcatgt
ggcgagcagt
aagggagacc
aagtggecect
gtcaccggee

gcagcttacg

ttacgtgtge
gaggcceggg
ctccagcagg
attaatttgt
ggtactggga
acgtgatcgc
agctagaatc
taacgcagag
ggaacggcgt
tctacagcecta
cccggcectege
tacagcgcta
acaaggaggc
acaagtacca
gcagcggcca
gcggcegggece
tccatgggag
ggaagaaggt
cgcgggtget
acagcttccc
gattgctegt
ttggectgge

87

polymorphic base between DIC and LDN alleles

aaatgcatgc
ggccacatca
agcagaaaca
tcttgcagtt
tatggtgtgg
gaattaactt
gctatatatt
cgacgaccag
ccggctcaac
cgccatcectg
cttcaagctc
catgccgegg
ggtgctgcetg
gtacacgctg
gccgagecac
gctcaagcga
gcactatatc
catgggccce
ctgggaggac
ggagtcgcct

aagggacagg
cgcgccaggt

PCT/US2006/018686

aggtggtggt
ccggegtecg
ctggegggtt
agttaagcaa
gacatccceg
gatcgcattg
gtgtgcgtac
gtggagcetgt
gtcgacaaga
gagcacggcyg
aacacggaca
gcggctgacce
gtcgaccegt
gacaccaagg
gtcggettet
gacctcacct
ggggacgaca
gttttcgtct
gctaaggcga
gacttccaca
tacgtgagca
cagcctgget

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
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cgtgggcgac
agttcaccat
ttcteggega
acccgcectgtt
gcaactctgg
gcggegecaat
gggagatcgg
agtacctcaa
ggtacgccca
ccaaggactg
tttccactte
aaggccggeyg
gtgceceggey
caggtccagg
ggagacggca
ccgatcageg
gcgaacagca

tettectag

<210>
<211>
<212>
<213>

18
629
PRT

<220>
<223>

Langdon

<220>
<221>
<222>
<223>

<220>
<221>
<222>
<223>

ggagagcaag
tgacaacgtc
ttacatgaac
ctagtccaaa
gtactgtttt
caacctecgge
cgttececggac
caagctcttce
actgtacccg
gtacttcgea
agtccaagcecce
acgacatcgt
gcacctacac
tgaacggggy
acgcgattge
ggagactgct
tattcttagg

(LDN)

DOMATIN
(1) ..

(190)

VARIANT
(466)

alleles

<400> 18

ggctaccagt
cgggcagggy
accacccgceg
cttggtttgg
gctgacggtc
gatcttgtgt
cggagcgcca
cagaacaatg
acggacgatc
catgtcacaa
aacggcacaa
gccgacgacg
cttgcgegte
gacgaggcgt
gaggcacgge
ccggcaaggyg
ggtcatgtac

Triticum turgidum

tctggacgac
agtacaacct
tcaccgtaac
catttgttce
tggtttgtte
acgaggccece
aggagatgtt
acaggtacag
tcgtctacac
ggtaagacac
gtactgaccyg
cggcagatcc
gcectegegyg
gggggcggcyg
gaccacggca
gacaacacca

gactacatac

88

ggcgtcegaat
ctacgcgtgg
acccggttag
agagctagtc
gattttcaac
gagatcgggy
cgtccecgac
gcagtacggg
cgtcggcgaa
acccatggge
acgttgatct
ggttccgeat
ccgcectcecacge
tcttecgggac
cgcagtggag

tccacatcac

ggtttgaagg

Triticum turgidum var. durum tetraploid cultivar

allele UCW87 predicted protein

conserved Rhamnogalacturonate lyase domain

amino acid substitution between DIC and LDN

PCT/US2006/018686

acttcecggeg
gttcctggag
taccgctacc
tgcatgacca
cttgaaacag
ccgacgetgt
cccgacecga
ctgtgggaga
agccaccact
catgggtgcea
gtcgtgcaga
gggccgegte
ggcgaggcetg
gceggegtte
cttcgagttt
gcagacgagg

accgeecgge

1380
1440
1500
1560
1620
1680
1740
1800
1860
1920
1980
2040
2100
2160
2220
2280
2340
2349



Pro

Leu

Val

Asp

65

Leu

Leu

Tyr

Ile

Tyxr

145

Asp

Leu

Lys

WO 2006/124752

Gly

Leu

Trp

50

Gly

Ser

Asn

Ser

Thr

130

Met

Arg

Leu

Tyr

Val

Gly

His

35

Asp

Ser

Phe

Val

Tyr

115

Gln

Ala

Asp

Val

Gln
195

Val

His

20

Ser

Ile

Glu

Arg

Asp

100

Ala

Ala

Val

Ala

Asp

180

Tyr

Val

Ile

Ser

Pro

Phe

Ser

85

Lys

Ile

Arg

Ser

Pro

165

Pro

Thr

Asp

Thr

Arg

Gly

Arg

70

Thr

Arg

Leu

Leu

Asp

150

Arg

Ser

Leu

Asn

Gly

Ser

Ser

55

Val

Tyr

Leu

Glu

Ala

135

Asp

Ser

Glu

Asp

Gly

Val

Arg

40

Asp

Val

Ser

Val

His

120

Phe

Val

Ser

Pro

Thr
200

Leu

Arg

25

Asn

Gln

Thr

Pro

Met

105

Gly

Lys

Gln

Pro

Gln

185

Lys

Val

10

Tyr

Thr

Arg

Gln

Glu

90

Leu

Ala

Leu

Arg

Leu

170

Phe

Asp

89

Gln

Gly

Gly

Asp

Ser

75

Arg

Lys

Asp

Asn

Tyr

155

Ala

Lys

Asn

Val

Gly

Gly

Leu

60

Asp

Arg

Gly

Thr

Thr

140

Met

Tyr

Gly

Arg

Ser

Glu

Tyr

45

Leu

Asp

Asn

Ser

Pro

125

Asp

Pro

Lys

Glu

Val
205

Leu

Gly

30

Trp

Asn

Gln

Gly

Ser

110

Ala

Arg

Arg

Glu

Val

190

His

Ser

15

Ser

Asp

Ser

Val

Val

95

Gly

Ile

Phe

Ala

Ala

175

Asp

Gly

PCT/US2006/018686

Arg

Asn

Met

Leu

Glu

80

Arg

Phe

Asp

Asn

Ala

160

Val

Asp

Trp
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Val Ser Thr Ser Ser Gly Gln Pro Ser His Val Gly Phe Trp Val Val
210 215 220

Thr Pro Ser Ser Glu Phe Lys Ser Gly Gly Pro Leu Lys Arg Asp Leu
225 230 235 240

Thr Ser His Val Gly Pro Thr Cys Ile Ser Met Phe His Gly Arg His
245 250 255

Tyr Ile Gly Asp Asp Ile Val Ala Arg Ile Gly Asp Gly Glu Gln Trp
260 265 270

Lys Lys Val Met Gly Pro Val Phe Val Tyr Leu Asn Ser Asn Ser Glu
275 280 285

Lys Gly Asp Pro Arg Val Leu Trp Glu Asp Ala Lys Ala Thr Ala Gln
290 295 300

Ala Glu Ala Ala Lys Trp Pro Tyr Ser Phe Pro Glu Ser Pro Asp Phe
305 310 315 320

His Lys Ala Gly Glu Arg Gly Ser Val Thr Gly Arg Leu Leu Val Arg
325 330 335

Asp Arg Tyr Val Ser Arg Asp Asn Met Pro Ala Arg Ala Ala Tyr Val
340 345 350

Gly Leu Ala Ala Pro Gly Gln Pro Gly Ser Trp Ala Thr Glu Ser Lys
355 360 365

Gly Tyr Gln Phe Trp Thr Thr Ala Ser Asn Thr Ser Gly Glu Phe Thr
370 375 380

Ile Asp Asn Val Arg Ala Gly Glu Tyr Asn Leu Tyr Ala Trp Val Pro
385 390 395 400

Gly Val Leu Gly Asp Tyr Met Asn Thr Thr Arg Val Thr Val Thr Pro
405 410 415

Gly Gly Ala Ile Asn Leu Gly Asp Leu Val Tyr Glu Ala Pro Arg Ser
420 425 430

90



Gly

Met

Asn

465

Leu

Ser

Ile

WO 2006/124752

Pro

Phe

450

Asn

Tyr

Lys

Val

Thr

435

Val

Asp

Pro

Asp

Pro

515

Leu

Pro

Arg

Thr

Trp

500

Thr

Trp

Asp

Tyr

Asp

485

Tyr

Thr

Glu

Pro

Arg

470

Asp

Phe

Arg

Ile

Asp

455

Gln

Leu

Ala

Gln

Gly

440

Pro

Tyr

Val

His

Ile
520

Val

Lys

Gly

Tyr

Val

505

Arg

Pro

Tyr

Leu

Thr

490

Thr

Phe

91

Asp

Leu

Trp

475

vVal

Arg

Arg

Arg

Asn

460

Glu

Gly

Lys

Met

Ser

445

Lys

Arg

Glu

Ala

Gly
525

Ala Lys

Leu Phe

Tyr Ala

Ser His
495

Gly Asp
510

Arg Val

PCT/US2006/018686

Glu

Gln

Gln

480

His

Asp

Val
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Pro Gly Gly Thr Tyr Thr Leu Arg Val Ala Leu Ala Ala Ala His Ala
530 535 540

Ala Arg Leu Gln Val Gln Val Asn Gly Gly Thr Arg Arg Gly Gly Gly
545 550 555 560

Val Phe Gly Thr Pro Ala Phe Gly Asp Gly Asn Ala Ile Ala Arg His
565 570 575

Gly Asp His Gly Thr Gln Trp Ser Phe Glu Phe Pro Ile Ser Gly Arg
580 585 590

Leu Leu Arg Gln Gly Asp Asn Thr Ile His Ile Thr Gln Thr Arg Ala
595 600 605

Asn Ser Ile Phe Leu Gly Val Met Tyr Asp Tyr Ile Arg Phe Glu Gly
610 615 620

Pro Pro Gly Ser Ser
625

<210> 19
<211> 18
<212> PRT

<213> Artificial Sequence

<220>
<223> Description of Artificial Sequence:UCW87 region
including polymorphic amino acid from Triticum

turgidum var. dicoccoides (DIC) allele

<400> 19

Leu Asn Lys Leu Phe Gln Asn Lys Asp Arg Tyr Arg Gln Tyr Gly Leu

1 5 10 15

Trp Glu

<210> 20
<211> 18

92
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<212> PRT

<213> Artificial Sequence

<220>

<223> Description of Artificial Sequence:UCW87 region
including polymorphic amino acid from Triticum
turgidum var. durum tetraploid cultivar Langdon
(LDN) allele

<400> 20
Leu Asn Lys Leu Phe Gln Asn Asn Asp Arg Tyr Arg Gln Tyr Gly Leu
1 5 10 15

Trp Glu

<210> 21

<211> 18

<212> PRT

<213> Artificial Sequence

<220>

<223> Description of Artificial Sequence:UCW87 region

from rice (Oryza sativa) BX000498

<400> 21
Leu Asn Lys Ile Phe Ile Thr Lys Asp Lys Tyr Arg Gln Tyr Gly Leu
1 5 10 15

Trp Glu

<210> 22

<211> 19

<212> PRT

<213> Artificial Sequence

<220>

<223> Description of Artificial Sequence:UCW87 region

from Arabidipsis thaliana NP_172459

<400> 22

93
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Val Asn Lys Leu Tyr Leu Asn His Ser Asp Lys Tyr Arg Gln Tyr Gly
1 5 10 15

Leu Trp Glu

<210> 23
<211> 20
<212> PRT

<213> Artificial Sequence

<220>
<223> Description of Artificial Sequence:UCW87 region
from Arabidipsis thaliana AAD15570 and AAS99719

<400> 23
Met Asn Lys Leu Tyr Val Asn Pro Leu Gln Asp Arg Phe Arg Gln Tyr
1 5 10 15

§

Gly Leu Trp Asp
20

<210> 24
<211> 19
<212> PRT

<213> Artificial Sequence

<220>
<223> Description of Artificial Sequence:UCW87 region
from Arabidipsis thaliana CAB79353

<400> 24
Ile Asn Lys Leu Tyr Ile Gly His Pro Asp Arg Phe Arg Gln Tyr Gly

1 5 10 15

Leu Trp Glu

94
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<210> 25
<211> 19
<212> PRT

<213> Artificial Sequence

<220>

<223> Description of Artificial Sequence:UCW87 region
from rice (Oryza sativa) XP_507326 and Arabidipsis
thaliana XP_ 483712

<400> 25
Val Asn Arg Leu Tyr Ile Asn His Pro Asp Arg Phe Arg Gln Tyr Gly
1 5 10 15

Leu Trp Glu

<210> 26
<211> 19
<212> PRT

<213> Artificial Sequence

<220>
<223> Description of Artificial Sequence:UCW87 region

from Arabidipsis thaliana NP 172460

<400> 26
Tle Asn Asn Leu Tyr Gln Asn His Pro Asp Arg Phe Arg Gln Tyr Gly
1 5 10 15

Leu Trp Glu

<210> 27
<211> 19
<212> PRT

<213> Artificial Sequence

<220>
<223> Description of Artificial Sequence:UCW87 region
from Arabidipsis thaliana NP_172462

95
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<400>

27

PCT/US2006/018686

Val Asn Arg Val Leu Val His His Gln Asp Arg Phe Arg Gln Tyr Gly

1

5 10

Leu Trp Lys

<210>
<211>
<212>
<213>

<220>
<223>

<220>
<221>
<222>
<220>
<221>
<222>
<223>

<220>
<221>
<222>

<220>
<221>

<222>

<220>
<221>

<222>

<220>
<221>
<222>

28
3597
DNA

Oryza sativa

Oryza sativa OsNAC rice homologue of WNAC-B1

genomic DNA

5'UTR
(1)..(1000)

CDS
join(1001..1226, 1462..1799, 1885..2597)
Oryza sativa OsNAC rice homologue of WNAC-BL

predicted protein

exon

(1001)..(12286)

intron

(1227)..(1461)

exon

(1462)..(1799)

intron

(1800) ..(1884)

96

15
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<220>
<221> exon
<222>

<220>

{1885)..(2597)

<221> 3'UTR

<222>

<400> 28

actcctectg
actcattaca
gtctcceggg
acagtaaaaa
taatcaacgt
ctcttecgact
ctaaacggge
ggtggaagay
gcgedgagggyg
ggccggcata
cgtatttete
cececttgectg
ctcgeteget
tcccagegea
accacagcca
ggtggatgag
gtgtgtgtgt
gtecggeteg
ggagctgecg
caagaagaag
caagttcgat
ataaattaag
aaaaaaaatc
tcgategate
gcatgcatcyg
gccecgaggga
actggaaggce
tcggegtgaa
actggatcat
cgaccaggcg
tacgtacgta

{2598) .. (3597)

cttatctaga
gtgtgtgaac
tatatcgcag
acaacggaag
ccaaaaggtt
cgeggeccat
caacacaaaa
gttaccatac
cgggcgggcy
cgtgtecage
ggggceaaty

ccttgecact

agcttagcat

gatcgctcge
cacagcttcet
ggatctagcet
gtgtgaggag
gcgecaccge
ccggggttec
gcegecteeyg
ccectgggate
aatttattat
agcccaaatc
gatcgatcga
gtttgtatca
ccgcaagtac
caccggcace
gaaggcgete
gcacgagtac
gcecgecgeeg
tatacgtttg

accaaaatcc
ctttagcatt
agatagaaca
aaatgataat
gtgcttttte
ggcctaaact
ggaggcctag
gctgggcegt
ggtggcgagg
ggcgacgggce
cctteggege
gccagcecge
cctgcatgca
ctgecttgee
ctctgttget
aactagctta
ggtgatcgat
gagtactacg
ggttccacce
tteegetece
tcececggtac
tacagcttat
tccatatgceca
tcgatctggt
gagaaggcga
ccgaacyggyg
gacaagccea
gtgttctacc
cgtctcacgg
cccatcaccg

tgegtgacag

agaagcagca
tggggtcata
ttctattggt
aatcaaaggt
tcagggaaaa
gcttegegtt
taagccggtyg
gtgtagccca
tgatcgatcg
ccgtggegge
ctctccecac
acctcatcca
tgcagecgecag
tgcecgtcecg
cgctttactg
gctagacage
cgatcgageg
gcggcaacag
gacggacgag
cgtcaccate
gtaatttaat
atatactatt
tgtgagcatg
gtegtttact
acttcgggga
cgcggcegaa
tcatgtcgte
ggggcaagec
acacgtctag
gcggtagcaa
tctegettgg

97

tttgtececgaa
gttctattaa
aatttggtat
tacacgctga
aagttaccag
gtccaaagcyg
caaattgggc
ggaaatgggt
acacgceggtyg
cgcgtteggt
accgcgegec
tegectecte
cggccgaaac
cctaaccgac
tgegtgctgt
gtgtgttggt
atggagagcc
cagcagccgg
gagctggtygg
atcgccgagg
cacttacacc
atcatgcatg
ctagcttgga
tgtttgtgeg
gcaggagtgyg
ccgggcggceyg
ggggagcacce
acccaagggc
cteecgecegece
gggcgecgtce
agtcttggac

PCT/US2006/018686

attcaaaccc
accgtaccgt
gcaaccagte
attttcatge
tatactttta
agacagtgtc
cagaaaagac
ggacgttgge
ggggagcgge
acaacggagc
gcgecgeacce
ctcgatcect
cgcceccaaaat
accgcaacaa
atatacaccc
ggtggtggty
cggactegte
gcteggegee
tgcactacct
tcgatctcecta
cataccaatc
tatattatct
tgtgtagtge
atttatgcgt
tatttcttca
acgtcggggt
cgcgagaagy
gtcaagacta
gcegtegeta
tctctcagyg
tgattgatct

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1860
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gatcaagttg
cgaacaaggc
tggccgegta
cggacggcgce
acgacagcca
gcctctcgac
caccgtgecga
aggcattcct
tcggcgacat
ccattgacac
tcggegtgea
cggagtcagce
tgaattggga
tacatgcatg
tgtggcagte
tgcactacat
tgacctaacc
atcatatgge
ctgcagctaa
cagaaagtag
ttggggttge
gtttcatgeg
ctgatagaac
tataagaaaa
aaagcatcta
gtattatata
aggctaaagc
agcaacatgg

agaccttcce

<210>
<211>
<212>
<213>

29
425
PRT

<220>

<223>

attagtgtct
cggtgcgggyg
cgcgeegteg
cggaggagtt
cgaggacacc
cggegecage
cgccaccaag
tccacgggece
gtcgctgtcea
cggcgacgece
gggtgcaacc
agcagcagca
ttcctgaata
gcttttcaag
gcattcagtyg
atatatggce
agctagatca
tttgcecttca
cacatagata
ctagttgcac
ccttctaaag
cacatatata
ggcacttaca
aacgatatta
tccacgatca
tggattgaat
tagactagtt
ctgtaacaac

ttttccgage

Oryza sativa

cagctggatg
cagaggagca
tcgecageage
gctgcagege
ttcctegtaa
tctctcagee
cagcttcttg
aaggagttte
tcgacggtgyg
gccaatggeg
taccaacaac
gccgcectgea
aaaggtgccg
tagtagcaca
agcactgatc
gcattgctece
tgttcagaat
catgcgtttyg
tggtgttage
tgttcatcat
tcatgcatct
taattgatat
tagtacgctyg
tagacacgct
ctcaaaaaca
cattgaagtg
accaagcect
agcactaatc

gtctaacagce

predicted protein

<220>

actgggtgct
tggagtgcga
atgccacggc
acggcggcga
acggcctget
agctcgecge
ctcegtctee
ctagtgggcet
acaggagcct
caaacactat
accaagccat
atttccagea
gcattatgca
acattactag
gagtagttgc
tagggcacgt
aaggagaaga
catcatatat
ttcatgcgtt
tatcccatga
agagcceccece
atatccttgt
tactgtacat
gcatagctag
aatgcatgat
catatatata
tgtcgatgcee
ctcccaacga

gccaccccceg

98

gtgccgceata
ggactccgtyg
tgctgetgge
ctacagttca
caccgcggag
ggcggcgagyg
aaccccattc
aagcaggagt
gtctgaggcet
gcctgeattt
catgggtgce
tccgttccaa
tacacatata
taattaatca
atgaacacaa
acctgtacga
agccgeatge
atcgcattca
tgtaccatat
gatatgaact
tggtaatagc
atatacgtag
gtaaacaaaa
attaaccatc
gcatgtgcta
tacgtagacg
atgtgaccat
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tcgtcegege

Oryza sativa OsNAC rice homologue of WNAC-BI
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85 90 95

Asn Gly Ala Arg Pro Asn Arg Ala Ala Thr Ser Gly Tyr Trp Lys Ala
100 105 110

Thr Gly Thr Asp Lys Pro Ile Met Ser Ser Gly Ser Thr Arg Glu Lys
115 120 125

Val Gly Val Lys Lys Ala Leu Val Phe Tyr Arg Gly Lys Pro Pro Lys
130 135 140

Gly Val Lys Thr Asn Trp Ile Met His Glu Tyr Arg Leu Thr Asp Thr
145 150 155 160

Ser Ser Ser Ala Ala Ala Val Ala Thr Thr Arg Arg Pro Pro Pro Pro
165 170 175

Ile Thr Gly Gly Ser Lys Gly Ala Val Ser Leu Arg Leu Asp Asp Trp
180 185 190

Val Leu Cys Arg Ile Tyr Lys Lys Thr Asn Lys Ala Gly Ala Gly Gln
195 200 205

Arg Ser Met Glu Cys Glu Asp Ser Val Glu Asp Ala Val Ala Ala Tyr
210 215 220

Ala Pro Ser Ser Gln Gln His Ala Thr Ala Ala Ala Gly Met Ala Gly
225 230 235 240

Ser Asp Gly Ala Gly Gly Val Ala Ala Ala His Gly Gly Asp Tyr Ser
245 250 255

Ser Leu Leu His His Asp Ser His Glu Asp Thr Phe Leu Val Asn Gly
260 . 265 270

Leu Leu Thr Ala Glu Asp Ala Ala Gly Leu Ser Thr Gly Ala Ser Ser
275 280 285
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Leu Ser Gln Leu Ala Ala Ala Ala Arg Ala Ala Ala Thr Pro Cys Asp
290 295 300

Ala Thr Lys Gln Leu Leu Ala Pro Ser Pro Thr Pro Phe Asn Trp Phe
305 310 315 320

Glu Ala Phe Leu Pro Arg Ala Lys Glu Phe Pro Ser Gly Leu Ser Arg
325 330 335

Ser Ser Arg Asp Ile Gly Asp Met Ser Leu Ser Ser Thr Val Asp Arg
340 345 350

Ser Leu Ser Glu Ala Gly Ala Val Ala Ile Asp Thr Gly Asp Ala Ala
355 360 365

Asn Gly Ala Asn Thr Met Pro Ala Phe Ile Asn Pro Leu Gly Vval Gln
370 375 380

Gly Ala Thr Tyr Gln Gln His Gln Ala Ile Met Gly Ala Ser Leu Pro
385 320 395 400

Ser Glu Ser Ala Ala Ala Ala Ala Ala Cys Asn Phe Gln His Pro Phe
405 410 415

Gin Leu Ser Arg Val Asn Trp Asp Ser
420 425

<210> 30
<211> 2686
<212> DNA

<213> Zea mays

<220>

<223> Zea mays ZmNAC (partial) GSS contig
ZmGSStucll-12-04.2640.2 maize orthologue of
WNAC~B1 genomic DNA

<220>

<221> CDS
<222> join(l..175, 506..825, 994..1686)
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<223> Zea mays ZmNAC (partial) GSS contig

ZmGSStucll-12-04.2640.2 maize orthologue of

WNAC-Bl predicted protein
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tgatcteate
attaaaatat
ctgtgtatat
gtgccttact
atcagataag
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atacatatce
ttactcattc
tattattttt
atgcgcecatcet
attctcacge
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ggagcgegge
cccatcatgg

taccgcggga
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cgggcettecg
ccgegteegt
cgtgggaget
tttccaacgt
tgctagtgat
agtcatgtgce
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agccgccaaa

PCT/US2006/018686

gttccacccce
gccactcccece
acctggtacg
gattgatgaa
tatactgtat
atatcttttt
catacatact
cgcctggaca
gtggtacttc
ggcgacgtcc
caaccgcgag

gggcctcaag

60

120
180
240
300
360
420
480
540
600
660
720



WO 2006/124752

accaactgga
ccgecgeege
tgtaaaaaaa
atatatgcat
ggttagttga
tacaagaaga
gactccgtgg
gtcgcagteg
éaccatcacg
agctcectga
cagctcctceg
attcttcege
acgtccctec
agtggcgeca
caaggtgcga
gcegeggecg
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ctgtacggag
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tcatgcacga
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gccagctage
teceegtecte
cggcaaagag
cgtcgecgte
gcggtggeac
caagctatca
ccgecatgcag
tcettgatac
accagcatgt
attaattaaa
ctctaagcaa
cgagacttag
tatctacaaa
ccttcagaaa
atgtagttaa
gtagataatc
atactagcta
gcagctgttyg
gccecgteatt
caagatagct
agacgagttt
caccctcata
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cggaggcaag
caagccgatc
aacctcccat
cctagtgtcet
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ggcagcctac
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cgcggcagec
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tagtactaca
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tagaccgttt
tgatattgag
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tttcecggecet
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aatact
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<223> Zea mays ZmNAC (partial) GSS contig
ZmGSStucll-12-04.2640.2 maize orthologue of
WNAC-B1l predicted protein
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<222> (12)..(33)

<223> conserved NAC (NAM/ATAF1/CUC2) domain
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<221> DOMAIN
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<223> conserved NAC (NAM/ATAF1/CUC2) domain
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<223> conserved NAC (NAM/ATAF1/CUC2) domain
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<223> conserved NAC (NAM/ATAF1/CUC2) domain
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<221> DOMAIN
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<223> conserved NAC (NAM/ATAF1/CUC2) domain
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