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ABSTRACT

The lack of natural allelic variation in genes impacting wheat quality limits the
ability to make improvements based on selection among natural variation. Improvements
to wheat quality can be made by generating new alleles in quality related genes via ethyl
methane sulfonate mutagenesis. A series of novel puroindoline alleles were selected
because each imparted a unique level of grain hardness. The impact of each allele upon
wheat milling properties was tested by creating isolines in two wheat varieties. The
results demonstrated that specific levels of grain hardness associated with individual
puroindoline alleles result in modified break and total flour yield and modified flour
particle size. A similar project was undertaken to create modified forms of several
glutenin genes, which impact wheat flour mixing properties. The creation of novel
glutenin alleles resulted in major loss of gluten function in nonsense mutations, while
missense mutations generally did not significantly impact protein quality traits.
Generating novel alleles in genes that have limited natural allelic variation is worthwhile,
which is reinforced with the unique milling properties created in the puroindoline study.
However, the application of EMS mutagenesis may not be equally useful for all genes
impacting quality traits, since the generation of novel glutenin alleles did not result in
significant improvements to wheat protein quality.
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CHAPTER 1

LITERATURE REVIEW

Milling of wheat grain into flour involves the separation of bran and germ from
the endosperm and grinding and sifting endosperm particles into flour. The efficiency of
the milling process in terms of proportion of flour recovered and energy required to mill
grain has obvious economic implications. Since flour is the basic ingredient for wheat
based products, flour quality dictates end product quality. Important measures of flour
quality include protein, ash, starch damage, water absorption, and dough mixing
properties. Wheat breeders have selected varieties with improved milling and flour
quality properties, but breeding programs can only choose from available variation, and
for some important traits variants that would be useful to improve milling and end
product quality are not available. Two genes that have major impacts on the amount and
quality of flour are the Puroindolines, which influence grain texture and flour yield, and
Glutenins, which impact the protein quality in the flour and subsequent dough mixing and
handling qualities.

As described above, both the Puroindoline and the Glutenin genes have major
observable effects on milling and end product traits. In addition, there is limited natural
allelic variation for each of these genes among not just Montana wheats, but all wheat
varieties around the world. For example, nearly all hard wheats grown in the US have just
one of two alleles conferring hard grain (Morris et al, 2001). And more than 90% of hard

wheat varieties from the US are fixed for the most favorable glutenin alleles. New
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variants for these genes when incorporated into adapted varieties would expand the
variation available for milling and dough mixing traits. This in turn has potential to create
unique end products and increased market diversity.

Wheat grain is categorized as soft or hard for marketing purposes. The soft and
hard texture classes coincide with dramatic differences in milling and end-use properties
(reviewed in Pomeranz and Williams, 1990; Morris and Rose, 1996). Hard wheat flours
have more damaged starch and absorb more water than soft wheat flours. Soft wheats are
best suited for cookies, cakes and pastries, while hard wheats are used for bread and some
types of Asian noodles.

Grain texture in wheat is governed mainly by the Ha locus on chromosome 5D. It
is comprised of the closely linked genes Puroindoline a (Pina) and Puroindoline b (Pinb)
which code for the proteins PINA and PINB, respectively. Hard wheat results when there
IS a sequence alteration in one of the Pin genes. Soft wheats have functional Pina and
Pinb (Pina-D1a/Pinb-D1a) (Giroux and Morris, 1997 and 1998). There are two Pina and
eight Pinb naturally occurring mutations all of which give hard grain (cited in Feiz et al.,
2009a). Nearly all US hard wheat cultivars (>95%) have either the Pina-D1b/Pinb-D1a
or Pina-D1a/Pinb-D1b mutation (Morris et al., 2001). There are no naturally occurring
mutations among the cultivated soft wheats, although mutations for the Pin loci have
been identified in the D genome donor of bread wheat (Reynolds et al., 2010b).

Previous work (Martin et al., 2001) has shown that even small differences in grain
hardness among hard wheats impact flour quality and end product quality. Hard wheats

with Pina-D1b/Pinb-D1a were compared with those having Pina-D1a/Pinb-D1b in a
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population segregating for the two mutations (Martin et al., 2001). The Pina-D1a/Pinb-
D1b group was about 6 units softer. Surprisingly, the softer group had increased break
flour and total flour yield with lower ash, all desirable milling characteristics, and
increased loaf volume. The increased flour yield conferred by the Pinb-D1b allele was
consistent in different varieties as well (Cane et al., 2004). These results are counter to
expectations. It is generally believed that hard wheats yield more flour than soft wheats,
and ash content usually increases along with flour yield. Ash is regarded as a measure of
milling efficiency, with higher ash content representing contamination from bran
fractions and a less efficient separation of flour from bran. Break flour yield is important
because it represents the yield of flour released from the first pass through the break roll.
It requires the least energy to obtain and has the highest quality and most value of the
various mill streams. Loaf volume is considered a measure of bread quality. These results
imply that Pin mutations that confer grain hardness different from that now available
could be exploited to produce new genotypes with improved milling and/or end product
properties.

Feiz et al. (2009a and b) used the mutagen Ethyl Methane Sulfonate (EMS) to
create new alleles for both Pina and Pinb in the soft spring wheat variety Alpowa. These
new alleles gave a range of grain hardness outside the range of naturally occurring Pin
alleles. These new Pin alleles with unique levels of grain hardness may provide unique
levels of milling and flour characteristics. For example a “softer” hard wheat may require

less milling energy, give increased flour and break flour yield, reduced ash and starch
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damage. A characterization of a subset of these new Pin alleles will be one of the goals of
this research.

The gluten fraction of wheat is comprised of roughly half gliadin and half
glutenin proteins. The two fractions have been classified based on their solubility in
different solvents. The gliadins can be separated from wheat flour by alcohol extraction,
but glutenins require denaturing solvents for extraction. Glutenins are further categorized
based on size into low molecular weight (LMW-GS) and high molecular weight (HMW-
GS) fractions. The LMW-GS and HMW-GS can be separated on sodium dodecyl
sulphate-polyacrylamide (SDS-PAGE) gels.

Genes coding for the HMW-GS are on homoeologous group 1 chromosomes and
are designated Glu-Al, Glu-B1 and Glu-D1. Each locus contains two tightly linked genes
that code for separate subunits termed x- and y-type. The common method for
designating HMW-GS is to indicate the genome (A, B, or D), type (x or y), and specific
allele number. For example, “Dx5” indicates the Glu-D1 locus, x type subunit, and allele
number 5 (reviewed in Shewry el al. 2003).

The HMW-GS loci are worthy targets to improve wheat end quality because
variation in HNW-GS composition has been associated with dough and bread quality
differences. Payne et al. (1979) first reported an association between presence or absence
of HMW-GS subunit with SDS sedimentation in a cross between “good” and “poor”
breadmaking wheats. Numerous studies using a wide array of germplasm types and
sources have examined HMW-GS association with bread making quality (see Shewry et

al., 2003 and Weegels et al., 1996 for review.) Some general conclusions regarding the
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association of HMW-GS with dough mixing characteristics include: 1) subunits encoded
by all three genomes (A, B, and D) may be associated with dough mixing; 2) subunits
encoded by the Glu-D1 locus on the D genome are more important than those from the A
and B genomes; 3) one or more subunits encoded by Glu-Al and Glu-B1 may be silent,
while both are functional for Glu-D1; and 4) the subunit pair Dx5+Dy10 is associated
with higher dough strength and higher loaf volume than other Glu-D1 subunit pairs.

Although there is some naturally occurring allelic variation at the Glu-D1 subunit
loci, most alleles are rare, and nearly all hard wheat cultivars have the same Dx5+Dy10
alleles (Shan et al., 2007). That is primarily because hard wheat has historically been
used for bread where stronger dough is desirable. Both foreign and domestic buyers of
Montana wheat indicate that dough resistance, the force required to rupture the dough
when it is stretched, and extensibility, the distance the dough will stretch without
rupturing, are important measures of dough quality. These two measures are inversely
related. Breeders have given little attention to these measures because small scale tests
have not been available, and those small scale tests now available are time consuming.

The same EMS mutagenesis population to create and identify new alleles for the
Glu-D1 subunit loci. Alpowa has the Dx5+Dy10 subunit pair. A subset of these (61) were
crossed to the parent Alpowa to create F, segregating populations. The wild type and
mutant counterparts were grown in the field. These mutations have not yet been
characterized for their usefulness in improving wheat end product quality.

But we have identified a small subset of mutations that show promise for giving

unique dough mixing properties (Table 8). Two mutations (MSU-654 and MSU-695)
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show increased dough resistance while other dough traits are not changed. The third,
MSU-830, shows increased extensibility without sacrificing dough resistance. These
three mutations appear unique to naturally occurring variants because dough resistance
and extensibility are inversely related (Nash et al., 2006).

We face the same issues with the Glu-D1 mutations as with the Pin mutations in
that they cannot be directly compared and their true effect determined until background
variation has been removed by backcrossing. The goal will be to develop near-isogenic
lines for the promising glutenin mutations and characterize them for dough handling and
end product quality.

The first goal of this study was to evaluate seven new Pin alleles that condition
unique grain hardness within both soft and hard classes for their performance in milling
and baking quality tests. Novel Pin alleles will be compared after advancement to near-
isogenic lines (NILs) with backcrosses to the Alpowa parent. A second goal in this study
is to report on the functional impact of new HMW-GS 1Dx5+1Dy10 alleles and
determine if the new alleles provide unique dough handling properties not available from
natural Glu-D1 allelic variation. The 1Dx5+1Dy10 subunits were the main focus because
of their high influence on dough quality and their prevalence in hard wheat varieties used
for bread. The new Pin and Glu-D1 alleles were generated via EMS mutagenesis of the

soft spring wheat variety Alpowa.
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INTRODUCTION

The Hardness (Ha) locus in bread wheat (Triticum aestivum) controls grain
hardness and is located on the short arm of chromosome 5D. The Ha locus is functionally
composed of the Puroindoline a (Pina) and Puroindoline b (Pinb) genes, which are 20 kb
apart and exist together only on the D genome of hexaploid wheat (Chantret et al. 2005).
PINA and PINB are small (~13,000), basic, cysteine-rich, endosperm-specific proteins
(Dubreil et al. 1998) that reside on the surface of starch granules (Feiz et al. 2009c). PINs
interact to form friabilin, which is found in greater abundance on the surface of soft than
on hard wheat starch (Greenwell and Schofield 1986; Hogg et al. 2004). Wild-type forms
of both Pins confer soft grain texture, and mutations in either Pin are found in all hard
wheat varieties (Giroux and Morris 1997, 1998). Transgenic complementation studies
demonstrated that mutations in Pina or Pinb cause increased grain hardness (Beecher et
al. 2002; Martin et al. 2006). PINs likely control grain hardness by cooperatively binding
to the surface of starch granules (Capparelli et al. 2003; Hogg et al. 2004; Swan et al.
2006; Wanjugi et al. 2007) and act to stabilize membrane polar lipids during seed
maturation (Kim et al. 2012). The likely active site of both PINA and PINB is the
tryptophan-rich domain, which not only is directly involved in lipid interactions (Clifton
et al. 2007a, 2007b; Evrard et al. 2008), but has been shown to be most important to
overall grain softness (Feiz et al. 2009a, 2009c).

Grain hardness variation has large impacts upon wheat end-product quality
(Campbell et al. 2001; Martin et al. 2001). The ability to select defined levels of grain

hardness could prove beneficial to improving wheat end-product quality. Although
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transgenic and nontransgenic manipulations have been used to modify the expression
levels of PINs and create defined levels of grain hardness (Wanjugi et al. 2007), there is
currently limited natural allelic variation for the puroindoline genes. Novel puroindoline
alleles are present in both T. aestivum and Aegilops tauschii. In T. aestivum, however,
available alleles conferring hard texture show little difference in function, and all soft
wheats carry the Pina-D1a and Pinb-D1a alleles (Chen et al. 2006). In fact, Morris et al.
(2001) screened historically important U.S. hard wheats and identified only one Pina
allele (Pina-D1b) and six Pinb alleles. They noted the Pina-D1b allele (PINA-null) was
present in about 25% and the Pinb-D1b allele (PINB-G46S) in about 75% of U.S. hard
wheats. Similarly, Chen et al. (2013) surveyed Pin diversity among wheats from five
geographic regions and identified 14 unique Pin haplotypes that all conferred hard
texture. Conversely, all of the novel Pina-D1/Pinb-D1 identified in Ae. tauschii (the D
genome donor of bread wheat) conferred soft texture (Gedye et al. 2004; Massa et al.
2004). However, although all Ae. tauschii haplotypes were found in soft-textured
genotypes, introgression of four novel Ae. tauschii Pin haplotypes into a soft wheat
increased grain hardness from 3.8 to 12.6 hardness units (Reynolds et al. 2010a),
indicating that small changes in PIN function can significantly modify grain hardness.
Natural puroindoline allelic variation within hard wheats only results in about 10
hardness units separating the alleles, with all falling squarely within the hard market class
(single-kernel characterization system [SKCS] hardness > 60) (Morris et al. 2001; Ma et
al. 2009; Takata et al. 2010; Chen et al. 2013). Comparison of grain hardness from

germplasm surveys is difficult because genotypes differ for genetic factors unrelated to
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Pin alleles. In studies involving isolines containing various Pin alleles from hard wheats,
seeds of the Pina-D1b isoline have been shown to be harder (5-10 units) than any of the
Pinb-D1 isolines (Ma et al. 2009; Takata et al. 2010). To create new Pin alleles imparting
defined grain hardness levels, Feiz et al. (2009b) mutagenized seeds of the soft wheat
variety Alpowa with ethyl methanesulfonate (EMS) and obtained 46 missense alleles
about equally distributed between Pina and Pinb that imparted a range of grain hardness
values (Feiz et al. 2009a).

Modifying grain hardness via introgression of novel modified Pin alleles should
modify many milling and baking quality traits. Grain hardness changes conditioned by
puroindolines are positively correlated with flour yield and negatively correlated with
break flour yield (Campbell et al. 2001; Martin et al. 2001, 2007; Hogg et al. 2005;
Reynolds et al. 2010a, 2010b). Even small changes in grain hardness such as the 5-10
units that separate seeds carrying different Pin alleles common in hard wheats are enough
to significantly modify milling and baking properties (Martin et al. 2001; Ma et al. 2009;
Takata et al. 2010; Lasme et al. 2012). It is therefore to be expected that generating novel
puroindoline alleles with unique hardness levels would expand the range in milling traits,
some of which should give improved performance over common Pin alleles.

The objective of this study was to evaluate seven new puroindoline alleles for
their performance in milling and baking quality tests. The new puroindoline alleles were
generated via EMS mutagenesis of the soft spring wheat variety Alpowa and condition

unique grain hardness levels within both the soft and hard texture classes. Novel
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puroindoline alleles were compared after advancement to near-isogenic lines (NILs) with

backcrosses to the Alpowa parent.

Material and Methods

Plant Material

Seven EMS-derived puroindoline mutations were chosen from alleles described
by Feiz et al. (2009a, 2009b) as representing a range of grain hardness values (Table 1).
Feiz et al. (2009a) crossed each unique Pin allele back to the parent variety, Alpowa, and
used the difference between mutant and wild-type classes as a measure of gene function.
Based on these results, mutations that appeared to be unique for grain hardness were
chosen for further study. The selected seven Pin EMS alleles exhibiting a range in grain
hardness values were backcrossed two additional times to the Alpowa parent. BC2F»
plants homozygous for the mutant or wild-type Pin were identified after amplification of
Pina or Pinb followed by direct sequencing as described by Feiz et al. (2009a, 2009b).
The BCzF2:3 seed was planted in nonreplicated rows in the field to increase seed for field

trials.
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Table 1. Pin-null alleles and ethyl methane sulfonate (EMS) derived missense alleles.

Pedigree?® Pin Mutation®  PIN Proteins® Reference and PI #
Pina-D1 .

BCzFs C187T PINAP35S / PINBa Feiz et al 2009
Pina-D1 .

BCzFs G223A PINAG47S / PINBa Feiz et al 2009
Pina-D1 .

BCzFs G392A PINAR103K / PINBa Feiz et al 2009
Pinb-D1 .

BCzFs G187A PINAa/PINBD34N Feiz et al 2009
Pinb-D1 .

BCzFs C200T PINAa/ PINBT38I Feiz et al 2009
Pinb-D1 .

BCzFs G224A PINAa/ PINBG46D Feiz et al 2009
Pinb-D1 .

BCzFs G238A PINAa/PINBE51K Feiz et al 2009

Alpowa NILs

Alpowa/IDO377s . - . Morris and King

/17*Alpowa Pina-D1b PINA deletion / PINBa (2008), PI 644080

Alpowa/ND2603/ . Morris and King

I7*Alpowa Pinb-D1b PINAa / PINBG46S (2008), P 644081

Alpowa/Mjglner// . Morris and King

7*Alpowa Pinb-D1d PINAa/ PINBW44R (2008): Pl 644083

Alpowa/Canadian Pinb-Dle PINAa/ Morris and King

Red //7*Alpowa PINBW39Stop (2008), P1 644084

Alpowa None PINAa / PINBa Pl 566596

4 Denotes crossing done between allele source and original parent. All Feiz et al. (2009a,
2009b) alleles were created by EMS treatment of Alpowa (Pl 566596, a soft white spring
wheat released in 1994 by Washington State University). NILs = near-isogenic lines.

b Mutant alleles named after DNA mutation as presented in Feiz et al. (2009a, 2009b).
Nucleotide changes are numbered relative to the starting methionine of each coding
sequence. Notation gives original base, position within coding sequence, and altered
base.

¢ All tested haplotypes contain a soft-type functional PINA or PINB denoted as the “a”
allele and a PINA or PINB allele with a mutation conferring variable levels of function.
Protein amino acid changes are numbered relative to the starting methionine of the
proteins with notation giving original base, position within peptide prior to processing of
signal peptide, and altered base.

dInformation and seed availability for P accessions can be found at www.ars-grin.gov.
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Two representative lines from each mutant and wild-type class for the seven

mutations along with the Alpowa-derived isolines for the Pina-D1b, Pinb-D1b, Pinb-
D1d, and Pinb-D1e alleles described in Morris and King (2008) and nonmutagenized
Alpowa were planted in two replications of a randomized complete block design at the
Arthur H. Post Field Research Laboratory near Bozeman, Montana, in spring 2013. Plots
were two 3 m rows spaced 30 cm apart. The same experiment was planted in separate,
adjacent rain-fed and irrigated experiments. The irrigated experiment received 5 cm of
irrigation water one week prior to and one week after heading. Grain from each plot was

harvested with a plot combine.

Grain, Milling, and Baking Properties

Grain from each harvested plot was used in determining grain, milling, and
baking properties. Grain hardness, kernel weight, and diameter were measured on 100-
kernel samples with an SKCS (Perten Instruments, Springfield, IL, U.S.A.). Whole kernel
protein was measured with near-infrared (NIR) reflectance using the Infratec 1241 grain
analyzer (Foss North America, Eden Prairie, MN, U.S.A.). Wheat grain was tempered
based on the grain hardness of the sample with samples with SKCS values <50 tempered
to 13% moisture and those with SKCS values >50 tempered to 14.5% moisture. Grain
was milled on a Quadrumat Jr. mill following the modifications of Jeffers and
Rubenthaler (1977). Mill output was separated with 500 and 150 um mesh Tyler test
sieves into bran, middlings stock, and break flour fractions. Break flour yield was
calculated as the proportion of break flour to total products. Middlings were further

milled to produce reduction flour and shorts. Straight-grade flour was derived from
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combining the break and reduction flour streams and was expressed as flour yield as a
proportion of total products. Flour was separated with 149, 75, and 53 um U.S. standard
sifting screens (Seedburo Equipment, Chicago, IL, U.S.A.) on a rotating sifter (Ro-Tap
RX-29, Leval Lab, Quebec, Canada), and the sieve products were weighed. These data
were used to determine flour particle size distribution. Flour protein content was
determined with an Infratec 1241 grain analyzer with a flour NIR attachment (Foss North
America) and expressed at a 14.0% moisture basis, which was proportional to the
reference method, which utilizes a LECO FP-528 nitrogen analyzer (LECO, St. Joseph,
MI, U.S.A.) (AACC International Approved Method 46-30.01). Flour ash content was
predicted by a NIR method (AACCI Approved Method 08-21.01).

Mixograph dough properties were evaluated following AACCI Approved Method
54-40.02. Tolerance to mixing was scored on a 0-9 scale by visually comparing
mixographs to standard reference mixograph charts, adjusted for protein content
(Pomeranz 1987). Standard bake tests were conducted following AACCI Approved
Method 10-10.03. Bake absorption was determined as the amount of water required to
bring dough to proper consistency for bread baking. Bake mixing time was recorded as
time to bring dough to minimum mobility. Loaf volume was determined by the volume of
canola seeds displaced. Crumb grain was scored on a visual 1 (excellent) to 9

(unsatisfactory) scale by an experienced baker.

Statistical Analysis

Analysis of variance was conducted for each response variable, and the model

included environment, replication within environment, all entries, and the entry by
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environment interaction. The entries were the mutant and wild-type lines, the four
naturally occurring Pin isolines, and Alpowa. The analysis was done with the Im function
in R software (R Development Core Team 2015). An LSD value was computed to
compare isoline means. A second model was fitted with environment, replication within
environment, puroindoline genotype, lines within puroindoline genotype, and interactions
with environment. The lines within puroindoline genotype and the interaction with
environment were treated as random effects. The analysis was done with the Imer
function in the Ime4 package in R (Bates et al. 2015). The wild-type and mutant means
for each mutation were compared by using the contrast feature within the Ismeans
package in R (R Development Core Team 2015). We computed LSD values to compare
differences among the four naturally occurring Pin Alpowa isoline and Alpowa means,
differences between a naturally occurring isoline and a mutant and/or wild-type mean,

and differences among the seven new puroindoline mutant and/or wild-type means.

Results

Seven EMS-derived puroindoline mutations were backcrossed into Alpowa, and
BC2F2.4 lines varying for the presence or absence of the new alleles and were grown and
evaluated along with NILs of naturally occurring puroindoline mutations (Morris and
King 2008) in rain-fed and irrigated environments. The environments were differentiated
by the addition of about 10 cm of irrigation water. Mean grain hardness was 44.0 for the
rain-fed and 37.4 for the irrigated environment, but grain protein content was essentially

equal (12.5%) for the two environments. No interactions with environment were
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observed for measured traits. Results are presented averaged over environments. Each
EMS-derived allele was compared with their wild-type Pin allele control group and with
a naturally occurring Pin Alpowa isoline or with Alpowa.

We followed the convention from Feiz et al. (2009a) for naming alleles in which
the PIN protein was used to designate the allele. For consistency the same convention
was used for the naturally occurring Pin alleles in the remainder of the text (Table 1). Six
of the seven mutants were harder than their wild-type control group, and one (PINA-
R103K) tended to be softer than its wild type (P = 0.10) (Table 2). The mutants
themselves were in four distinct hardness groups, with PINA-R103K being similar to
Alpowa; PINA-P35S, PINA-G47S, and PINB-D34N having intermediate hardness but
being softer than PINB-G46S; PINB-T38I and PINB-G46D being equal to PINB-G46S;
and PINB-E51K being harder than PINB-G46S but equal to PINA-NULL. None of the
mutants differed from their wild type for grain protein. Two of the mutants, PINA-G47S
and PINB-E51K, had lower kernel weight than their wild types, but the PINA-R103K
mutant had higher kernel weight than its wild type. The mutant and wild-type means
were not different from Alpowa with the exception of the PINA-G47S mutant isoline,
which had lower kernel weight. The PINB-G46S and PINA-NULL isolines both had
significantly higher kernel weight than did Alpowa. The PINB-T38I, PINA-G47S, and
PINB-E51K mutant isolines were significantly lower than the PINB-G46S and PINA-
NULL isolines, and all the remaining mutant isolines were numerically lower in kernel
weight than the PINB-G46S and PINA-NULL isolines. The PINA-R103K mutant had

significantly greater kernel diameter than its wild type, whereas PINA-G47S had
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significantly smaller kernel diameter than its wild type. None of the mutants differed
from Alpowa, but several were significantly lower in kernel diameter than the PINB-
G46S and PINA-NULL isolines. Kernels were cut to reveal the level of vitreousness
inherent in each genotype (Figure 1). The level of vitreousness correlated well with grain
hardness, with Alpowa and PINA-R103K having no vitreous sectors and intermediate-
textured alleles (PINA-P35S, PINA-G47S, and PINB-D34N) having appreciable starchy
or nonvitreous regions.
Figure 1. Representative cut seeds of each allelic group showing degree of vitreousness.
By definition, vitreous seeds do not have any nontranslucent areas, which are seen as
white starchy areas. Note that the two genotypes above that fall into the soft wheat

market class (PINA-R103K and Alpowa) have cut endosperm that places them in the
nonvitreous class.

Unique PINA Alleles _Unique PINB Alleles
PINA-P35S PINB-D34N [IER",
PINA-GA7S PINB-T331 [
PINA-R103K PINB-G46D [l
Alpowa NILs PINB-E5 1K Kl
PINA-Null
PINB-G46S
PINB-W44R
PINB-W39Stop
Alpowa
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Table 2. Mean values for kernel-related traits for seven ethyl methane sulfonate (EMS)
derived puroindoline mutations, their wild-type controls, and naturally occurring
puroindoline mutations in the variety Alpowa.

Unique PIN? Grain Grain Kernel Seed
Hardness Protein (%)  Weight (mg) Diameter
(mm)
EMS allele group
PINA-P35S 53.0 12.3 39.0 3.00
Wild type 18.2 12.0 39.1 3.00
P value <0.01 0.29 0.93 0.36
PINA-G47S 51.9 13.2 36.0 2.91
Wild type 25.8 12.9 38.1 3.00
P value <0.01 0.22 0.03 0.05
PINA-R103K 16.1 125 39.9 2.98
Wild type 18.6 12.8 36.4 2.89
P value 0.1 0.37 <0.01 0.01
PINB-D34N 54.2 12.9 39.3 3.04
Wild type 18.3 12.9 39.8 3.03
P value <0.01 0.96 0.51 0.81
PINB-T38lI 64.8 12.3 38.1 3.01
Wild type 19.3 12.4 37.8 2.95
P value <0.01 0.87 0.73 0.09
PINB-G46D 66.0 12.4 39.2 3.06
Wild type 25.1 12.2 39.0 3.00
P value <0.01 0.25 0.73 0.1
PINB-E51K 73.7 12.2 37.1 3.01
Wild type 21.8 12.3 38.8 3.03
P value <0.01 0.83 0.04 0.66
Alpowa NILs
PINA-null 71.7 12.2 40.5 3.13
PINB-G46S 66.2 12.2 40.6 3.09
PINB-W44R 59.5 12.1 39.2 3.03
PINB-W39Stop 66.9 12.3 39.4 3.08
Alpowa 18.7 12.4 38.2 3.00
LSD(0.05)" 3.3 0.3 1.7 0.065
LSD(0.05)° 3.8 0.6 1.9 0.094
LSD(0.05)¢ 3.1 0.5 1.6 0.076

2 Each mutant and wild type is the mean of two random BCF2:5 lines except wild type for PINA-
G47S, which has one line averaged over rain-fed and irrigated environments. The wild-type and
mutant lines were derived from a heterozygous BC,F, plant. NILs = near-isogenic lines.

b SD to compare Alpowa near isoline and Alpowa mean differences.
¢ LSD to compare any mutant or wild-type (except PINA-G47S) mean with any isoline mean.
4 LSD to compare any mutant or wild-type difference except the PINA-G47S wild type.
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All mutant isolines had greater flour yield than their wild type except for the
PINA-G47S and PINA-R103K isolines (Table 3). None of the mutants except for the soft
PINA-R103K differed from the PINA-NULL or PINB-G46S isolines for total flour yield.
All mutants except PINA-R103K had lower break flour yield than their wild type. All
mutants produced higher break flour yield than the PINA-NULL isoline, but only soft-
textured PINA-R103K and intermediate-textured PINA-P35S produced higher break
flour yield than the PINB-G46S isoline. Only mutants PINB-G46D and PINB-E51K
showed significant increases in ash content when compared with their wild types. One
mutant isoline (PINB-G46D) had significantly higher flour protein content than its wild
type. Three mutant isolines (PINB-G46D, PINA-G47S, and PINB-D34N) exceeded all
the Alpowa isoline controls for flour protein content.
Table 3. Mean values for milling traits for seven ethyl methane sulfonate (EMS) derived
puroindoline mutations, their wild-type controls, and naturally occurring puroindoline
mutations in the variety Alpowa.

Unique PIN? Flour Break Flour Flour Flour
Yield (%) Yield (%) Ash (%)  Protein (%)

EMS allele group

PINA-P35S 66.0 40.2 0.34 106
Wild type 63.0 42.8 0.33 10.3
P value 0.05 <0.01 0.06 0.08
PINA-G47S 62.7 38.4 0.35 115
Wild type 61.8 41.1 0.35 11.1
P value 0.60 0.01 0.56 0.14
PINA-R103K 60.6 42.6 0.34 108
Wild type 61.4 42.6 0.34 11.0
P value 0.58 0.99 0.86 0.36
PINB-D34N 63.6 38.3 0.35 11.2
Wild type 60.1 41.0 0.34 11.0
P value 0.02 <0.01 0.29 0.49
PINB-T38I 65.9 37.2 0.35 108

Wild type 60.3 40.9 0.34 10.6
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Table 3 Continued

P value <0.01 <0.01 0.09 0.23
PINB-G46D 65.8 37.7 0.35 11.0
Wild type 58.9 39.8 0.34 10.4
P value <0.001 0.01 0.03 0.01
PINB-E51K 64.3 35.9 0.37 10.7
Wild type 60.8 415 0.34 10.3
P value 0.02 <0.01 <0.01 0.11
Alpowa NILs
PINA-null 63.4 33.8 0.35 10.6
PINB-G46S 65.6 37.8 0.35 10.6
PINB-W44R 65.7 38.1 0.35 10.6
PINB-W39Stop 64.2 36.1 0.35 10.6
Alpowa 61.4 41.7 0.33 10.6
LSD(0.05)" 1.48 1.6 0.01 0.3
LSD(0.05)° 3.58 2.0 0.017 0.5
L.SD(0.05)¢ 2.90 1.6 0.014 0.4

4 Each mutant and wild type is the mean of two random BCzF2:5 lines except wild type for
PINA-GA47S, which has one line averaged over rain-fed and irrigated environments. The
wild-type and mutant lines were derived from a heterozygous BCzF plant. NILs = near-
isogenic lines.

b |LSD to compare Alpowa near isoline and Alpowa mean differences.

¢ LSD to compare any mutant or wild-type (except PINA-G47S) mean with any isoline
mean.

4 LSD to compare any mutant or wild-type difference except the PINA-G47S wild type.

Flour particle size distribution showed the soft-textured PINA-R103K did not
differ from wild type for any of the particle size classes (Table 4). For all other mutants
with harder texture than wild type, the mutant had a greater proportion in the >75 to <149
pum class but a smaller proportion of flour particles in the other three classes. The two
exceptions were the PINB-G46D and PINA-G47S mutants, which did not differ from
their wild types in the >149 um class. We observed the greatest difference among the
mutants for the >75 to <149 um class. The three mutants with intermediate hardness had

a significantly lower proportion of >75 to <149 um particles than did the PINB-G46S and
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PINA-NULL isolines. All mutant alleles showed no difference from PINB-G46S in

proportion of >53 to <75 um sized particles. All mutants except PINB-G46D and PINB-

E51K showed increases in the >53 to <75 um proportions when compared with PINA-

NULL.

Table 4. Mean values for particle size fractions for seven ethyl methan esulfonate (EMS)

derived Puroindoline mutations, their wild type controls, and naturally occurring
Puroindoline mutations in the variety Alpowa

Unique PIN? >149 ym  >75t0 <149 um  >53to <75 pum <53 um
(%) (%) (%) (%)
EMS allele group
PINA-P35S 1.67 57.7 23.5 16.3
Wild type 6.98 37.7 28.7 25.6
P value <0.01 <0.01 <0.01 <0.01
PINA-G47S 1.50 55.2 23.0 194
Wild type 4.10 42.3 26.6 26.1
P value 0.07 <0.01 <0.01 <0.01
PINA-R103K 2.85 35.9 31.0 29.5
Wild type 3.00 38.5 30.8 26.8
P value 0.89 0.09 0.88 0.06
PINB-D34N 1.80 58.1 23.8 15.5
Wild type 4.35 37.8 29.2 27.8
P value 0.03 <0.01 <0.01 <0.01
PINB-T38I 1.61 61.8 22.7 13.1
Wild type 6.26 36.6 31.2 25.1
P value <0.01 <0.01 <0.01 <0.01
PINB-G46D 1.69 62.3 21.9 13.3
Wild type 2.85 39.8 27.5 28.9
P value 0.30 <0.01 <0.01 <0.01
PINB-E51K 1.80 63.7 21.4 12.3
Wild type 4.59 38.8 29.8 25.9
P value 0.02 <0.01 <0.01 <0.01
Alpowa NILs
PINA-Null 1.70 66.0 20.0 11.7
PINB-G46S 1.68 62.4 22.2 12.9
PINB-W44R 1.37 60.2 22.0 15.7
PINB-W39Stop 1.62 63.3 22.3 12.0
Alpowa 3.18 39.8 28.6 27.6
LLSD(0.05)° 2.82 2.37 3.22 4.12
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Table 4 Continued
LSD(0.05)° 2.80 3.78 2.80 3.60
LSD(0.05)¢ 2.28 3.09 2.29 2.94

4 Each mutant and wild type is the mean of two random BCzF2:5 lines except wild type for
PINA-GA47S, which has one line averaged over rain-fed and irrigated environments. The
wild-type and mutant lines were derived from a heterozygous BCzF plant. NILs = near-
isogenic lines.

b |LSD to compare Alpowa near isoline and Alpowa mean differences.

¢ LSD to compare any mutant or wild-type (except PINA-G47S) mean with any isoline
mean.

4 LSD to compare any mutant or wild-type difference except the PINA-G47S wild type.

Figure 2 illustrates the relationship between grain hardness and break flour yield
and flour yield, which makes it clear that the soft wheats Alpowa and PINA-R103K
yielded less flour with more break flour than the hard wheats. We further investigated the
relationship between grain hardness and break flour yield and flour yield within the hard-
textured genotypes (SKCS > 50) after deleting the two soft-textured genotypes (Alpowa
and PINA-R103K). When flour yield and break flour yield were regressed against grain
hardness for the 10 hard-textured wheats, there was no relationship (r? = 0.01) between
flour yield and grain hardness (b = 0.0127 + 0.0558, P = 0.83), but there was a significant
negative relationship (r? = 0.69) between break flour yield and grain hardness (—0.1850 +
0.0441, P <0.01). Similarly, Figure 3 indicates that softer wheats have a smaller
proportion of larger flour particles and a larger proportion of small flour particles across
the range of soft- and hard-textured genotypes. Within only the hard-textured genotypes
(SKCS > 50), we observed a significant positive relationship (r? = 0.91) between the

proportion of flour within the >75 to <149 um class (b = 0.04016 + 0.0436, P < 0.01) and
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grain hardness. There was a significant negative relation (r? = 0.67) between proportion
of flour in the >53 to <75 pm class (b = 0.1155 + 0.0284, P < 0.01) and grain hardness.

None of the EMS-derived mutants differed from their wild type for mixograph
mix time (data not shown) or bake mix time (Table 5). Flours from the harder textured
mutation-derived isolines absorbed more water than their wild types as measured by
mixograph absorption (data not shown) and bake absorption. No mutant alleles showed
any differences in absorption when compared with the PINA-NULL and PINB-G46S
alleles except for the soft-textured PINA-R103K and intermediate-textured PINA-P35S,
which were both lower in absorption. We did not detect differences between any EMS
mutant isolines and their wild types for loaf volume or crumb grain score, except that
PINA-P35S had a higher crumb grain score. Likewise, the mutant isolines did not differ
from either the PINA-NULL or PINB-G46S isolines.
Table 5 Mean values for baking traits for seven ethyl methane sulfonate (EMS) derived

Puroindoline mutations, their wild-type controls, and naturally occurring Puroindoline
mutations in the variety Alpowa

Unique PIN? Bake Mix  Bake Absorption Crumb Loaf Volume
Time (9/kg) Grain® (cm®)
(min)
EMS allele group
PINA-P35S 5.40 68.9 7.5 956
Wild type 5.20 65.2 6.0 964
P value 0.30 <0.01 0.02 0.79
PINA-G47S 5.90 70.5 6.5 1,028
Wild type 6.40 67.8 7.5 1,019
P value 0.71 0.03 0.11 0.81
PINA-R103K 6.30 66.9 6.0 1,004
Wild type 7.80 67.5 7.0 1,008
P value 0.14 0.53 0.09 0.89
PINB-D34N 7.25 71.4 7.3 1,009
Wild type 6.75 67.7 7.0 990

P value 0.60 <0.01 0.61 0.54
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Table 5 Continued

PINB-T38lI 7.83 72.0 7.6 1,003
Wild type 6.86 67.1 6.9 1,020
P value 0.32 <0.01 0.14 0.57
PINB-G46D 7.08 71.9 7.5 994
Wild type 5.79 66.7 7.3 970
P value 0.19 <0.01 0.61 0.44
PINB-E51K 6.10 714 7.6 988
Wild type 5.79 66.1 7.0 998
P value 0.74 <0.01 0.22 0.76
Alpowa NILs
PINA-Null 5.95 71.3 7.3 968
PINB-G46S 6.08 70.4 7.3 973
PINB-W44R 5.80 70.2 7.3 963
PINB-W39Stop 4.98 69.9 7.0 974
Alpowa 5.98 67.7 7.0 998
LSD(0.05)° 1.08 1.77 1.88 45
LSD(0.05)¢ 2.03 2.65 1.20 78
LSD(0.05)° 2.48 2.17 1.06 64

& Each mutant and wild type is the mean of two random BCFs lines except wild type for
PINA-G47S, which has one line averaged over rain-fed and irrigated environments. The
wild-type and mutant lines were derived from a heterozygous BC2F> plant. NILs = near-
isogenic lines.

b Crumb grain scores are on a 1 (excellent) to 9 (unsatisfactory) scale.
¢ LSD to compare Alpowa near isoline and Alpowa mean differences.

4 LSD to compare any mutant or wild-type (except PINA-G47S) mean with any isoline
mean.

¢ LSD to compare any mutant or wild-type difference except the PINA-G47S wild type.
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Figure 2. Effect of grain hardness on break flour and total flour yields. A, negative
correlation between break flour and grain hardness for mutant alleles, Alpowa control,
and common hard allele control lines; and B, plot of positive correlation between total
flour yields and grain hardness for the same genotype. Each data point is the mean of
both irrigated and dryland environments.
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Figure 3. Effect of grain hardness on flour particle size fractions >75 to <149 um and >53
to <75 um. A, Plot showing the positive correlation existing between grain hardness and
the percent of particles within the range of >75 um to <149 um. B, Plot showing the
negative correlation between grain hardness and percent of particles within the range of
>53 to <75 um. Each data point is the mean of both irrigated and dryland conditions.



28

Discussion

The texture of wheat grain is arguably the most important factor in determining its
end use. Soft wheats suffer less starch damage during milling, have smaller particle size,
and absorb less water than hard wheats. These properties make flour from soft wheats
best suited for cookies, cakes, and pastries and flour from hard wheats best suited for
bread and bread products (reviewed in Pomeranz and Williams 1990). The hard
phenotype results from a mutation in one of the Pin genes (Giroux and Morris 1997). To
extend the range of grain hardness variation possible with Pin allelic variation, Feiz et al.
(2009a, 2009Db) created new missense Pina and Pinb mutations in the soft wheat variety
Alpowa. The goal of this study was to characterize milling and bread baking quality traits
in newly generated Pina/Pinb alleles, which confer a range of unique grain hardness
levels. The most commonly occurring Pin alleles in U.S. hard wheats, PINA-NULL
(Pina-D1b) and PINB-G46S (Pinb-D1b), and the Alpowa parent, were included for
comparison.

Changes in grain hardness for the seven new Pin alleles ranged from —2.5 to 34.8
units harder than their corresponding wild-type Pin allele group for the three EMS-
induced Pina alleles and from 35.9 to 51.9 units harder for the four EMS-induced Pinb
alleles (Table 2). The change in hardness between the PINA-NULL and PINB-G46S
isolines and wild-type Alpowa was 53 and 47.5 hardness units, respectively. Three alleles
(PINA-P35S, PINA-G47S, and PINB-D34N) had intermediate grain hardness levels not

observed in naturally occurring Pin alleles and decreased vitreousness relative to other
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alleles (Figure 1). The PINB-E51K allele is also unique in that it is harder than the
common naturally occurring Pinb alleles.

Grain protein content was not associated with Pin allele differences (Table 2), and
differences for kernel weight were not consistent. Two of the new alleles (PINA-G47S
and PINB-E51K) had reduced kernel weight, whereas one (PINA-R103K, the softest
mutant) had increased kernel weight, compared with their wild type. Mutant alleles
PINB-T38l, PINA-G47S, and PINB-E51K had reduced kernel weights compared with
the PINA-NULL and PINB-G46S isolines, but none differed from Alpowa. However, the
PINA-NULL and PINB-G46S isolines had higher kernel weight than Alpowa. Hogg et al.
(2005) found a positive correlation between grain hardness and kernel weight in
genotypes with a wide range of grain hardness created by overexpression of PINA, PINB,
or both.

In general, hard wheats yield more total flour but less break flour than soft wheats
(Hogg et al. 2005; Martin et al. 2007). Our results confirmed that the hard-textured
mutant lines yielded more flour and less break flour than their soft-textured wild types
(Table 2 and Figure 2). The lone exception was PINA-G47S, for which the mutant allele
did not differ from the wild type, yet it yielded less break flour. Figure 2 shows the
relationship between grain hardness and break flour and total flour yield. A high-value
grain sample would be one that produces high flour yield along with high break flour
yield. PINA-P35S had flour yield equal to PINB-G46S isoline but had higher break flour
yield. PINB-E51K may provide an alternative to PINA-NULL, because it had the same

hardness with greater break flour yield and equal or better flour yield. Our results show
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that within hard wheats it is possible to get similar flour yield across a range (about 15
hardness units) of grain hardness. In fact, there was no relation between total flour yield
and grain hardness, but 69% of the variation in break flour yield could be explained by
grain hardness differences within the hard wheat genotypes in our study.

Our results were consistent with the expectation that harder genotypes produced a
greater proportion of larger flour particles and softer wheats produced a higher proportion
of smaller flour particles (Table 4 and Figure 3). The greatest differentiation among
genotypes was for the >75 to <149 um and >53 to <75 pm classes. Ma et al. (2009)
examined particle size distribution for the naturally occurring Pin isolines used in our
study after milling on a Buhler laboratory mill. They found no differences for the >50 to
<72 pm class and the greatest differences with the >72 to <150 pm class. Their ranking
for the naturally occurring isolines for particle size distribution was similar to ours.

Our results showed no difference between the mutant and wild-type pairs or
among the naturally occurring Pin isolines for loaf volume and crumb grain (Table 5),
except for PINA-P35S, which had a higher crumb grain score. Martin et al. (2001, 2008)
found the softer PINAa/PINB-G46S haplotype had greater loaf volume than the harder
PINA-NULL/PINBa haplotype in recombinant inbred populations. Hogg et al. (2005)
observed that loaf volume was positively related to grain hardness in genotypes tempered
to a moisture level optimum for soft wheats within a wide range of grain hardness created
by overexpression of Pina, Pinb, or both. Martin et al. (2007) tempered wheats varying in
grain hardness at their optimum moisture level and found again that loaf volume

increased as grain hardness level increased. It perhaps is not surprising that no differences
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in loaf volume were detected given that the Hogg et al. (2005) and Martin et al. (2007)
studies utilized lines in which PINs were overexpressed as transgenes, and it is likely the
very high expression levels (5-10 times native) were directly responsible for decreased
loaf volume.

The PIN proteins are unique plant proteins that are characterized by a tryptophan-
rich domain. All mutations in our study except PINA-R103K lie within the tryptophan
region of PINA or PINB. Feiz et al. (2009a) showed that nearly all severe Pin mutations
were within the tryptophan-rich loop region of the PIN protein. Additionally, mutations
in that region were more severe in PINB than PINA. This led to the conclusion that the
tryptophan-rich region is the functional region of the PIN protein and that PINB is more
limiting to grain softness than PINA. The differences in grain hardness between mutant
and wild type in our study for each of our seven selected Pin alleles were similar to those
in Feiz et al. (2009a) from F. populations. The two novel Pina alleles (PINA-P35S and
PINA-G47S) gave intermediate hardness. It is interesting that the PINA-GA47S is the
same amino acid change (glycine to serine) just after the tryptophan-rich region that
occurs in the PINB-G46S allele. However, their hardness levels, milling properties
(measured by flour yield and break flour yield), and particle size distribution profiles

were different.

Conclusion

The novel Pin alleles with intermediate grain hardness characterized in our study

may fill a niche in the milling and baking industry for several reasons. First, these alleles
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produced flour yields equal to the naturally occurring PINB-G46S isoline but could have
increased break flour yield. Second, the grain with intermediate hardness could require
less energy to mill. Finally, grain with intermediate grain hardness might be used for
“dual purpose” uses in that it would have milling yield and particle size distribution

intermediate between typical soft and hard wheats.
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CHAPTER 3

EFFECT OF NOVEL Dx5 AND Dy10 GLUTENIN ALLELES ON DOUGH
PROPERTIES IN WHEAT

Introduction

Gluten has the largest impact on dough and bread making properties in hexaploid
wheat (Triticum aestivum L.). Gluten is comprised of multiple storage proteins: gliadins,
high molecular weight (HMW) and low molecular weight glutenins. The HMW glutenins
have been shown to have a large influence on wheat dough quality (Blechl et al. 2007;
Branlard et al. 2001; Branlard and Bellot 1983; Gadaleta et al. 2008; and Graybosch et al.
2011). The HMW glutenin subunits (HMW-GS) are encoded by genes residing at loci
designated Glu-1 present on the long arm of the group 1 chromosomes 1A, 1B, and 1D
(Payne et al. 1980; 1981; 1984; and 1987). Each HMW glutenin locus is comprised of
both a larger x-subunit and a smaller y-subunit based on their molecular weight (Harberd
et al. 1987). The primary structure of all HMW-GS proteins is composed of non-
repetitive N and C-terminal domains and a central repetitive domain (Shewry et al. 2003).
Three to five conserved cysteine residues are present on the N-terminus and one on the
C-terminus. The repetitive domain varies in length and number of repeated fragments
with an abundance of proline, glycine and glutamic acid, and is low in lysine. Dough
strength and elasticity are both affected by the size of the repetitive domain, and cysteine
residues provide disulfide bonds between HMW and LMW-GS to form protein polymers

(Halford et al. 1987; Tatham et al. 1990; Gianibelli et al. 2001).



34
The number of naturally occurring allelic variants is 14, 34, and 23 alleles for the
Glu-A1, Glu-B1, and Glu-D1 respectively.

(http://wheat.pw.usda.gov/ggpages/wgc/98/Protein3a.htm#Glutenins verified February,

2016). Differences in dough handling properties are attributed to the presence of allelic
variation at each of the three Glu-1 loci (Shewry et al. 2003). The presence or absence of
subunits and the variation within glutenin subunits have all been investigated to show the
strong influence that glutenin has on bread quality (Payne et al. 1979; Shewry et al. 2003;
Weegles et al. 1996). The Glu-D1 locus has the largest effect on bread/dough properties.
More specifically, the 1Dx5+1Dy10 haplotype is superior for bread baking traits (Lukow
et al. 1989). Yue et al. (2008) successfully silenced 1Dx5 expression via RNAI
interference, which resulted in dramatic decreases in dough strength and gluten function.
The 1Dx5+1Dy10 pair have been shown to impart longer mix time, greater mixing
tolerance, longer dough development time, and larger loaf volume than other common
Glu-D1 haplotypes (Dong et al. 1991; Eagles et al. 2006; Cane et al. 2008; Zheng et al.
2009). In a study of transgenic addition of the 1Dx5+1Dy10 subunits, Blechl et al. (2007)
reported that overexpression generally increased dough mixing times and tolerances.
Furthermore, Blechl et al. (2007) found that the 1Dx5 subunit has a larger effect on most
dough parameters than does 1Dy10, but that both subunits together have an additive
effect on glutenin function. Several tests exist that measure both gluten quality and
quantity: SDS-sedimentation, Swelling index of gluten, Gluten index and Wet gluten
content, and mixograph tests. SDS-sedimentation measures protein quality by measuring

the volume of water/SDS-lactic acid absorbed by whole meal or milled flour (Morris et al
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2007). Mixograph tests parameters that help to define gluten quality include mix
tolerance, mix time, absorption, and extensibility (Nash et al. 2006). Wet gluten content
and Gluten index are measurements of both gluten quality and content (Puri¢ et al. 2010;
Mohan and Gupta 2015). With 1Dx5+1Dy10 providing ideal dough properties, it’s no
surprise that breeders have selected for the 1Dx5+1Dy10 haplotype. The 1Dx5+1Dy10
haplotype is present in 90% of hard winter wheat varieties released between 1991 and
2005 (Shan et al. 2007). Considering that the 1Dx5+1Dy10 subunits provide the best
dough traits, developing new genetic variation in these subunits may provide useful
allelic variation. Transgenic studies have demonstrated the ability to modify dough
properties by changing the expression levels of 1Dx5+1Dy10 subunits. However,
overexpression of HMW-GS may lead to undesirable effects, or “too much of a good
thing” by producing overly strong doughs (Graybosch et al. 2011).

To avoid transgenic approaches, one method to add new genetic variation to
existing alleles is with the mutagen ethyl methanesulfonate (EMS). The mutations that
EMS induces are due to alkylation of specific nucleotides (Sega 1984; Vogel and
Natarajan 1995). The rate of induced random mutation in hexaploid wheat is high,
nearing 1 in every 26 kb (Greene et al. 2003; Feiz et al. 2009a). Feiz et al. (2009a; 2009b)
described the application of EMS mutagenesis with the soft spring wheat variety Alpowa
to develop new alleles in the two puroindoline genes (Pina/Pinb) that make up the
hardness (Ha) locus in wheat. Feiz et al. (2009a; 2009b) demonstrated that PIN EMS
missense alleles expanded available hardness variation. After the development of near-

isogenic lines with the new Pin alleles reported in Feiz et al (2009a; 2009b), Kammeraad
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et al. (2016) reported the unique end-product quality traits associated with the new
alleles; including unique milling yields and particle size distribution. The benefits of
EMS mutagenesis is two-fold; first being the development of novel alleles that are not
available naturally, and second is to gain insight into the impact that a single amino acid
change has on protein structure/function.

Similar to Kammeraad et al. (2016), the goal in this study is to report on the
functional impact of new HMW-GS 1Dx5+1Dy10 alleles and determine if the new alleles
provide unique dough handling properties not available from natural Glu-D1 allelic
variation. The 1Dx5+1Dy10 subunits were the main focus because of their high influence

on dough quality and their prevalence in hard wheat varieties used for bread.

Materials and Methods

Creation of an EMS-Induced Population

The EMS treated Alpowa (P1 566596) seed described in Feiz et al (2009a; 2009b)
was used as the source for glutenin mutants. Alpowa contains the Glu-Al null, Glu-
Bx7+By9, Glu-Dx5+Dy10 alleles (Park et al. 2003). Approximately 10,000 Mo seeds of
Alpowa were treated with EMS and single heads were harvested from ~3,000 fertile My
plants. 2,000 M2 head rows were planted in the field May 2007, and genotyped via direct
sequencing. Seed was harvested from 1,700 fertile M2 rows that were screened for the
1Dx5+1Dy10 mutants. Eight M3 seeds from each M.:3 head row were grown in the
greenhouse. Mutation carrying plants were used as pollen sources in crossing to non-

mutagenized Alpowa. F1 plants were grown in the greenhouse to produce F. plants. Sixty
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seeds from each of the 47 F, populations and the Alpowa parental seed were planted in
the greenhouse, and the F2 plants were genotyped via direct sequencing. F2:3 seed from
four F, plants homozygous for the new HMW-GS or wild type Alpowa alleles were
bulked to have a mutant and wild type pair for each population. Fz seed from the 47
populations were planted in two replications of a randomized block design in spring
2010. Each plot consisted of four rows: two mutant rows and two paired wild type rows.
The experimental plots also included the non-mutagenized Alpowa parent. The seeding
rate when planting was 3 g/row and plots were 3 m long with 30 cm between rows, with
grain harvested after maturity. Additionally, nineteen F. populations were planted in the
field in spring 2010. Each F population had sixty F, plants in three rows with 15 cm
between each plant and 30 cm space between rows. Genotyping for these F, plants was
performed as described above. Upon genotyping 1Dx5+1Dy10, homozygous mutants and

wild types were selected and threshed at maturity.

Glu-1Dx5+Dy10 Primer Design/PCR/Sequencing

Direct sequencing of the 1Dx5+1Dy10 genes was carried out to select
homozygous mutant and wild type lines. All primers were designed using Genbank
accessions X12928 and X12929 for 1Dx5 and 1Dy10, respectively. Primer sets were
designed to amplify multiple ~700 bp overlapping segments of the 1Dx5 and 1Dy10
genes (three segments in 1Dy10, and 4 segments in 1Dx5). Genotype selection began
with collecting leaf tissue at the two- to three- leaf stage and the DNA was extracted
following Riede and Anderson (1996). PCR reactions consisted of ~100 ng genomic

DNA, 15 pmol of primer, 200 uM of dNTP, 1X PCR buffer, 2 mM MgCl, (Promega,
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Madison, W1), and 0.5 U Taq DNA polymerase (Promega, Madison, W1) per 20 uL
reaction volume. Segment amplification was verified via 1% agarose gel electrophoresis.
PCR products were submitted to Beckman Coulter Genomics (Danvers, MA) with
forward primers for direct sequencing. Sequence analysis was performed using DNAStar-

SegMan Pro package v12.3.1, 2015 (http://www.dnastar.com verified February 26,

2016). Mutations were identified by comparing anomalous peak heights of trace
sequences to the corresponding Genbank reference sequences. Genotyping was
dependent on peak height and number; homozygote: single peak replacement,

heterozygote: two peaks of half height.

Early Quality Testing of all HMW-GS Alleles

The swelling index of gluten (SIG) test was used as an indicator of gluten strength
(Wang and Kovacks, 2002; Uthayakumaran et al. 2007). Initial gluten quality tests were
done on the 47 mutant populations grown in the replicated field trials, and the 19
mutation populations grown as spaced plants in the field. The 47 populations from the
replicated field trial consisted of F4 seed from each replication, and the nineteen F.
populations consisted of Fz seed from approximately 10 individual mutant and wildtype
plants. Five wheat kernels were first ground in a coffee mill for 5 s, then put into a 2 mL
microcentrifuge tube with two steel ¥ diameter balls. Ground meal was agitated in the
tubes for 20 s in a Mini-BeadBeater-96 (BioSpec, Bartlesville, OK). 40 mg of the
agitated ground meal was then transferred into pre-weighed 2 ml tubes. 500 uL of room
temperature distilled water was added to the 40 mg ground meal and mixed on an

Eppendorf MixMate (Eppendorf, Hauppauge, NY) at 1,400 rpm for 20 min. Then 500 uL
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of 3% SDS-lactic acid solution was added and mixed at 1,400 rpm for another 20 min.
After mixing, samples were immediately centrifuged at 300 G for 5 min and the resulting
supernatant was aspirated. Tubes and remaining precipitate were then weighed, and
Swelling index of gluten (SIG) values were calculated by dividing the weight of
precipitate by the original weight of ground meal (40 mg). Each sample was done twice
and averaged for analysis.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was
used to analyze HMW-GS expression levels in mutant lines. Initial SDS-PAGE analysis
was done on Mz seed from mutant lines, and single F2:3 seeds from homozygous mutants.
Whole meal was produced with the same grinding method used in the SIG test. Total
SDS-PAGE buffer soluble proteins were extracted from whole meal and suspended with
24 uL/mg of 6.25 mM Tris-HCI buffer (pH 6.8) containing 2% (w/v) SDS, 10% (v/v)
glycerol, 0.02% (w/v) bromophenol blue, and 5% beta-mercaptoenthanol (w/v) (Halford
et al. 1992). Samples were then heated in a water bath at 70°C for 15 min with vortexing
every 3 min, followed by centrifugation at 13,000 rpm for 1 min. HMW-GS expression
levels were then determined by electrophoresing aliquots of each protein preparation on

NuPage 4-12% Bis-Tris Gels (Invitrogen, Carlsbad, CA).

Data Analysis

Response variables with more than one environment were analyzed via analysis
of variance using PROC MIXED in SAS (SAS Institute, 2008). The model included
environment, replication within environment, mutation populations, and environment x

mutation population interaction. The replications within environments were considered
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random while all other effects were considered fixed. Response variables with a single
environment were analyzed according to a randomized complete block model. The wild
type, mutant, and difference (mutant-wild type) values were analyzed for each response
variable. For the population grown as spaced plants data for SIG were analyzed using
PROC MIXED in SAS including mutation populations and plants within mutation

populations in the model.

Development of Near-lsogenic Lines

A subset of five alleles were selected for further testing and backcrossing to
generate near-isogenic lines. The selection of these five alleles (three 1Dy10 and two
1Dx5 alleles) was based on early gluten strength characteristics. The alleles were selected
based on SIG and/or mixograph results. The alleles selected for backcrossing and further
testing were Dx5-G89D, Dx5-G507E, Dy10-G130D, Dy10-Q136stop, and Dy10-S619N.
Each glutenin allele was backcrossed into both a hard-seeded (pinb-D1b) isoline of the
Alpowa parent (Pl 644081) (Morris and King 2008) and White Choteau (Talbert et al.
2013) varieties. Choteau was added to the crossing scheme since it is used as the quality
control variety in the Cereal Quality Laboratory at Montana State University-Bozeman
with its high protein and strong bread quality scores. The mutant 1Dx5+1Dy10 alleles
were backcrossed two times to both parental varieties. Multiple homozygous mutant and
wild type plants were identified via direct sequencing of the 1Dx5 or 1Dy10 gene in the
BC2F generation. Seed was harvested from individual mutant and wild type BC2F2 plants

to obtain BCzF2:3 families.
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The mutant and wild type BC2F2:3 families, plus both recurrent parents were
planted in the field in a randomized block design with two replications at the Arthur H.
Post Field Research Center near Bozeman, MT. Each plot was a single 3m row with rows
spaced 30 cm apart. The same experiment was planted in a rain-fed environment and a
separate, but adjacent, irrigated environment. The irrigated experiment was given 5 cm of
water one week prior and post heading. Grain was harvested from each plot with a plot

combine.

Grain, Milling, and Dough Properties

Harvested grain from the 2015 experimental plots was assessed for grain, milling
and dough properties. 100-kernel samples were run on a Single Kernel Characterization
System (SKCS-Perten Instruments, Springfield, IL, U.S.A) to measure grain hardness,
kernel weight, and diameter. Grain was tempered to 14.5% moisture and milled on a
Brabender Quadrumat Jr. mill (South Hackensack, NJ, U.S.A.) with 203 um U.S.
standard sifting screen (Seedburo Equipment, Chicago, IL, U.S.A.). Total Flour yield was
represented as a percentage based on the combined weights of bran and flour. Flour
protein, moisture and ash content were measured via NIR using the same Infratec 1241
grain analyzer with earlier quality tests. Flour protein was adjusted to a 14% moisture
basis proportional to the reference method utilizing a LECO FP-528 nitrogen analyzer
(LECO, St. Joseph, MI, U.S.A.) (AACC International Approved Method 46-30.01).
Near-infrared (NIR) reflectance with an Infratec 1241 grain analyzer (Foss North

America, Eden Prairie, MN, U.S.A.) was used to measure whole kernel protein, flour
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protein, moisture, and ash content (AACCI method 08-21.01). Mixographs were then run

to measure mixing tolerance, mix time, and mix water absorption.

Gluten Function and Quality

Gluten function/quality of the near-isogenic HMW-GS mutant lines was
investigated using four different protein quality tests: SDS-sedimentation, Swelling index
of gluten, SDS-PAGE electrophoresis, and Glutomatic (Gluten index/Wet gluten
Content). Gluten strength was determined by measuring sedimentation volume in SDS
sedimentation tests (AACC approved method 56-63). Both the SDS-PAGE
electrophoresis and SIG tests run on early mutant generations were performed again on
the selected alleles advanced to near-isogenic lines. Gluten quantity and quality was also
measured using the Glutomatic (Perten Instruments Hagersten, Sweden) (AACC
approved method 38-12.02). In addition, dough extensibility characteristics were
measured using the Kieffer attachment (Kieffer et al. 1998) to the TA.XT2 texture
analyzer (Texture Analysis Corporation, Scarsdale, NY). Because flour was limiting and
to equalize flour protein between mutant and wild type classes, flour from two families
within mutant and wild type classes with similar flour protein was composited. The
number of individuals in each composite varied: for lines in Alpowa (n=3 mut and 3 WT
for both 1Dx5-G89D and 1Dy10-S619N, and n=2 mut and 2 WT for 1Dy10-Q136stop)
and lines in Choteau (n=2 mut and 2 WT for all lines). Characteristics measured included
resistance to extension (peak force), termed dough resistance, and the distance of dough

extension at which the peak force occurs, termed extensibility.
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Data presented for the grain, flour, and gluten quality tests are presented based on
the composites. The data for the gluten quality variables were analyzed via analysis of

variance. The mutant and wild type means were then compared with a t statistic.

Results

Direct Sequencing

An initial total of 135 mutations were identified in the 384 M. Alpowa families by
use of direct sequencing individual Glu-D1x5 and Glu-D1y10 PCR products. Gene
specific primers were designed to amplify individual overlapping segments for each gene
(Table 6). There were 80 missense, 22 nonsense, and 33 silent mutations roughly equally
distributed in both 1Dx5 and 1Dy10 genes. Each Glu-D1 gene included at least nine
mutations in each of the mutation types (Table 7). With the exception of one mutation, all
others were transition mutations (G to A or C to T). The mutation rate for the combined
1Dx5+1Dy10 mutants was 1/26 Kb. Table 7 shows the heterozygous mutation discovery
rate in the segregating population as 1/12.7 kb, which means the true discovery rate is
halved at being 1/26 kb. The distribution of mutations was uniform across the terminal
and the middle repetitive region of each gene, with an exception of having no mutations
in the C-terminus of Dx5 (Figure 4 and 5). We identified 69 and 66 mutations in 1Dx5
and 1Dy10, respectively. Of the 69 mutations in Dx5, 35 were missense, 13 nonsense,
and 21 silent. In Dy10, the 66 mutations consisted of 45 missense, 9 nonsense, and 12

silent.
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A subset of mutants were crossed to the soft white spring variety Alpowa to
generate segregating F> populations to assess the relative impact of each mutation upon
glutenin function. Most of the F> populations (58 out of 62) segregated in the anticipated

1:2:1 ratio (P>0.05).

Table 6._List of primers used to amplify segments of the 1Dx5 and 1Dy10 HMW-GS
subunits.

Gene Segment Primers Sequence Size Tm
(bp) (°C)
Seg 1 Dx55'-(-93) CCTATAAAAGCCTAGCCAACCTTCAC 912 60.1
Dx53'-820 CCCTTGTTGTCCTTGTCCG
Seg 2 Dx55'-806 AGGTCAGCAGCTCGGACA 426 60.4
Dx53'-1214 GCTTGTTGCCCTTGTCCTACC
1Dx5 Seg 3 Dx55'-1194 GGTAGGACAAGGGCAACAAGC 543 60.3
Dx53'-1736 ACTTGTGCTGGTTGCTGCC
Seg 4 Dx55’-1717 GGCAGCAACCAGCACAAGT 830 63.5
Dx53'- P16 TCACTGGCTGGCCGACAATGC
Seg 1 Dy105'-(-93) CCTATAAAAGCCCAACCAATCTC 1089 59
Dy103'-996 TGGCTCTTGCTGAGAAGCTG
1Dy10 Seg 2 Dy105’-615 CCCAACTTCTCTGCAGCACA 1131 60.8
Dy103’-4658 TGTCCTGATTGTTGCCCTTGTCCA
Seg 3 Dy105'-1494  CTATCCAACTTCTCCACAGCAG 555 60.1

Dy103'-2027  AACTGTGAACACGCATCACG

Table 7. Frequency of EMS-induced mutations in 1Dx5+1Dy10 HMW-GS subunits in
Alpowa. ®Mutation discovery rate calculated using the frequency of mutations found via
direct sequencing of 384 M, Alpowa lines.

1Dx5 1Dy10 Both
Missense 35 45 80
Nonsense 13 9 22
Silent 21 12 33
Total 69 66 135
Mutation 1/14.0 kb 1/11.3 kb 1/12.7 kb

discovery?
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1  MAKRLVLFVAVVVALVALTVAEGEASEQLQCERELQELQERELKACQQVMDQQLRDISPE &0
F T
61 CHPVVVSPVAGQYEQQIVVPPKGGSFYPGETTPPQOLOQRIFWGIPALLKRYYPSVTCPQ 120
D D X
121 QVSYYPGQASPQRPGQGQQPGQGQQGYYPTSPQQPGOWQQPEQGQPRYYPTSPQQSGOLY 180

181 QPAQGQQOPGOGQOGOQOPGOGOPGYYPTSSQLOPGQLOQPAQGQOGQQPGQAQOGQQOPGOG 240

241 QQPGQGQQGQQPGQGQQpGgGQQGQQLGQGQQGYYPTSLQQSGQGQPGYYPTSLQQLGQG 300
301 QSGYYPTSPQQPGQGQQPGQLQQPAQGQQPGQGQQGQQPGQGQQSQQ?GQGQQPGQGQPG 360
361 YYPTSPQQSGZGQPGYYPTSSQQPTQSQQPGQGQQEQQVGQGQQAQQPGQGQQPEQGQPE 420
421 YYPTSPQQSGQGQPGYYLTSPQQSGQGQQPGQEQQSAQGQKEQQPGQGQQPGQGQQEQQP 480
481 GQGQQGQQPEQGQPGYYPTSPQQSGQGQQEGQWQQPGQGQPEYYPTSPLQPGQGQPGYDP 540
541 ?SPQQPGQGQQPGQLQQPAQGQQGQQ?AQGQQGQQPAQVQQGQRP;QGQQGQQPGQGQQG 600
601 QQLGQGQQGQQPGQGSQGQQPAQGQQGQQEGQGQQGQQPGQGQQGQQPGQGQQPgQGQPW 660
661 YYPTSPEESGQGQQPGQWQQPGQGQPéYYLTSPLQLGgGQQGYYPTSLQQPGQGQQPG;W 720
721 QQSGQGQHWYYPTSPQLSGQGQRPGQELQPGQGQQGYYPTSPQQPGQGQQLGQWLQPGQG 780
781 QQGYYPTSLQQ$GQGQQsGQGQQGYYsSYHVSVEHQAASLKVAKAQQLAAQLPAMCRLEG 840
E

841 GDALSASQ

Figure 4. Amino acid sequence of Glu-D1x5 subunit. Locations of each identified allele
are as noted underneath the Glu-D1x5 coding sequence (Genbank accession X12928). X
denotes a stop codon and the underlined region denotes the repetitive domain.
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1 MAKRLVLFAAVVIALVALTTAEGEASRQLQCERELQESSLEACRQVVDQQLAGRLPWSTG 60

61 L;MRCCQQ?RDVSAKCRSVAVSQVARQYEQTVVPPKGGSFYPGETTPLQQLQBGIFWGT? 120
121 SQTVQGYYPGVTSPRQESYYPGQASPQQPGQGQQ?GKWQEPGQGQQWYYPTSLQQPGQGQ 180
181 QIGKGQQGY?PTSLQS?GQGQQéYYPTSLQHTGQRQQPVQGQQPEQGQQPGQWQQEYYPT 240
241 SPgQgGQgQQPRQWQQSGQGQQGHYPTSLQQPGEGQQGHYLASQQQPGQGQQGHYPASQQ 300
301 QPGQGQQGHYPASQQQPGQEQQGHYPASQQEPGQGQQGQIPASQQQPGQGQQGHYPASLQ 360
361 QPGQGQQGHYPTSLQQEEQGQQTGQPGQKQQPGQGQQTGQEQQPEQEQQPGQGQQGYYPT 420
421 SLQQPGQGQQQGQGQQGYYPTSLQQPGQGQQGHYPASLQQ?GQGQPGQRQQPGQGSHPEQ 480
481 GKQPGQGSQGY?PTSPQQPGQGQQLGQGQQGYYPTSPQQPGQGSQPGQGQQGHCPTSPQQ 540
541 SGQAQQPGQGQQIGQVQQPGQGQQG?YPTSVQQPGQGQQSGQGQQSGQGHQPGQGQQSGS 600
601 EQQGYDSPYHVSAEQQAASPMVAKAQQPATQLPT§CRMEGGDALSQSQ 648

LT N v D

Figure 5. Amino acid sequence of Glu-D1y10 subunit. Locations of each identified allele
are as noted underneath the Glu-D1y10 coding sequence (Genbank accession X12929).
X denotes a stop codon and the underlined region denotes the repetitive domain.

Protein Quality by Swelling Index of Gluten

Swelling index of gluten (SIG) was used as an early measure of gene function.
Figure 6 and Table 8 shows difference in SIG data from F.:3 seed pools from at least three
F2 plants carrying the introduced EMS glutenin allele versus F2:3 seeds pools from at least
three F, plants carrying the wild type glutenin allele. Of the 26 Dx5 missense alleles
characterized, only two significantly reduced SIG, while none increased SIG. G355R and
G627S, both in 1Dx5 segment 2, showed significant (p<0.05) loss of function. However,
all 5 of the 1Dx5 stop codon mutations significantly reduced SIG, by an average of 0.91.
Similar results were found for 1Dy10 in which only two of the missense (A9T/G432R

and G130D) significantly increased 1Dy10 function while the remaining 28 alleles had
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no change and all four nonsense alleles significantly reduced SIG, by an average of 0.63.
The A9T/G432R mutant was derived from an M2:Mz3 family with two separate mutations,
both within 1Dy10

Kernel weight was also measured and the HMW-GS mutant average was not
different than the wild type sister line average (data not shown). There was no detectable
difference in loss of gluten function between the 1Dx5 and 1Dy10 nonsense mutations,
however the 1Dx5 nonsense alleles were on average much more severe in terms of
reducing SIG values.
Table 8. Difference in swelling index of gluten (SIG) in comparisons between F2:3 seed
pools carrying or lacking missense or nonsense glutenin alleles. *Mean difference in SIG
between F»:3 seed pools carrying or lacking the EMS induced 1Dx5 or 1Dy10. Negative

values indicate the introduced alleles imparted reduced glutenin function as measured by
SIG.

Mutation No. HMW-GS Swelling Index of
category  mutations Gluten Difference!
Mean SE
Difference
Missense 26 Dx5 -0.08 0.04
Nonsense 5 Dx5 -0.91 0.11
P value <0.001
Missense 29 Dy10 0.01 0.03
Nonsense 4 Dy10 -0.63 0.06

P value <0.001
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1Dx5 change in SIG

1Dy10 change in SIG

Figure 6. Change in Swelling Index of Gluten for all EMS created alleles in Glu-
D1x5+Dy10. Significance (p<0.05) is denoted with *.
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1Dx5 and 1Dy10 Isolines and
HMW Glutenin Quantification

To assess the impact of individual 1Dx5 and 1Dy10 mutations upon end product
quality BC2F2 derived populations were created in a hard isoline of the soft white spring
wheat variety Alpowa created as described in Chapter 1. BC2F2 populations were also
created using a white seeded version of the hard red spring variety Choteau. Comparisons
were then made between lines that either carried or lacked the introduced 1Dx5 or 1Dy10
allele. Expression levels of the introduced 1Dx5 or 1Dy10 protein did not significantly
differ for any missense allele with the exception of Dy10-S619N (Figure 7 and Table 9).
The missense allele Dy10-S619N reduced the amount of intact 1Dy10 to roughly half
that seen in the control group while producing a 3-4 kDa smaller protein of roughly equal
abundance. The nonsense allele Dy10-Q136Stop did result in no detectable 1Dy10
protein but did not substantially alter the expression levels of other HMW-GS.
Quantification of all individual HMW glutenin proteins from each BCzF. population
indicated that on a per mg seed dry weight basis very little variation was observed for any

proteins (Table 9).
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Figure 7. Quantification of HMW glutenins from selected 1Dx5 and 1Dy10 EMS lines
used in backcrossing to Alpowa or White Choteau. The WT lines adjacent to each
mutation are BC2F, derived sister lines homozygous for the WT parent glutenin subunits.
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Table 9. Glutenin subunit concentrations. Each HMW glutenin subunit was quantified by
comparing the amount of each HMW subunit in BC2F; lines carrying the EMS induced
allele being studied relative to BC2F> sister lines carrying the wild type allele. Dy10-
S619N has an additional HMW glutenin band (Dy10-S619%*) since it is roughly is likely
also 1Dy10 since the S619N mutation is 3.5 kDa (29 amino acids) from the C terminus of
1Dy10. *1Dy10* is the smaller MW protein produced by the Dy10-S619N allele. *, **,
***denotes significance between EMS induced HMW glutenin allele and BC3F; sister
line at the 0.05, 0.01, and 0.001 level, respectively from 2-tailed, equal variance t-tests.
LSD values compare the differences between parent values.

Alpowa EMS allele group

By9 AX-
Unique Glutenin Dx5 Dy10 Bx7 null
Dx5-G89D 0.93 0.90 1.03 0.93 0
Wild type 0.95 0.90 1.00 0.88 0
Dy10-S619N 0.93  0.40*** 0.98 0.93 0
Dy10-S619*! 0.40
Wild type 1.10 1.00 1.15 1.08 0
Dy10-Q136stop 1.00 ND*** 1.00 1.03 0
Wild type 1.05 1.00 1.05 1.00 0
LSD 0.31 0.22 0.26 0.24 0
White Choteau EMS
allele group
Unique Glutenin Dx5 Dy10 Bx7 By9  Ax2*
Dx5-G89D 1.00 0.95 0.90 0.88 0.95
Wild type 1.05 0.95 0.90 0.85 1
Dy10-G130D 1.13 0.98 0.83 0.80 1.05
Wild type 1.43 1.15 0.90 0.95 1.43
Dy10-Q136stop 1.20*  ND*** 1.00** 1.00*** 0.8
Wild type 1.53 1.55 1.45 1.48 0.95
Dx5-G507E 1.10** 1.13 1.10 1.01 15
Wild type 1.53 1.13 1.18 1.03 1.4

LSD 0.31 0.22 0.26 0.24
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Effect of 1Dx5 and 1Dy10
Alleles upon Seed and Flour Traits

No differences were seen in grain hardness, protein, seed weight or seed diameter
with the single exception being that seeds of Dx5-G89D in the White Choteau population
were 6.4 units harder and in Alpowa Dx5-G89D had 1.5% more total seed protein than
their wild type 1Dx5 comparison group (Table 10). Similarly, no differences were seen in
flour protein for any of the alleles in either Alpowa or Choteau except that Dx5-G89D
was 0.4% higher in flour protein than its wild type comparison group. However,
numerous changes were observed in measures of glutenin function including SIG, SDS-
sedimentation, gluten index and wet gluten content (Table 11). In Alpowa, Dy10-
Q136stop had decreases in SIG, SDS-sedimentation, and Gluten index, but increased Wet
gluten content. Dy10-S619N also resulted in reduction of Gluten index. In Choteau
Dy10-Q136stop again had decreases in SIG, SDS-sedimentation, and Gluten index, but
increased Wet gluten content. Dy10-G130D had decreased SDS-sedimentation, but
increases in SIG and Wet gluten content. Dx5-G89D had decreases in both SIG and SDS-
sedimentation. Dx5-G507E did not alter SIG, SDS-sedimentation or gluten index

parameters.
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Table 10. Grain hardness, protein, kernel weight, seed diameter and flour yield.
Parameters for each EMS allele are compared with their WT BC2F2 HMW Glutenin
subunits sister lines. **Denotes significance between EMS induced HMW Glutenin allele
and BCzF sister line at the 0.01 level from 2-tailed, equal variance t-tests. LSD values
compare the differences between parent values. Measurements for each mutant and wild
type were based on two composites that were put together based on two or more BCoF2:3
families with similar flour protein except the Alpowa Dx5-G89D and Dy10-S619N,
which had three composites.

Alpowa EMS allele group

Grain Seed Flour Yield
Unique Grain Protein  Kernel Diameter (%)
Glutenin Hardness (%) Weight (mg) (mm)
Dx5-G89D 63.5 12.0** 37.1 2.88 72,5
Wild type 64.3 11.5 35.8 2.80 72.4
Dy10-S619N 65.8 11.1 37.2 2.85 72.1
Wild type 64.9 11.2 37.1 2.87 71.7
Dy10-Q136stop 65.1 11.1 37.1 2.85 72.0
Wild type 68.5 11.0 35.4 2.82 72.0
Alpowa 64.6 10.6 37.6 2.87 74.0
LSD 4.9 0.4 3.7 0.18 1.42
White Choteau EMS allele group
Grain Seed Flour Yield
Unique Grain Protein  Kernel Diameter (%)
Glutenin Hardness (%) Weight (mg) (mm)
Dx5-G89D 60.8* 14.5 35.0 2.86 71.2
Wild type 54.4 14.7 36.6 2.89 70.4
Dy10-G130D 52.3 15.2 37.8 2.97 70.8
Wild type 53.9 15.1 39.4 2.95 70.5
Dy10-Q136stop 53.3 14.9 38.8 2.97 70.3
Wild type 51.5 15.0 41.2 3.03 69.6
Dx5-G507E 61.5 14.9 36.3 2.89 70.3
Wild type 57.9 14.9 37.4 2.93 70.6
White Choteau 61.4 14.7 35.6 2.84 71.4

LSD 4.9 0.4 3.7 0.18 1.42
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Table 11. The impact of selected HMW glutenin alleles upon flour protein, swelling
index of gluten (SIG), SDS-sedimentation, gluten index, and wet gluten content.
Parameters for each EMS allele are compared with their WT BC2F> HMW glutenin
subunits sister lines. *, **, *** denotes significance between EMS induced HMW
glutenin allele and BC>F; sister line at the 0.05, 0.01, and 0.001 level, respectively from
2-tailed, equal variance t-tests. LSD values compare the differences between parent
values. Measurements for each mutant and wild type were based on two composites that
were put together based on two or more BC,F2:3 families with similar flour protein except
the Alpowa Dx5-G89D and Dy10-S619N, which had three composites.

Alpowa EMS allele group

Flour SDS- Gluten  Wet Gluten
Unique Protein Sedimentation Index Content
Glutenin (%) SIG (g) (mL) (%) (%)
Dx5-G89D 11.1%* 5.98 5.60 92.8 35.5
Wild type 10.7 6.24 5.65 95.9 33.0
Dy10-S619N 10.4 6.07 5.10 81.7* 33.6
Wild type 10.5 6.10 5.68 97.0 31.9
Dy10-Q136stop 10.6 5.05%** 4.40** 79.0* 35.1*
Wild type 10.5 6.43 5.50 95.9 31.4
Alpowa 9.80 5.35 5.60 95.8 30.9
LSD 0.3 0.64 0.79 14.7 3.1

White Choteau EMS

allele group
Flour SDS- Gluten  Wet Gluten

Unique Protein Sedimentation Index Content
Glutenin (%) SIG(g) (mL) (%) (%)
Dx5-G89D 14.2 7.08* 5.80* 91.2 46.2
Wild type 14.3 7.79 6.80 84.6 45.6
Dy10-G130D 14.9 7.12* 4.95* 68.1 50.1*
Wild type 15.0 6.34 6.00 79.0 45.8

Dy10-Q136stop  14.7  5.15*** 4.60*** 57.0** 53.5***
Wild type 14.7 6.90 6.20 85.0 46.1
Dx5-G507E 14.7 7.61 5.90 92.2 46.5
Wild type 14.7 7.26 6.50 90.9 45.4
White Choteau 14.7 8.64 7.80 95.7 42.0

LSD 0.3 0.64 0.79 14.7 3.1




55

Mixing and Extensibility Properties

The Dy10-S619N and Dy10-Q136Stop mutants had shorter mix times than their
wild type comparisons in the hard Alpowa background (Table 12). No other differences
between wild type and mutant were detected for mix tolerance and mix time. The Dx5-
G89D and Dy10-Q136stop mutants in the hard Alpowa parent background had
significantly reduced dough resistance (Rmax) (Table 13). Dough resistance values trend
lower for the mutant compared to wild type for the White Choteau parent background,
but only Dy10-Q136stop comparison was significant with P value (<0.05). The Dy10-
G130D and Dy10-Q136stop mutants in the White Choteau parent background were
significantly less than their wild type for extensibility. But values tended to be lower in
mutant compared to their wild type in all other comparisons with the exception of the
Alpowa Dy10-S619N mutant. The area under the curve was significantly less for the

mutant compared to wild type for the Dy10-Q136stop in both parent backgrounds.
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Table 12. The impact of selected HMW glutenin alleles upon dough mixing properties.
Parameters for each EMS allele are compared with their WT BC2F2 HMW glutenin
subunits sister lines. *Denotes significance between EMS induced HMW glutenin allele
and BCzF sister line at the 0.05 from 2-tailed, equal variance t-tests. LSD values
compare the differences between parent values. Measurements for each mutant and wild
type were based on two composites that were put together based on two or more BC2F2:3
families with similar flour protein except the Alpowa Dx5-G89D and Dy10-S619N,
which had three composites.

Alpowa EMS allele group

Mix Mix
toleranc  Mix Time Absorbance
Unique Glutenin e (min) (%)
Dx5-G89D 3.83 2.38 59.8*
Wild type 4.17 2.77 59.4
Dy10-S619N 4.33 1.98* 58.9
Wild type 4.83 2.72 58.1
Dy10-Q136stop 4.50 1.75* 59.3
Wild type 5.00 2.65 59.2
Alpowa 5.00 2.45 58.1
LSD 1.27 0.57 0.4
White Choteau EMS allele
group
Mix
Unique Mix Mix Time Absorbance
Glutenin tolerance (min) (%)
Dx5-G89D 3.25 2.23 64.6
Wild type 3.50 2.38 64.8
Dy10-G130D 2.50 1.95 65.7
Wild type 2.50 2.00 65.7
Dy10-Q136stop 0.75 1.58 65.3
Wild type 2.50 1.77 65.3
Dx5-G507E 4.75 2.58 65.4
Wild type 4.50 2.45 65.3
White Choteau 4.00 5.90 65.5

LSD 1.27 0.57 0.4
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Table 13. The effect of selected HMW glutenin alleles upon dough extensibility.
Parameters for each EMS allele are compared with their WT BC2F2 HMW glutenin
subunits sister lines. *Denotes significance between EMS induced HMW glutenin allele
and BCzF sister line at the 0.05 level from 2-tailed, equal variance t-tests. LSD values
compare the differences between parent values. Measurements for each mutant and wild
type were based on two composites that were put together based on two or more BCoF2:3
families with similar flour protein except the Alpowa Dx5-G89D and Dy10-S619N,
which had three composites.

Alpowa EMS allele group

Extensibility
Unique Glutenin  Rmax (Q) (mm) Area (mm?)
Dx5-G89D 12.3** 71.0 820
Wild type 16.3 73.3 911
Dy10-S619N 13.0 73.3 805
Wild type 16.3 70.7 912
Dy10-Q136stop 13.5* 62.5 763*
Wild type 19.0 74.5 1100
Alpowa 19.5 70.5 1136
LSD 3.4 12.6 228
White Choteau EMS allele
group
Extensibility
Unique Glutenin  Rmax (Q) (mm) Area (mm?)
Dx5-G89D 12.0 63.5 715
Wild type 14.0 75.0 865
Dy10-G130D 9.50 53.0* 513
Wild type 12.0 66.0 788
Dy10-Q136stop 7.0* 58.5* 470*
Wild type 12.7 76.7 802
Dx5-G507E 20.5 75.0 1207
Wild type 18.0 80.5 1111
White Choteau 30.0 90.0 1993

LSD 3.4 12.6 228
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DISCUSSION

Focus on the high molecular weight glutenins has been shown to be necessary in
order to make improvements in dough handling properties in wheat (Blechl et al. 2007;
Branlard et al. 2001; Brandlard and Bellot 1983; Gadaleta et al. 2008; and Graybosch et al.
2011). Specifically, the Glu-1 Dx5 and Dy10 subunits impart the greatest role on dough
properties (Lukow et al. 1989). Our goals in this study were to generate novel 1Dx5+1Dy10
glutenin alleles via EMS mutagenesis and after developing near-isogenic lines in two
common varieties, test the novel alleles for their impacts on dough properties.

In order to identify missense mutations we used direct sequencing of the 1Dx5
and 1Dy10 subunit genes from 384 mutagenized families. This identified 135 mutations
of which 80 were missense mutations about equally divided between the 1Dx5 and
1Dy10 subunit genes (Table 7). In order to accommodate sequencing the large Glu-D1
subunit genes they were divided into overlapping segments (four segments for 1Dx5 and
3 segments for 1Dy10) (Table 6). This strategy identified mutations representing all
regions of each gene (Figures 6 and 7). The frequency of mutations combined over both
subunit genes was 1/12.7 kb. This frequency is nearly the same as the 1/11.5 kb Feiz et al
(2009Db) obtained with the same EMS population with direct sequencing Pina and Pinb
genes.

Mutant plants were crossed to the parent Alpowa to restore plant vigor and to
create segregating F2 populations. Mutant and wild type counterparts for each F»
population were evaluated in the field. The SIG test was used as a screen for the

differences in dough properties. Based on these preliminary results, a subset of the
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mutants were chosen to further study their impact on dough properties by creating near-
isogenic populations. Allelic variation at the Glu-D1 loci has been shown to influence
dough functionality related to gluten strength (see introduction).

Several tests related to dough functionality were performed to compare the mutant
and wild type near-isogenic populations. Across all tests, significant differences between
the mutant and wild type classes were consistently seen only with the Dy10-Q136stop
allele. The Dy10-Q136stop alleles in both Alpowa and White Choteau had reduced SIG,
SDS-sedimentation, and gluten index, while having an increase in wet gluten content. In
Yue et al (2008), the silencing of the 1Dx5 subunit led to an increase in wet gluten
content by 3.9% compared to non-transformed lines expressing normal levels of 1Dx5.

Previous results have shown that loss of function of Glu-D1 subunits reduces
dough strength. MacRitchie and Lafiandra (2001) showed near isogenic lines that were
null for the 1Dx5+1Dy10 subunits had lower mixograph dough development time than
wild type 1Dx5+1Dy10 lines. Yue et al (2008) used RNA interference (RNAI) to silence
the 1Dx5 gene. Dough strength was reduced in the line showing no expression (null) of
1Dx5. Neither of these studies provided a comparison of the relative impact of loss of
1Dx5 versus 1Dy10. Our results show that loss of function of either 1Dx5 or 1Dy10 had
about equal impact on SIG values, an index of dough strength.

Naturally occurring alleles at 1Dx or 1Dy loci differ in number of amino acid
residues. Although numerous comparisons between naturally occurring alleles have been
reported these comparisons are not useful in dissecting gene function because alleles

differ by several amino acid residues. EMS mutations are useful for dissecting gene
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function because each is a single amino acid substitution. Feiz et al (2009b) used this
strategy to determine that the tryptophan region of PINA and PINB was the most
important for gene function because mutations occurring at or near this region caused
most severe loss of function. We used the same EMS mutagenized population as Feiz et
al (2009b), but we did not observe any obvious regions of the 1Dx5 or 1Dy10 genes
where mutations resulted in change in function.

Several factors singly or in combination may explain why changes in function
from missense mutations were generally not detected for these mutations. Our early
phenotypic screen was the SIG test. Although SIG values were correlated with measures
of dough strength in soft wheat (Uthayakumaran et al., 2007), other measures of dough
strength may have shown more differentiation among mutant populations. For example,
mutants may show differences for mixograph characteristics and/or dough extensibility
traits. Or, the fact that nearly all missense mutations showed no detectable effect on SIG
may just imply that these proteins are stable and very tolerant of amino acid substitutions.
The cysteine residues are believed to be crucial for intermolecular bonds between HMW
and LMW glutenins (Gianibelli et al., 2001; Shewry, et al., 2003). The cysteine residues
occur mainly in the N-terminal domain. The 1Dx5 has 3 and the 1Dy10 has 5 cysteines in
this region (Shewry et al., 2003). The N-terminal domain comprises 89 and 104 residues
for 1Dx5 and 1Dy10, respectively. Although mutations occurred in the N-terminal region
in both subunit genes, none of our mutations targeted a cysteine residue. An amino acid
substitution involving a cysteine may have a larger effect on dough strength than those in

our study. Finally, the populations are segregating for numerous mutations other than
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those in 1Dx5 and 1Dy10. This makes direct comparison of mutations more difficult.
Mutations would need to be backcrossed further to create near-isogenic lines in order to
facilitate more precise direct comparisons among mutants. We did create near-isogenic
populations using two additional backcrosses to two recurrent parents. Evaluation of
these near-isogenic populations also showed in general, that the mutant had no detectable

effect on dough quality measures.

Conclusions

An allelic series of mutations in the HMW-GS 1Dx5 and 1Dy10 subunit genes
was created using EMS mutagenesis in the soft wheat cultivar Alpowa with the
1Dx5+1Dy10 subunit pair. All of the nonsense mutations tested showed significant
reductions in gluten strength. This indicates that both subunit genes are important for
phenotypic expression of dough strength. These mutations might be useful for end
products that require minimal gluten strength. More importantly they may be valuable for
future investigations to determine the relative importance of the 1Dx5 and 1Dy10
subunits on gluten function. Among the 80 missense mutations nearly all showed no
effect on gluten strength as measured by the SIG test. A subset of mutations were
backcrossed into hard wheat parents. These backcross populations further confirmed that
missense mutations did not significantly impact dough quality traits. However, it is not
surprising that new mutations with large change in function would be rare. Furthermore,
those with largest effect may be too extreme to useful in improving end product quality.

Alleles that show even small differences in dough strength not detected by the SIG test
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may provide useful new variation in end product quality. New alleles will need to be

evaluated with other measures of dough function to fully assess their value.
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CHAPTER 5

OVERALL CONCLUSIONS

EMS mutagenesis was used to create new allelic variation for Puroindolina a
(Pina) and Puroindoline b (Pinb) and high molecular weight subunit genes Glu-D1Dx5
and Dy10 subunit genes in the soft wheat variety Alpowa. Alpowa has the most common
Glu-D1 subunit pair prevalent in hard wheats, Dx5+Dy10. These genes were targeted
because they have large impacts on milling, dough handling and bread making
characteristics, and because there is limited natural allelic variation for these genes.
Seven novel Pin alleles with varying levels of grain hardness were evaluated using near-
isogenic lines for milling and bread baking characteristics. The novel Pin alleles with
intermediate grain hardness characterized in this study may fill a niche in the milling and
baking industry for several reasons. First, these alleles produced flour yields equal to the
naturally occurring PINB-G46S isoline but could have increased break flour yield.
Second, the grain with intermediate hardness could require less energy to mill. Finally,
grain with intermediate grain hardness might be used for “dual purpose” uses in that it
would have milling yield and particle size distribution intermediate between typical soft
and hard wheats.

The swelling index of gluten (SIG) was used as an initial test for gluten strength
for the Glu-D1 mutations. All of the nonsense mutations tested showed significant
reductions in gluten strength. This indicates that both subunit genes are important for

phenotypic expression of dough strength. These mutations might be useful for end
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products that require minimal gluten strength. More importantly they may be valuable for
future investigations to determine the relative importance of the 1Dx5 and 1Dy10
subunits on gluten function. Among the 80 missense mutations nearly all showed no
effect on gluten strength as measured by the SIG test. A subset of mutations were
backcrossed into hard wheat parents. These backcross populations further confirmed that
missense mutations did not significantly impact dough quality traits. However, it is not
surprising that new mutations with large change in function would be rare. Furthermore,
those with largest effect may be too extreme to useful in improving end product quality.
Alleles that show even small differences in dough strength not detected by the SIG test
may provide useful new variation in end product quality. New alleles will need to be

evaluated with other measures of dough function to fully assess their value.
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