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ABSTRACT

Grain hardness variation has large effects upon many diffemdnise properties
of wheat Triticum aestivum). TheHardness (Ha) locus consisting of thBuroindoline a
and b genes Rina and Pinb) controls the majority of grain hardness variation. Starch
production is a growing end-use of wheat. The first objectivehisf $tudy was to
estimate the differences in starch yield due to natural and transgenmadljioned grain
hardness differences. To accomplish this goal, a small selenilling protocol was
used to characterize the wet milling properties of two independenpg of isogenic
materials varying in grain hardness and in Pin expression lelelrd@sults of the first
study demonstrate that tia locus and puroindoline expression are both linked to wet-
milling starch yield and that selection for increastdfunction increases starch yield via
enhanced separation of starch granules and the protein matrix dutingilivey. The
lack of Pin allelic diversity is a major factor limitingla functional analyses and wheat
quality improvementSo the second objective of this study was to createHwwalleles
in the soft white spring cultivar Alpowa using ethylmethane osnste (EMS)
mutagenesis. The Mpopulation was screened to identify new allele®iof and Pinb.
One hundred and forty eight neRin alleles, including 68 missense alleles, were
identified. F, populations for 49 of the neRin alleles including 43 unique missense ones
were developed after crossing each back to non-mutant Alpowa. aainess was
then measured on,f seeds and the impact of each allele on grain hardness was
guantified. The tested mutations comprised a range of functiorfedity neutral to
function abolishing mutations. Seed weight and vigor of all mutatios lves restored
among all of the Fpopulations. The new alleles have the potential to improve end use
properties of soft and hard wheats.
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CHAPTER 1

THE RELATIONSHIP BETWEEN WHEAT TRITICUM AESTIVUM L.)

GRAIN HARDNESS AND WET MILLING QUALITY

Introduction

Maize ¢ea mays L.), wheat Triticum aestivum L.), rice Oryza sativa) and potato
Solanum tuberosum) are the four major sources of starch in the world (Sayaslan 2006).
Wet milling is an important use of maize grain produced in the USA (Zehr et al. 1996;
Parris et al. 2006). The development of high wet milling starch yieldentgdarids is
very important for the production of sweeteners and ethanol in USA (Zehr et al. 1996;
Parris et al. 2006). However, in Europe, wheat is becoming increasingly imp@stant
starch source material (Bergthaller et al. 2004). From the estimated 59&& matric
tons (mmt) of annual wheat production in the world (USDA, WASDE-444 2007), 67% is
used as food, 20% as feed and 7% as seed (Sayaslan et al. 2006). The remaining 6% of
production is used for industrial purposes, which includes wet milling to produce starch
and vital gluten (Sayaslan et al. 2006). World wheat starch production was ca. 4.1 million
tons in 2000 (LMC International LTD, 2002), originating from ca. 8 million tons of
wheat (Van Der Borght et al. 2005).

The two major classes of hexaploid wheat (hard and soft wheat) have different
milling and end use product characteristics (reviewed in Morris and Rose; 1986) ma
owing to allelic variation at thidardness (Ha) locus located on the short arm of

chromosome 5D (Mattern et al. 1973; Law et al. 1978). Mutations in the closely linked
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genespuroindoline a (Pina) or puroindoline b (Pinb) which comprise théla locus,have
been found in all hard-textured wheat examined (Giroux and Morris 1997; 1998; Lillemo
and Morris 2000; Morris et al. 2001b; Cane et al. 2004; Chen et al. 2006). From a
biochemical point of view, wheat grain hardness is most likely determindtlwegree
of adhesion between starch granules and protein matrix. The 15 kDa protein complex
friabilin (Greenwell and Schofield, 1986; Morris et al. 1994) consists of thegtallyg
similar proteins puroindoline a and b, (PINA and PINB, respectively) exjprbgsthe
Ha locus (Giroux and Morris 1997, 1998). Friabilin may functions as a non-stick agent
that decreases grain hardness via reduction of the close adherence bigtsgben s
granules and wheat storage proteins (Anjum and Walker 1991). PINA and PINB are
cysteine rich proteins which are unique among plant proteins in having a hydrophobic
tryptophan rich domain (Blochet et al. 1993). The tryptophan-rich domain is
hypothesized to confer an affinity for lipids (Marion et al. 199doijman et al. 1997)
and may result in PINA and PINB being localized to the glyco- and phospholipid ric
surface of the amyloplast membrane (Giroux et al. 2000). These protein-lipatiites
may be disrupted in hard wheats leading to hard endosperm texture. Evidenceghat PIN
affect hardness via binding to polar lipids came first in a report by Morrison(&08B)
who reported that grain hardness is negatively correlated with free palisrdgmtent.
Similarly, a survey of several soft and hard wheat varieties demodstnatehigher
amounts of glyco- and phospholipids were present on soft wheat starch than hard similar
to friabilin levels in which soft wheat starch is friabilin rich and hard wheattsis

friabilin deficient (Greenblatt et al. 1995). Defined genetic stocks, tHat difHa
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function Ha, soft vs.ha, hard) have been valuable not only in studying the biochemical
and genetic basis of wheat grain hardness (Giroux and Morris 1997; 1998), but also
provided material to study the effect of this gene on flour processingiiivaal. 2001;
Morris and Allan 2001; Morris et al. 2001a; Greffeuille et al. 2006). In addition to hatura
genetic stocks, transgeriftn addition lines have been successfully used both to prove
the function of théda locus (Beecher et al. 2002; Martin et al. 2006) and to study the
impact of this locus on flour processing and different end-use qualities (Hab@@605;
Swan et al. 2006; Martin et al. 2007).

Both small and large scale investigations have suggested that whetat v arith
softer endosperm texture are not only advantageous in dry milling but also in the wet
milling process (Bergthaller et al. 2004; Czuchajowska and Pomeranz 1993). Sieall sc
methods to simulate industrial scale wet milling have been used on wheat flour
(Czuchajowska and Pomeranz 1993; Sayaslan et al. 2006) or maize intact kernels
(Vignaux et al. 2006). In order to test for a linkage between grain hardneBsand
expression with starch extractability two independent groups of soft/harhisdmes
were used in small scale laboratory wet milling tests. These weresnganic lines
(NILs) for theHa locus in two genetic backgrounds, and transgenic isolines in hard red
spring wheat ‘Hi-Line’ over expressimijna, Pinb or bothPina andPinb. The soft/hard
isolines used allow comparison of relatively small (non-transgenic) and(teagsgenic)

variation in PIN expression level and grain hardness.
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Materials and Methods

Hard/Soft NILs

The first group of isolines consisted of two sets of hard/soft NILs chosen from
those summarized by Morris and Allan (2001) and Morris et al. (2001a). The fiodt se
NILs were the Australian white spring cultivar Falcon derived NILs thatecheither the
Pina-D1la soft type allele derived from Heron or the Falcon derRe@-D1b hard type
Pina null allele. Both Falcon and Heron contain Bigb-D1a soft typePinb allele
(Giroux and Morris, 1998) (Table 1). Two accessions of hard type Falcon (Pl 612556 and
P1612554) and two accessions of soft type Falcon (Pl 612555 and Pl 612553) formed the
first set of NILs. The second set of NILs consisted of sibling accessi@asnoénya,
another Australian cultivar classified as hard Gamenya (accessi6tg2%18 and Pl
612552) carrying th€ina null mutation Pina-D1b) and soft Gamenya (accessions PI
612549 and P1 612551) carrying the functidhiala-D1a allele (Table 1). All Gamenya
lines contain soft typfinb (Pinb-D1a). Seeds from this group of genetic material were
obtained from single row plots grown in 2006 at the Arthur H. Post Field Research farm
near Bozeman, MT under irrigated condition. Each plot was a 3-m row seedddgwith
with row spacing of 30 cm. Plots received 7.6 cm of water 1 wk before and 1 wk after
anthesisAt maturity, plots were cut with a binder (Mitsubishi Agricultuvichinery
Co; Ltd, Tokyo, Japan), threshed with a Vogel bundle thresher (Bill's Welding,adullm

WA), cleaned, and weighed.
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Puroindoline Overexpressing Transgenic Isolines

The second group of genetic material included Hi-line (Lanning et al. 1992), a
hard red spring wheat cultivar carrying a glycine-to-serineganthe tryptophan-rich
domain of PINB Pinb-D1b) (Giroux and Morris 1997) and a soft tyi@a (Pina-D1a),
and a selected subset of transgenic lines created in the Hi-line backgrounadnigyvabthi
type Pina, Pinb or both under the control of glutenin regulatory elemBytO (5’) and
Dx5 (3’) (Hogg et al. 2004). In this subset the transgenic line with aiched HGAS3),

Pinb (HGB12), and bottrina andPinb (HGAB18) had intermediate, soft and very soft
grain texture, respectively (Table 1). These four genotypes were gid®@94 in two
replications of a randomized block design under both rainfed and irrigated conditions in
12 row plots 25.6 m long for the rainfed trial and 15.2 m long for the irrigated trial, with
rows 30 cm apart at the Arthur H. Post Field Research farm near Bozemakla¥in (

et al. 2007). Each plot was harvested with a plot combine, cleaned, and weighed.

Grain Characterization and Dry Milling

Kernel hardness and seed weight were determined using the Single Kernel
Characterization System (SKCS) 4100 (Perten Instruments, Springfig(@alle 1).
One hundred-fifty g of Falcon NILs and Gamenya isogenic siblings wédledron a
Brabender Quadrumat Jr. flour mill (Brabender GmbH, Duisburg, Germangsasbed
by Campbell et al. (2007). The seeds were tempered to 14% moisture contentdétr the s
NILs and to 15.5% for the hard NILs, conditioned for 24 hr as per Approved Method 26-
50 (AACC, 2003). Flour and bran weights were measured and total flour yield was

calculated as (grams of flour)/ (grams of flour and bran).
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Dry milling of Hi-Line and the transgenic isolines was done as previously
described (Martin et al. 2007) using a Miag Multomat pilot scale mill. The noitlymred
10 flour streams and four feed streams from three break and five reductiontraithtS

grade flour was used in our experiment.

Wet Milling

The wet milling determinations were completed on two independent extractions
for Falcon and Gamenya derived NILs and on three independent extractions foeHi-Li
and soft transgenic isolines. Wet milling of flour was done by a dough-dmpeirsd
centrifugation method (Sayaslan 2006), an adapted method from Czuchajowska and
Pomeranz (1993), with some minor modifications. Flour (50-75 g, 14% mb) was mixed
in a ML-33777 N50 Hobart mixer (Troy Ohio) with gradual addition of water (45-50 ml,
25 °C) until the mixture became a cohesive, stiff dough, and cleaned itselhzom t
mixing bowl (3-4 min). The developed stiff dough was covered with 150 ml water at
25 °C and was rested at room temperature for 30 min. The dough and liquid was
transferred to a blender (TSK- 9368AP, China) and dispersed at high speed for 1 min.
The slurry was transferred to 250 ml Sorvall centrifuge bottles and ceettiatd?500 x
g at 25 °C for 15 min using a Sorvall super T21 centrifuge (Kendro Laboratory Products,
Newtown, CT) , then the supernatant was weighed and discarded. The top layer which
consisted mainly of gluten, insoluble pentosans, damaged starch, and small granular
starch, was carefully removed from the bottom layer which consisted of prumary
starch. The primary prime starch was weighed and dried for 2 days at 37 °C using a

forced air incubator. The gluten was hand manipulated in a beaker under three
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consecutive 150 ml water washes to obtain the cohesive wet gluten and starch milk. The
wet gluten was partly frozen (~30 min at — 20°C), cut into ~ 2pietes and incubator
dried for 3 days at 37 °C. The starch milk obtained from gluten washing wasembllect
and centrifuged at 2500 x g at 25 °C for 15 min. The supernatant from the second
centrifugation was discarded and the top partly pigmented layer (tailagy$&parated
from the secondary prime starch. Both fractions were incubator dried fgsata7 °C.
The dried fractions obtained from each independent extraction were coacelyg gr
using a mortar and pestle and then ground using a Perten Laboratory Mill 3303 (Perten
Instruments, Springfield, IL). Starch recovery was determined by dividingtdle
weight of prime starch including primary prime starch and secondary prinoh star
the weight of starch in flour.

Moisture, starch and protein contents of the flours and the dried wet milling
products were measured after recording dry weights of each fractioriuhMoigas
determined by AACC Method 44-15A (AACC, 2003). Starch content was measured by a
total starch assay (AACC Method 76-13, 2003) using a Megazyme kit (Megazyme
International. Bray, Co Wicklow, Ireland), Protein content (N x 5.7) was meghsising
a Leco FP-2000 (Leco Corp; St. Joseph, MI). Both starch and protein percentages wer

converted to a dry weight basis after determining as-is moisture content.

Data Analyses

All variables from wet milling were analyzed via analysis of varanging
PROC GLM in SAS ((SAS Institute, Inc; Cary, NC). For the Hi-Line aaddgenic

isolines the model was analogous to a randomized block split plot combined over
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environments where genotypes were main plots and independent extractions were
subplots. Comparisons between genotypes were made using LSD. The hard/soft near
isogenic pairs were analyzed using a model that accounted for independenioastra
genotypes (cultivars x hard vs. soft combination), and sibs within each genotype.
Comparisons were made between hard and soft for each cultivar and averaged over

cultivars.

Results

Two sets of soft/hard NILs differing iaina function and grain hardness were
used for dry and wet milling. The first set consisted of Falcon derived sdftXtias
with two soft accessions carryifjna-D1a and two hard accessions carrying fnea-
D1b allele; the second set consisted of soft/hard Gamenya NILs consisting sdftw
Pina-D1a and two hardPina-D1b accessionfMorris and Allan 2001; Morris et al.
2001a) (Table 1). All Falcon and Gamenya NILs have the softRypeallele Pinb-
D1la). Single kernel characterization system (SKCS) grain hardnes@2nasard
Falcon and Gamenya NILs and 29 and 37.5 for soft Falcon and soft Gamenya NILs,
respectively. The Falcon NILs had higher kernel weight than the GaméhygTéble
1). The second group of the genetic material used for starch extractadskty was the
transgenic isolines used by Martin et al. (2007) in a study assessing ti®effeain
hardness on pilot scale milling quality. This subset included Hi-Line hard red spring
wheat, Hi-Line transgenic isolines overexpressing PINA (HGA3), PINBEHL or

both PINA and PINB (HGAB18) (Table 1). Grain texture ranged from very soft
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(HGABL18) to hard (Hi-Line) (Table 1). Kernel weight was higher in HGB12 andité-
than HGAB18 and HGA3 respectively (Table 1). The flour yield from the hararalc
and Gamenya NILs were higher than their soft isolines, and that relationshglsea
seen in the transgenic isolines in which hardness was positively correititdibur
yield (Table 2). Flour protein content did not show any significant relationsHhupgnatn
hardness in the Gamenya and Falcon NILs. For the Hi-Line isolines, flour pra®in w
highest for the untransformed control variety Hi-Line and lowest in HGB12. Flanahst
was not significantly related to hardness for any of the comparison groups gjaAll
flours were then fractionated via a wet milling dough-dispersion and centitfugat
procedure (Czuchajowska and Pomeranz 1993; Sayaslan 2006). The wet milling
procedure resulted in the recovery of the four main fractions primary ptamoh s
secondary prime starch, gluten, and tailings. Primary prime starchecebolin the first
centrifugation of the slurry. Separation of the phases after centribiugesgipernatant,
unwashed gluten (gluten with adhering starch, the tailings [mainly e and
pentosans]), and primary prime starch fractions. The mean yield (dry jveigtht

combined fractions separated from the four NILs is given in Table 3.



Table 1. Kernel characteristics aRdroindoline genotypes of soft/hard Falcon and Gamenya near isogenic lines and
Hi-Line transgenic isolines.

Genotype Nativeirt AddedPin co@ding SKCS grain WKeeig”h‘i'c
sequenc hardness$ (mg)
Hard Falcorf Pina-D1b/Pinb-D1la 82 34.6
Soft Falcorf Pina-D1a/Pinb-D1la 29 335
Hard Gameny& Pina-D1b/Pinb-Dla 82 29.5
Soft Gamenyd  Pina-Dl1a/Pinb-Dla 38 26.6
P value® <.0001 0.078
P value' <.0001 0.007
CV% 4.3 3.8
LSD(0.05) 6.9 3.3
Hi-Line Pina-D1a/Pinb-D1b 73.7 35.0
HGA3 Pina-D1a/Pinb-D1b Pina-Dla 42.0 33.6
HGB12 Pina-Dl1a/Pinb-D1b Pinb-Dla 9.7 35.4
HGAB18 Pina-Dla/Pinp-D1p - " D/PIN 6.4 34.3
P value' <.0001 0.007
CV% 5.8 1.4
LSD(0.05) 3.3 0.8

#Native pin refers to the wild-typ®in allele residing at thela locus.Pina-D1b andPinb-D1b contain a null and a
glycine-serine mutation, respectively, whtmma-D1a, andPinb-D1a are the soft type functional alleles.

® Coding sequence from alleles used to transform Hi-Line hard red spteag (Hogg et al. 2005).

“Kernel characteristics for Falcon and Gamenya NILs were determiimggthe Single Kernel Characterization System.
Data for Hi-Line and transgenic isolines were taken from Martin et al. (2007)

4The values for these genotypes were averaged over two lab replications andessioas for each genotype planted
in irrigated environments.

°P value for average of soft vs. hard NILs.

"Genotype main effed value.

0T
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Table 2. Flour yield and flour protein and starch content for soft/hard Falcon and
Gamenya near isogenic lines and Hi-Line transgenic isolines.

Genotype Flour yieRl Flour proteiff' ¢ Flour starch®
g kg* g kg* g kg*
Hard Falcofi 741 141 747
Soft Falcofi 706 143 755
Hard Gamenya 724 158 762
Soft Gamenya 710 151 798
P valué 0.051 0.48 0.233
P valué 0.149 0.047 0.258
CV% 1.8 2.7 2.9
LSD(0.05) 37 11 63
Hi-Line" 744 155 734
HGA3" 732 153 735
HGB12" 714 149 738
HGAB18" 711 152 768
P valué <0.0001 <0.0001 0.322
CV% 1 0.5 3.7
LSD(0.05) 11 1.3 48

@Flour yield for Falcon and Gamenya isogenic lines obtained by a Brab@uoddrumat
Jr. flour mill and straight grade flour yield for Hi-Line and transgenigrisslobtained
by Martin et al. (2007) using a Miag Multomat pilot scale mill.
P Flour protein was obtained using a Leco FP-2000 Nitrogen Determinator.
“Means reported on a dry basis.
dFlour starch was obtained by Megazyme Amyloglucosidaetylase method using
Megazyme Kkit.
®Values for these genotypes were averaged over two accessions for eachegenoty
Planted in irrigated environments.

P value for average of soft vs. hard NIL.
9 Genotype main effe® value.

"Values averaged over two field replications for rainfed and irrigated environments at
Bozeman, MT.
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The soft NIL had higher total prime starch yields than the hard isolines whemgese
over both genotype$ (= 0.045). The difference between hard and soft isolines in total
prime starch yield was not significant for Falcon but was significarGéonenyaPl =
0.05). Gluten yield was not different between soft and hard NIL in either the Falcon or
Gamenya background, although the trend toward soft NIL with increased glutentconte
was evident. Tailing fraction yield was significantly higher in hard tiofinNiL. Total
product recovery percentage difference was nonsignificant between soft an@lcard F
NIL but was significant in the Gamenya background in which the soft NIL hadrhighe
total product recovery than the hard NIL (77 vs. 72%). Given the trend toward increased
starch yield in soft NIL in both the Falcon and Gamenya backgrounds, we explored
whether higher transgenically conditioned PIN levels would improve starccetility
relative to a hard control. Wet-milling yield of Hi-Line and three transgsalines is
given in Table 3. Genotypes differed for yield of primary prime starch, totaemtanch,
and gluten. Yields of total prime starch were higher in all three transgeniesol
overexpressing one or both PINs relative to Hi-LiRe(0.0001), with the highest yield
in the intermediate hardness line HGA3. Starch recovery percentages shosvet a t
similar to yields of total prime starch. The soft and supersoft textureg H@B12 and
HGAB18, were not significantly different from each other in starch yieléréctions
between genotype and environment were not detected for total prime st&ich yie
Although laboratory replicates showed significant differences in totalepstarch yields
(P < 0.0001), genotype interaction with laboratory replicates was not det@cted (

0.243). The gluten yield was significantly reduced in HGAS relative to urfitraned Hi-
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Line, HGB12, and HGAB18. Environmental effect was highly significant for dreglut
yield (P = 0.0066) with flour milled from seed grown under rainfed conditions with more
gluten yield than flour milled from seed grown under the irrigated environf228t7 vs.
194.1 g/kg), but no interaction effect was detected between genotype and envirédhment (
= 0.824). Laboratory replicates did not show any significant effect on gluten
extractability P = 0.149). Neither genotype (Table 3) nor environment had a significant
effect on tailing yield. The weight of this fraction showed differences arnatgatory
replicates P < 0.0001), but there was no interaction effect between genotype and
laboratory replicates for tailing yiel® & 0.666). The recovery percentage of total
extracted fractions showed significant difference among genotypesnéihad the
lowest recovery percentage. The recovery percentage did not follow the saanihate
was observed for total prime starch. The softest genotypes (HGAB18 and HGB12)
showed higher recovery compared with HGAS3, due to higher gluten yield. Gettotype
environment effect was not detected for total recovery percentage, bud isaniples
had a higher recovery percentage than irrigated samples (0.752 vs. 0P73%%0034).
In fact, the higher total recovery percentage for rainfed versus irrigatedmmment is a
consequence of environmental effect on gluten yield extraction. The higiten gl
extractability from rainfed versus irrigated samples is directbtedlto the
environmental effect on the flour protein (145 and 152 g/kg of protein obtained from

irrigated and rainfed, respectiveR;< 0.0001).
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Table 3. Yield data (dry basis) for wet milling fractiomerh flour of soft/hard Falcon
and Gamenya near isogenic lines and Hi-Line transgenic isolines.

Secondary

corope AT TODIN G T T S
starch

g kg* g kg' gkg'  gkdg' gkd' = % %
Hard Falcoh 2915 129 4205 1745 109 70 56.3
Soft Falcof 340 103 443 195 825 72 58.7
c:l::geny& 259 118 377 2245 1235 72 49.5
2gfr;enyg 315 111 426 2385 103 77 53.4
P valué 0.011 0.086 0.045 0121 0002 0117  0.148
P valué 0.036 0.007 007 0009 0005 0127  0.05
CV% 10 14 7 9 9 4 7
LSD(0.05) 51.3 27.6 489 327 17 5 6.38
Hi-Line® 304.3 130.2 4345 2038 835 72 59.3
HGA3Z® 367.1 117.4 4845 1863 734 74 66
HGB1Z 365.6 105 4716 2105 723 75 63.9
HGABLE 336.3 128.3 4647 2182 71 75 60.5
P valué 0.026 0.407 <0001 0025 0263 0017 <0001
CV% 15 33 3.9 11 22 34 3.9
LSD(0.05) 41.9 38.3 17 186 951 1 4

2 Starch recovery percentage determined by dividing recoveneth takg') over total
starch (g kg) in flour.

P Values for these genotypes were averaged over two laboratoligates and two
accessions for each genotype planted in irrigated environments.

P value for average of soft vs. hard NILs.

4Genotype main effed value.

® Values for these genotypes were averaged over 3 laborafaligates and two field
replicates for rainfed and irrigated environments at Bozeman, MT.

The starch content (dry basis) of fractions separated from the Falcon andy@aitien

are given in Table 4. Starch content of primary and secondary prime starnbtwas
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different between hard and soft NIL within and between backgrounds. Howevsofthe
Falcon NIL gluten was higher in starch content than gluten extracted frahfraaon
NIL but the hard and soft Gamenya NIL did not differ for this trait. The starchrdante
the tailing fraction obtained from the hard Falcon NIL was higher than in the
counterparts. The mean value for starch content of primary and secondary prifme star
separated from Hi-Line and its transgenic isolines was not different agemagypes,
although genotype had a significant effect on starch content of gluten angl fi@ititions
for this group. Gluten and tailing fraction starch content was lowest in HGA3ailing t
fraction obtained from Hi-Line had a higher amount of starch than all thregd¢raas
isolines. The mean protein content (dry basis) of fractions separated froaldbe &nd
Gamenya NIL is given in Table 5. Although the differences in protein content ofrgrima
and secondary prime starch were not significant, the primary prime startbnfifacm
the soft NIL had a higher protein content than that from the hard NIL. In addition, the
soft version of Falcon had a lower protein content gluten than the hard counterpart, and
the Gamenya NIL showed the same trend. The amount of protein present in tailing
fractions differed significantly in both Falcon and Gamenya backgrounds jnrtlestch
case, soft NIL had significantly more protein present in the tailing fractioteiRr
content of primary prime starch separated from Hi-Line and Hi-Linegeams isolines
was not significantly different among genotypes, even though all transgesmdsd
higher in protein content. Similarly, protein content of secondary priménsacttailing

fractions from the three transgenics were substantially higher thameli-L
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Table 4. Starch content (dry basis) of fractions obtained frommaiig of flours from
soft/hard Falcon and Gamenya near isogenic lines and Hi-Line transgenicsisoline

Primary Secondary

Genotype prime prime  Gluten® Tailing?®
starch®  starch®
g kg*
Hard Falcofi 993.2 985.6 383.4 814.2
Soft Falcofi 964.5 980.3 476.1 763.2

Hard Gamenya 1000.0 988.2 449.8 865.8
Soft Gamenya  999.6 974.7 470.5 865.4

P valu¢ 0.347 0.437 0.019 0.110
P valué 0.447 0.845 0.032 0.003
CV% 4 2.3 8.7 3.5
LSD(0.05) 64.4 37.6 62.8 46.6
Hi-Line® 957.3 871.3 385.2 774.7
HGA3Z 993.7 765.1 331.2 708
HGB1Z 978.0 853.7 408.9 728.7
HGAB1& 980 852 429 719.2
P valué 0.291 0.208 0.0003  0.008
CV% 4.6 15 11 5.9
LSD(0.05) 89.9 211.5 99 58.7

@Determined by Megazyme Amyloglucosidas@&mylase method using Megazyme Kkit.
b Values for these genotypes were averaged over two laborapligates and two
accessions for each genotype planted in irrigated environments.

P value for average of soft vs. hard NILs.

dGenotype main effed value.

® Values for these genotypes were averaged over 3 laborafgligates and two field
replicates for rainfed and irrigated environments at Bozeman, MT.
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Table 5. Protein content (dry basis) of fractions obtained from wktgnof flours for
soft/hard Falcon and Gamenya near isogenic lines and Hi-Line transgenicsisoline

Primary Secondary

Genotype prime prime Gluten®*  Tailing®
starch® starch®
g kg*

Hard Falcof 8.1 5.1 513.8 47.4
Soft FalcoR 8.6 7.9 446.5 88.4
Hard Gamenya 5.5 4.6 473 32.2
Soft Gamenya 6.6 6.1 458.9 39
P valué 0.230 0.117 0.066 0.008
P valué 0.020 0.304 0.150 0.002
CV% 16 41 8.1 26
LSD(0.05) 1.89 4.01 62.4 22.3
Hi-Line® 6.7 3.9 535 23.9
HGA3® 7.6 8.1 579.9 59.8
HGB1Z 7 7 502 58.4
HGAB1& 8 6.1 489.8 52.3
P valué 0.229 0.004 0.0007 0.001
CV% 22 39 8.5 40
LSD(0.05) 2.02 3.91 69.2 23.5

& Determined by Leco FP-2000 Nitrogen Determinator.

P values for these genotypes were averaged over two laborapligates and two
accessions for each genotype planted in irrigated environments.

P value for the average of soft vs. hard NILs.

4Genotype main effed® value.

® Values for these genotypes were averaged over 3 laborafoligates and two field
replicates for rainfed and irrigated environments at Bozeman, MT.
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Discussion

Czuchajowska and Pomeranz (1993) extracted starch from a set of randomly
selected soft and hard wheat varieties. They found the yield of prime staschigher
from the low protein soft wheat flours than from the high-protein hard wheat flours.
order to test whether this difference in starch extractability is linkduetdd locus on
the short arm of chromosome 5D and to Pin expression, we used two sets of soft/hard
NILs differing in Pina function and grain hardness and transgenidsolines varying in
grain hardness arféina and/orPinb expression level. The soft/hard NILs were created in
either the Falcon or Gamenya varieties and in both cases we used two h#&lidadypel
lines Pina-D1b) and two soft typ&ina functional allelgPina-D1a) lines (Morris and
Allan 2001; Morris et al. 2001a) (Table 1). THa locus did affect total prime starch
with the soft having more than the hard counterparts Hehecus had no effect on
starch or protein content of primary or secondary prime starch fractionken génetic
background (Tables 4 and 5 respectively). This fact along with the lack oigarficant
differences in the starch content of flour between NILs in either gdmstkground
(Table 2)implies that théHa locus directly impacts starch extractability in these NILs
since starch recovery is increased while tailings are decreaseel t&8limg starch
content is not different between hard and soft NILs (Tabl® 4)(@.11) the differences in
starch extractability is not because of the starch loss via tailingpfiagn hard lines. In
order to determine the effect of added PIN and grain softness upon starch yield, we
selected the transgenic isolines used by Matrtin et al. (2007) which vary nydarkBai

expression level and grain hardness. All three transgenics had increasedyret



19
starch with the highest yield seen in the intermediate textured line HG#Redio Hi-
Line. Significantly, starch content of recovered prime starch fractions wakoa@ased
in the transgenics and gluten starch content was significantly lower in HGAiSeado
Hi-Line. The increased starch extractability seen in HGA3 versus Hi-dpears to
result from greater separation of starch and gluten in that starch conggutieafand
tailings are reduced (Table 4) while protein content of both gluten and tailags ar

increased in HGAS relative to Hi-Line (Table 5).

Wheat grain hardness is most likely determined by the degree of adhesion
between starch granules and protein matrix. Friabilin (PINA and PIN#)dacrease
grain hardness via reduction of the close adherence between starch granidéand g
(Anjum and Walker 1991). Greater separation of starch and gluten in softerdexture
wheats is likely achieved via puroindolines coating of starch granules and ¢kaatprg
tight adhesion between starch granules and the surrounding protein matrix (Slan et a
2006). Starch loss through supernatant may be an explanation for less starch
extractability from Hi-Line than softer genotypes. Higher starch danmahard wheat
than soft wheat due to milling has been reported (Symes 1965; Letang et al. 2001; Van
Der Borght et al. 2005). The proportion of damaged starch for Hi-line and the three
transgenic isolines used in this study was measured in Martin et al. (2007). The hard
textured Hi-Line had the most starch damage followed by the interméeiateed
HGAS3, and soft-textured HGB12 and HGAB18. Damaged starch granules have been
mentioned as part of squeegee starch that reduce prime starch yieldnilliwgt(Van

Der Borght et al. 2005Moreoverdamaged starch fraction increases both water
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absorption (up to three times) (Van Der Borght et al. 2005; Tester et al. 2006) a
endogenous B-amylase hydrolysis, which generates maltose which is uskeéubaking
industry (Tester et al. 2006). Unlike native starch granules, which are gstaliane,
insoluble and as a consequence inaccessible to hydrolysis, damaged starehtEage
amorphous, soluble and readily hydrolysed (Tester et al. 2006). The increased water-
solubility and susceptibility to hydrolysis due to the level of starch damagexpégin
the higher rate of starch loss through supernatant in wet milling process of hatd whe

versus softer genotypes.

Significant differences among genotypes for tailing yield was notget€Table
3), but tailing fraction obtained from Hi-Line showed higher starch content and lowe
protein content than transgenic isolines (Table 4 and 5 respectively). Tepqaed
starch in tailing can be a result of the admixture of secondary primhb stginctailing
pentosans during last phase separation. Small starch granules are admixedtastémge
in tailing, whereas large starch granules make the pure starch frg@mrchajowska
and Pomeranze 1993). The higher rate of starch loss through admixing with tailing
fractions in Hi-Line hard wheat may be considered as an explanation foeddésrin
starch extractability between Hi-Line and softer transgenic isoliitese are some
evidences that weaken the role of tailing in starch loss. First, secondaeystarch is a
small portion of total starch. Second, there were significant differences iargnmme
starch yield between Hi-Line and softer textured isolines. And third, the segqmohae

starch obtained from genotypes did not show significant differences in starentcdime
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expected result if there were significant differences in the admixtuseéetsecondary

prime starch and tailing due to the phase separation procedure.

Conclusions

In conclusion this study demonstrates that grain hardness is a signiictmtih
determining the suitability of wheat for wet milling processes. Tliecetvas observed
in hard and soft NILs that differed in the state of tharnocus, and also in transgenic
isolines having increased dosagd’ofa and/orPinb. The overexpression of functional
Pinsleads to an increase in starch extractability and increased taaérgavith highest

yields seen in the transgenic line having intermediate grain texture.
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CHAPTER 2

CREATION AND FUNCTIONAL ANALYSIS OF NEWPUROINDOLINE

ALLELES IN TRITICUM AESTIVUM

Introduction

Variation in wheatTriticum aestivum L.) grain hardness is the single most
important trait that determines wheat end-use properties (reviewed in EiodriRose
1996). Grain hardness variation is controlled predominantly bi&heness (Ha) locus,
located on the extreme distal end of chromosome 5DS (Mattern et al. 1973; llaw et a
1978; Ram et al. 2002; Campbell et al. 1999). Hiadocus functionally consists of the
Puroindoline a andb genes Rina andPinb respectively) (Giroux and Morris 1998;
Wanjugi et al. 2007a). Soft textundd) is the result of both genes being in their wild-
type allelic stateRina-D1a, Pinb-D1a) while hard textureh@) results from mutations in
eitherPina or Pinb (Giroux and Morris 1997, 1998). PINA and PINB are cysteine rich
proteins which are unique among plant proteins in having a hydrophobic tryptophan-rich
domain (Blochet et al. 1993) and together make up the grain hardness marker protei
friabilin. Friabilin was originally described as a 15 kDa protein (GreeramgllSchofield
1986; Morris et al. 1994) present in higher levels on the surface of water wasicld st
prepared from soft wheats relative to the levels found on hard wheat stardarlgimi
Greenblatt et al. (1995) observed that water washed starch from soft wheatsréad m
glyco- and phospholipids than hard wheat water washed starch. The correlaticgnbetwe

friabilin and glyco- and phospholipid levels on the surface of starch grandlestlee
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hypothesis that PINs are co-localized to the glyco- and phospholipid richesoffthe
amyloplast membrane and that this localization may be mediated byrypé&wphan-rich
domain (Giroux et al. 2000). PINs were conclusively shown to alter grauréaxt
cereals via transgenic studies. We first demonstrated that PINs can matifiegture
and fungal resistance by transforming rice with both PINs (Krishnamunthaoux
2001, Krishnamurthy et al. 2001). In addition, we demonstratedPihanutations are
causative to hard wheat phenotypes via transgenic complementation studies irofthich s
phenotypes were achieved when hard wReatlleles were complemented with the
corresponding wild-typ@in allele (Beecher et al. 2002; Martin et al. 2006). Transgenic
manipulations have also demonstrated that while both PINA and PINB levelgriaim
softness in soft wheats, PINB is a greater limiting factor than PINArS#&al. 2006).
Further, high levels of either PIN alone can lead to intermediate levelainfigirdness.
However, full PIN starch association and a soft grain phenotype is achieveditbnly w
both PINs present (Hogg et al. 2004, Wanjugi et al. 2007a). Variation in PIN function
affects not only grain hardness but nearly all product quality traits (Hagg2805,
Wanjugi et al. 2007b, Martin et al. 2008) and associated milling effects areeatsms
pilot scale milling studies (Martin et al. 2007). While transgenic manipulation could be
used to create nearly any desired level of grain hardness, non-transgenic atiangof
the puroindolines in hexaploid wheats are limited due to linittaedhllelic variation. The
vast majority (>95%) of U.S. hard wheat germplasm contains one di&locus
mutations Pina-D1b or Pinb-D1b) (Morris et al. 2001). Despite this small level of

diversity, it is known that hard wheats carrying Eieb-D1b allele wheats are ~7
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hardness units softer and superior in milling and bread baking properties to hatsl whea
carrying thePina-D1b allele (Martin et al. 2001, 2007). Similarly, the addition of an A
genome Ha locus to a soft wheat decreased grain hardness and modified reltiimgg
particle size (Campbell et al. 2007). From an end-product quality point of view the more
Pin variation found or created the greater chance that some alleles will copfered
end-product quality. ThBina andPinb missense alleles discovered in various
germplasm surveys are shown in Table 6. While these alleles may varytinrfunc
somewhat, they each likely retain very little residual function as all fwerel in hard
wheats. New function&tin alleles could be introduced via direct hybridization between
Ae. tauschii. and hexaploid wheat (Gill and Raupp 1987; Cox 1998) or the production of
synthetic hexaploids (Warburton et al. 2006) followed by crossing of the synthetic
hexaploids tar. aestivum. While numerous Pin allelic variants have been reported
(Gedye et al. 2004, Massa et al. 2004) (Table 6), they are not useful in terms of
understanding PINA and PINB function for two reasons. First, a significant amount of
the hardness variation is assignable to Ba&hauschii and durum parents and secondly
most of the haplotypes contain a large number of amino acid changes rel&in& to
Dla andPinb-Dla (Table 6). In addition, all of thiein alleles appear to condition a soft
phenotype such that they appear limited as a source of grain hardnessiéBatlye et

al. 2004).
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Table 6. Naturally occurrinBuroindoline missense alleles iff. aestivum or Ae. tauschii

Allele? M utation® Reference Grain
Har dness

T. aestivum

Pina-Dla WT Giroux and Morris (1997)

Pina-D1f ¢ R86Q Massa et al. (2004)

Pina-D1m P63S Chen et al. (2006)

Pinb-Dla WT Giroux and Morris (1997)

Pinb-D1b G75S Giroux and Morris (1997) 73t14

Pinb-D1c L89P Lillemo and Morris (2000) 80+14

Pinb-D1d W73R Lillemo and Morris (2000) 68114

Pinb-D1l K45E Pan et al. (2004)

Pinb-D1q W73L Chen et al. (2005)

Pinb-D1t G76R Chen et al. (2006)

Pinb-D1v A8T, L9l Chang et al. (2006)

Pinb-D1w S144| Chang et al. (2006)
Ae. tauschii

Pina-D1i® R86Q, R49S Gedye et al. (2004)

Pina-D1j® R86Q, P136R Gedye et al. (2004)

Pinb-D1h’ 14 missense Massa et al. (2004)

Pinb-D1j 9 missense Massa et al. (2004)

4The updated Allele designations from the Catalogue of Gene Symbols for wheat:
Mcintosh et al. (2007) were used for this table. All@ew-D1b, Pina-D1k, Pina-D1l,
PinaD1n, Pina-D1P, Pina-D1q, Pinb-D1e, Pinb-D1f, Pinb-D1g, Pinb-D1p, Pinb-D1r,
Pinb-D1s, Pinb-D1u, Pinb-Dlaa, andPinb-D1ab result from gene deletion, base deletion
(frame shift mutation), or nonsense mutations, and so are not included herePilsbele
D1g carries one silent mutation and encodes an identical protBindaeD 1a.

P Alleles are numbered relative to the starting methionine of the proteins.

¢ Single Kernel Characterization System hardness index, average + dtdadation
reported for the near isogenic lines developed from some pirth@atural missense
mutations in Alpowa background. The reference Alpowa parent had a SKCS hardness
average of 24 +/- 14 (Morris and King 2008).

dAlleles Pina-D1c, d, e, f, h ando encode an identical protein product.

®Alleles Pina-D1i andPina-D1j were identified in synthetic wheats.

"Alleles Pinb-D1h, I, k, m, n ando encode an identical protein product.
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Therefore the creation of néwn alleles in one background where each contains
a single amino acid change via target-selected mutagenesis is thegoeath for
creation of newPuroindoline alleles in hexaploid wheat. The new alleles would have the
potential to improve understanding of PIN function as well as improving wheat end
product quality. Direct phenotyping has been used in cases where the target gemes conf
a detectable phenotype (Zhu et al. 1998; Jander et al. 2003). Our approach des@ibed her
was to test screening methods useful in identifying new EMS indRiceglleles. We
utilized direct grain hardness phenotyping followed by direct sequencingitdydi3
new Puroindoline alleles. The results indicate that this approach will successfully ereate
large resource of neRuroindoline alleles to allow us to accomplish two goals. First to
reveal the regions of PINA and PINB critical for conferring softnesissecond to
improve wheat end product quality via incorporation of a broader range of Pliés alle

into both soft and hard wheat varieties.

Materials and Methods

Creation and Selection of EMS-induced Population

A wheat EMS-induced Mpopulation was created using a protocol similar to
Slade et al. (2005) with some modifications. Approximately 20g@vheat seeds of the
soft white spring cultivar Alpowa (P1566596)ere soaked in 1% EMS for 18 hrs at room
temperature followed by decanting of the EMS. Seeds were rinsed under coid) amni
water for 5 hrs before planting individually in the greenhouse in 4 x 4 cm cells filled w

a peat moss soil mix (Sunshine Mix #1, Sun Gro Horticulture Inc., Bellevue, WA).
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Greenhouse conditions consisted of target temperatures of 22°C and 14°C for day and
night, respectively, with supplemental lighting providing 400 Lifshtonsisting of
1,000-W metal halide lamps on to provide a 16 hr day. Plants were watered as needed
with a 100 ppm N-P-K solution (Peters General Purpose Plant Food, The Scotts
Company, Marysville, OH). One thousand heads from survivingl&hts were planted
as head rows in 0.6 m rows spaced 30 cm apart at the Arthur H. Post Field Resaarch fa
near Bozeman, MT in April 2006. Single heads from individual plants as well as a bulk
harvest of all remaining heads were conducted on the 630 fertile rows by hamdsickl
followed by threshing using a single plant thresher (Bill's Welding, Pullmak), W
Kernel hardness and seed weight were determined using the Single Kernel
Characterization System (SKCS) 4100 (Perten Instruments, Springfig(ddktin et al.

1993) on 50 seeds from each bulk seed sample.

Creation of i Populations

The SKCS data from 630 Mamilies was sorted to give two groups consisting of
lines enriched for those containing hard textured seeds. The first group consisted of 121
lines with a grain hardness average above 47 and the second group had grain hardness
average less than 47 with a standard deviation above 16. A seed to seed standard
deviation above 16 generally indicates a mixture of hardness genotypes (Gidoux a
Morris 1998). SKCS grain hardness analysis of at least 10 individual seeds &lowf ea
10 individual heads from each of these fiaimilies was used to enrich for homozygous
Pin mutants for each family. A subsample consisting of candidate homozygote mutants

from each family was planted in the greenhouse and used for direct sequeriiimay of



28
andPinb. Plants positive foPin mutations were used as pollen source in crosses back to
Alpowa non-mutant parent to produce an®ne hundred sixty;Fderived F; seeds for
each cross along with the twenty:M,4 mutant and Alpowa parental seeds were planted
at the Arthur H. Post Field Research farm near Bozeman, MT with withinlemi p
spacing of 15 cm and 30cm between rows in May of 200F; Beeds were harvested
from single E plants and threshed using a single plant thresher (Bill's Welding, Pullman,
WA). Twenty F, individuals per cross were analyzed by both SKCSRang@enotyping
and 1-10 individuals per eachyMarental line as well as Alpowa non-mutant seeds were
analyzed by SKCS. SKCS hardness average and standard deviation was measured on a
50-kernel subsample from each individugblRd M, parent plant. A 5-10 kernel
subsample of the same individuals were bulk planted in the greenhouse for DNA

extraction followed by genotyping to identify the genotype of parental line.

DNA Extraction, PCR Amplification, and Sequencing

Leaf tissue was collected at the 2 to 3 leaf stage from individpd )plants and
DNA was extracted according to Riede and Anderson (1996). PCR reactionsdbr dire
sequencing contained 100 ng of genomic DNA, 15 pmol of each primen\200 each
dNTP, 1XTag DNA polymerase reaction buffer, 0.65 uniti@ig DNA polymerase
(Promega, Madison, WI), and 2uMirof MgCl, in 20ul. GenBank accession numbers are
X69913 and X69912 respectively, iBma andPinb and are identical to tHéina-Dla
andPinb-Dla allele sequences present in Alpowa. The PCR primers weRendand
Pinb 3’ primers of Gautier et al. (1994), which bind to the last 22 and 24 nucleotides of

the 3’ end of thé’ina-D1 andPinb-D1 coding sequence respectively, combined with the
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Pina or Pinb forward primers designed by Massa et al. (2004) which bind 55 and 61
nucleotides upstream of tiena-D1 andPinb-D1 start codon’s first nucleotide,
respectively. The PCR product sizePafia andPinb genes were 502 and 508 bp
respectively and covered the 447 bp uninterrupted reading frame of each gea@néSim
et al. 2006). While, the complete mRNA'’s are 631 and 598 bPjriarandPinb,
respectively (Gautier et al. 1994) our ~500 bp PCR products allowed us to sequence all
but the last 7-8 codons. The sequence for all four primers is as follows:
Pina-D1 Forward: 5- GGTGTGGCCTCATCTCATCT-3
PA3: 5'- TCACCAGTAATAGCCAATAGTG-3’
Pinb-D1 Forward: 5'- AATAAAGGGGAGCCTCAACC-3
PB3: 5- TCACCAGTAATAGCCACTAGGGAA-3
Cycling parameters were % for 3 min, followed by forty cycles of 8@ 30 s, 58C 30
s, 72C 1 min, followed by a 5-min final extension a2
PCR products were separated on 1.5% agarose gels followed by gel purification
(Qiagene, Valencia, CA) and were then direct sequenced using the fom@ification
primer (SeqWright DNA Technology Services, Houston, Texas). The GAP4 and
Pregap4 programs from Staden Package v1.6.0, 2004,

(http://staden.sourceforge.net/staden_home)hirate used to analyze the sequences.

SIFT (Ng and Henikoff 2003) was used to predict the tentative impact of mutations
protein function. The membrane affinity of individual amino acids were as reported by
Thorgeirsson et al. (1996). Thorgeirsson et al. (1996) described the transérdirgies

of synthetic peptides with different amino acids in the same position {eetatglycine)
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from bilayer to waterAAG piayer) and calculated an individual membrane affinity for

each amino acid.

Genotyping of i Populations

The same primer pairs and PCR conditions were used to genetlpéries for
four of the crosses betwe®uroindoline mutants and their non-mutagenized parent
Alpowa (Table 8). A minimum of four#plants derived from each kne were bulked
for DNA extraction followed by genotyping to identify the genotype of eagraFent.
Polymorphic co-dominant markers were developed based on the differentiatioestri
digestion ofPinb mutant allele®inb-D1C146T andPinb-D1C200T andPina mutant
allele Pina-D1C187T using restriction enzymeésindlll, Tsp451 andMspl respectively.
Genotyping of the £F;3 lines obtained from the cross between Alpowa and meiaat
D1G212A was performed using direct sequencing. The association between new alleles
and grain hardness was analyzed via analysis of variance using PROC GLM in SAS

(SAS Institute, Inc; Cary, NC).
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Results

Creation of NewPuroindoline Alleles

To obtain and identify newa locus component gene alleles, we developed an
EMS-mutagenized wheat population using the soft white spring variety Alpowa .
Alpowa carries the functional alleles ®diroindoline a andPuroindoline b found in all
hexaploid soft wheat®ina-D1a andPinb-D1a, respectively. Single Kernel
Characterization System (SKCS) analysis of the 63@éfived M; bulk seed obtained
from an average of 4 Mplants per M family showed that the EMS treatment resulted in
reduced average seed size (and vigor) and increased grain hardness oefdpioe/a
(Figure 1). The SKCS grain hardness mean was 41.1 and 24.4 for,aB8€rivked M
bulk seed and 10 Alpowa plants seed respectively. The individual seed weight averages
were 32.8 and 38.4 mg when averaged over the 63@ekived M, bulk seed and 10
Alpowa plants, respectively. From the whole population, a 168 member subpopulation
was selected based upon grain hardness (121 lines with grain hardness dem@dgd a
and variable standard deviations) and grain hardness standard deviation (47 lines with
grain hardness average less than 47 and grain hardness standard deviation greater than
16) for direct sequencing &ina andPinb coding sequences. The grain hardness of 10
individual M,-derived M; single heads from each selected family was measured to
identify potential homozygotRina or Pinb mutants. Candidate homozygote mutants
were selected on the basis of increased grain hard?ieasandPinb were then

sequenced from DNA extracted from plants grown from selected heads from ¢aeh of
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168 lines. In total 18 newin alleles were identified and 16 of 18 were homozygous for

the Pin mutation.

Phenotypic and Genotypic
Characterization of Newuroindoline Alleles

We found nine new alleles for boftina andPinb. Of the ninePina alleles, four
were missense and five were nonsense mutations. OPmhaelleles, four were

missense, three were nonsense mutations and two were silent (synonymoesy @rabl

Figure 2).
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Figure 1. Single Kernel Characterization System (SKC8&)rness (a) and weight (b); SD

versus averages measured on 639 $ded bulks obtained from EMS-induced, M
families.
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Figure 2. The positions of the induced mutations within the coding regions (boxed
region) ofPina andPinb. The white boxed area denotes the signal peptide region while
the gray/black boxed regions denotes mature peptide sequence with the black boxed
region indicating the position of the tryptophan-rich domain. The position of cysteines
within PINA and PINB are denoted by ‘C’s’. The position of the amplificatiomeus is

as shown with the forward primers residing within the promoter regions and tingereve

primers within the 3’ end of the coding sequence.

One of thePina and one of th€inb nonsense mutants were found in duplicate.
Also, one of thé”ina alleles (C187T) had a mutation identical to a naturally occuifring
aestivum Pina allele Pina-D1min Table 6). Grain hardness analysis of theddrived
M3 bulk seeds obtained from these mutants was used as an initial indicator of the

mutations impact on the function of these genes (Table 7). The majorityadrived
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M3 bulk seeds obtained from tRena or Pinb mutants showed a grain hardness average
higher than the grain hardness mean of the whole population (41.2) and a grain hardness
standard deviation higher than 20. As expected most of the nonsense mutations led the
list of mutants in grain hardness. The fact that two independent nonsense mutants wit
the same mutations Pina showed a difference of 39 in grain hardness (TabRena;-
D1G198A found in M lines 376 and 497) is a good indicator thatdérived M bulk
seeds are not sufficient to t€3h gene function or to use for direct phenotypic screening.
SIFT (Sorting Intolerant From Tolerant) is a bioinformatics program whses
sequence homology to predict the impact of missense mutations on protein function and
potential phenotype (Ng and Henikoff 2003). SIFT scores <0.05 are predicted to be
deleterious. Of the eigifina andPinb missense mutations identified, only two were
predicted to be tolerated by SIFFita-D1G70A, Pinb-D1G377A) (Table 7). Membrane
affinities of the mutated and wild type amino acids of PINA and PINB are shrown i
Table 7 as the individual amino acid affinities reported by Thorgeirssdn(£9896). The
PINA proline to serine change (P63S) in mutaima-D1C187T PINA resulted in a 0.51
kcal/mol increase in membrane affinity. This value was calculated a$o? the serine
to phenylalanine substitution in tRenb-C146T mutant and 2.31 for the threonine 67 to
isoleucine substitution in tHRiNbD1C200T mutant. One of th@ina mutations and two

of thePinb mutations were found in the signal peptides (Figure 2).



Table 7. Allelic series of mutations Rina-D1 andPinbD1 genes found by phenotyping of EMS-mutagenized |adion.

. . Mutant aa .

Mutation®  Effect” Mo# SIFT® Wild type aa p.0|.ar!jty / polarity/membrane Grain e

membrane affinity S Hardness

affinity
Pina mutations
G70A V24 155 0.4 NA NA' 36.8+26
G77A G26D 402 0.01 NA NA' 45.4+20
Cc112T Q38Stop 125 65.3+26
C187T P63S 363 0.01 Non-polar -0.76 Uncharged p6126 50.1+25
G198A W66Stop 376 73.4123
G198A W66Stop 497 34.4+23
G212A W71Stop 293 67.0£26
C277T Q93Stop 271 59.8+31
G395A Cc132y 526 0 Uncharged polar Uncharged patht 1 43.4+22
Pinb mutations 8_'0
C58T Q20Stop 498 43.0+21
C146T S49F 224 0 Uncharged polar -0.25 Non-pakd 2 34.0+£17
C200T T671 421 0 Uncharged polar 0.05 Non-pola362. 48.7+23
G254A Cc85Y 592 0 Uncharged polar Uncharged polat 1. 44.0+20
F112F
C336T (Silent) 599 48.0x16
G348A W116Stop 451 75.4124
G348A W116Stop 529 53.24+27
G377A R126K 11 0.18 Basic Basic 55.8+18
Q128Q

G384A (Silent) 303 50.5+22

@ Nucleotide changes are numbered relative to théreianethionine of each coding sequence. Notagigas original base, position within

coding sequence, and altered ba%@rotein amino acid changes are numbered relatitleet starting methionine of the proteins with tiota

giving original base, position within peptide priorprocessing of signal peptide, and altered b&S&-T scores < 0.05 are predicted to be

deleterious. Membrane affinity onAG bilayer to water (kcal/mol) of individuals wererived from Thorgeirsson et al. (1996). The meméran

affinity of changed amino acids and cysteine wexdugled from the experiment performed by Thorgeinsst al. (1996). The values were £+ 0.15

for all of the amino acids except for Q and N wheakies were + 0.3The average and standard deviation of kernel hasdwas determined using the Single
Kernel Characterization System on the bulk of thas 50 M seeds obtained from individual,Namilies in summer 2006.

" The values are non-applicable for these mutaregalthe occurrence of mutations in signal peptide.
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Functional Analysis of Newuroindoline Alleles

In order to test the effects of the nB¥n alleles upon grain hardness as well as to
restore plant vigor and seed weight, theRvh mutant plants were crossed back to
Alpowa. ThePin genotype of each;plant was confirmed via sequencing before
planting their [z seeds in the field. Twenty, Berived F seed pools were evaluated for
grain hardness and seed weight parameters for each of theRiestedtations. Three of
the F, populations were created using missense all€iesD1C187T, Pinb-D1C146T ,
Pinb-D1C200T) along with a single control nonsense all&mé-G212A). A plot of
grain hardness standard deviation against hardness average showed thatliglesew a
segregated as expected for a single gene with the exceptionRohibhe1C146T allele
for which little variation in grain hardness was observed (Figure giniant and
Alpowa parents were used as controls for seed characteristics (Tabe ). T
homozygote mutants derived from tRima nonsense mutaftina-D1G212A (aPina
nonsense mutant) showed a 39 unit increase in grain hardness vs. their wightype
allele group (72.1 vs 32.8 hardness urits, 0.0001). Ninety-four percent of the
variation in grain hardness in this population was attributable tBiti@emutation.

Kernel weight of three of the;populations was similar to Alpowa and almost 8 mg
more than each parental mutant line. Th€iRa-D1C187T homozygote mutant group
averaged 60 in grain hardness and an increase of 34 in grain hardness over its
homozygous wild type control group (60.3 vs. 26.3 hardness Bxit3,0001). Greater
than 80% of the grain hardness variation in this population was attributableRiodhe

nonsense mutation. THenb-D1C200T homozygous group proved as severe aftha
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nonsense mutation as itg fomozygote mutant group averaged 36.5 units harder than its
wild type allele groups 35.1 hardness units (71.6 vs. 35.1 hardnes$un29)001).
ThePinb-D1C200T mutation controlled ninety percent of the variation in grain hardness
in this population. Although the average kernel weight obtained fd?ititeD1C200T F,
homozygote mutant group of this cross was comparable to the Alpowa averagg (~ 1 m
less) the kernel weight average for the other two groups of this population-iveng 4
less than Alpowa. A 19 mg decrease in the kernel weight of jiEaként relative to
Alpowa shows that this mutant originally suffered from a severely low kernghtvei
The K population derived fror®inb missense mutant plaRinb-D1C146T showed a
very minor change in grain hardness (5 units) for the homozygote mutant allele group
relative to its wild type allele sibling group (34.3 vs wild type 29.3 hardness Brits,
0.05) and accounted for only 28% of the grain hardness variation. In summary for all
crosses, the average seed weight measured foafts showed a near complete
restoration of seed weight compared to the parentgll&dhts and Alpowa grown under
the same field conditions; populations for th€ina-D1G212A, Pina-D1C187T, and the
Pin-D1C146T mutations showed approximately 1:2:1 segregation ratios (Table 8). The
segregation ratio ofpopulation derived from thinb-D1C200T mutant deviated from

expected Mendelian ratios with more homozygote mutant plants than expected.
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Table 8. Kernel characteristics aRdroindoline allelic state of parental lines angfemilies derived from four crosses
between Alpowa non - mutant x né&wroindoline mutants.

6€

Pinallele group Pina-D1allele Pinb-D1 alleles H;&?}'QS% KernelWPmg f X3Pvalue® R*
F, Progeny lines
Pina-D1G212A ala ala 32.8+4.2 38.314.2 9 4.8(0.09) 0.9
al G212A ala 44.2 £2.7 39.8+3.0 6
G212A/IG212A ala 72.145.4** 38.6+1.6 5
Pina-D1C187T ala ala 26.3%7.1 39.615.1 5 1.2(0.54) 0.8
a/ C187T ala 44.7+5.3 40.742.4 8
C187T/C187T ala 60.3+ 7.6** 42.61+3.3 7
Pinb-D1C200T ala ala 35.0 £3.6 34.8+3.4 5 7.5(0.02) 0.9
ala a/C200T 48.5+£9.8 34.145.6 5
ala C200T/C200T 71.6 £3.7** 37.7£2.1 10
Pinb-D1C146T ala ala 29.3+1.7 43.243.4 4 0.8 (0.67) 0.3
ala a/C146T 36.5£ 5.6 44.5+2.3 12
ala C146T/C146T 34.3 £3.7* 40.9+1.9 4
F, Population Parents
Alpowa ala ala 29.6+2.4 38.9+1.3 10 - -
Pina-D1G212A"  G212A/G212A ala 81.916.4 30.616.4 10 - -
Pina-D1C187T"  C187T/C187T ala 58.1+7.1 35.7+4.4 9 - -
Pinb-D1C200T' ala C200T/C200T 76.23 20.1 1 - -
Pinb-D1C146T' ala C146T/C146T 46.7 £7.1 35.1+4.8 9 - -

*, ** denote significance aP < 0.05 andP < 0.0001 respectively, in comparisons of the horgozy wild type versus homozygote mutant within@ssr
4Three K groups, one parental group from each mutant faarity one group of Alpowa non-mutant parent were is@etermine kernel
characteristics?in mutation alleles are named for the nucleotide ghaas listed in Table 7.

®Mean of kernel characteristics averaged over nurobpfants per each genotype planted. Kernel chaniatics were determined using the Single
Kernel Characterization System.

°n is the number of plants analyzed per parentasland the number of genotypes obtained and amipgreeach Ffamily comprised of 20 individuals.
9%? was obtained from the segregation pattern,qfrBgenies of the crosses between each mutant ipodvA non-mutant parent.

®R? value shows the proportion of the impact of ri@iwalleles on grain hardness in comparison of homotzygild type, homozygote mutant and
heterozygote groups in eachgeopulation.

"M, parental individuals obtained fromsMingle parent used for sequencing.
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Discussion

Induced mutagenesis in adapted elite lines followed by marker-assisted
backcrossing is an efficient approach to obtain favorable allelic vaf@ntseat, the
most important staple crop world-wide (Bagge et al. 2@@uf)pindoline allelic variation
provides the genetic basis for most of the phenotypic variation in wheat grain Bardnes
In order to overcome the lack Bin diversity (Table 6), our goal in this study was to
create more allelic diversity for these proteins in hexaploid wheat andothest the
segregation pattern and function of these new alleles via segregagiogUtations.
These new alleles may be useful in improving wheat end use quality whearg¢hey
incorporated into adapted genotypes. Specifically, hard wheats with reduiced gra
hardness may be improved in milling yield as suggested by the resultstii bt al.
(2001, 2007). Soft wheats with reduced grain hardness may be improved in break flour
yield (Hogg et al. 2005, Wanjugi et al. 2007b) or in starch extractability (Feliz et a
2008). Soft wheats with increased grain hardness would likely have increatseld par
size but be more readily siftable (Campbell et al. 2007). Our first approseivhs to
advance an Msingle head derived Mpopulation and measure grain hardness of both
bulk seeds and single plants from eachfénily to identify newPuroindoline alleles
(Figure 1). Since we were time constrained we then measured grain hardnesseaal$/
from M, plants, however the chimemature of M plants makes them less than desirable
for direct mutation screening. It would be more efficient to conduct direct scgeaftéer
advancing all lines to homozygousity via single seed descent (SSD). Popula®n s

used for screening for new mutations via direct screening or TILLING (filagge
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Induced Local Lesions in Genomes) vary dramatically. The size of anadi- single
seed derived Mlibrary was reported to be 20000 for barley (Caldwell et al. 2004) and
10000 for hexaploid wheat (Slade et al. 2005).

Perhaps the best approach to obtain a high mutation frequency is to use the
maximum amount of EMS that still permits plant germination. We startédanitvi
population greater than two times the expected size of tHdMry and then used the
M, single head-derived Mamilies (1000) as individual members of the population
planted as field head rows. The relatively low survivability we experieincichtes that
there is a high risk of losing individuals in the early generations of selfing de to t
segregation of deleterious genes (Colbert et al. 2001). Since;ddr families were
segregating 1:2:1 for a new mutation, a sample over a lagganMly should yield seeds
that are equal parts wild type and mutant allele assuming similar tyiaitil fertility
between wild type and mutant alleles.

The increased grain hardness mean of 63@&ived My seeds over Alpowa
(Figure 1) was likely the result of reduced seed size and increased pootiEntcAs
expected, direct grain hardness phenotyping of theldfived M; seeds increasdin
mutation frequency among selected lines. However, direct selectiBmforutation
containing M lines likely did not detect most silent and missense mutations. EMS-
induced mutagenesis is a random event; hence any deviations from randomness are due
to bias from selection or mutation (Greene et al. 2003). While the ovezditted
frequency of stop codon mutations is 4.7%, identification of 45% stop codon mutations

from our pre-screened Alpowa-mutagenized population is a good indicator of the biases
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induced by selecting for hard phenotypes (Table 7). Another reason for asénicrea
stop codon mutations in our population could be the higher tryptophan content of both
PINA and PINB relative to other proteins. Tryptophan and methionine are the onky ami
acids each coded by a single codon and therefore are not as tolerant as oihecaisi
to single nucleotide changes. A transition mutation in any of the two bases of the
tryptophan codon results in a stop codon. If the frequency of nonsense mutations was
used to predict the total mutation rate then the total mutation rate is atleastation
per 4 kb. However, the screening of a larger EMS- mutagenized population of Alpowa
accomplished by direct sequencing over 1500 KBimd andPinb together resulted in a
total mutation rate of 1 per 12 kb and a 11.5% rate of nonsense mutations (unpublished
data). Our total mutation rate obtained by direct genotyping (unpublished ddtajis a
13 times higher than that reported foithaliana (Greene et al. 2003), 22 times higher
than rice (Till et al. 2007), 77 times higher than barley (Caldwell et al. 2004) 2nd ~
times higher than previously observed in hexaploid wheat (Slade et al. 2005). The
redundant nature of the hexaploid wheat genome is the most likely explanation for the
higher mutation frequency observed in wheat relative to diploid plant species éS&de
2005). All of the mutations were transitions (G to A or C to T) (Table 7), in accordance
with other EMS-mutagenesis studies, since EMS induces G-residue alkyfataergon
1995). Phenotyping of bAderived M; bulk seeds proved non-conclusive (Table 7) in
terms of the functional analysis Bin genes for three reasons. First, becauseldfived
M3 bulk seeds are composed of homozygote mutant and wild type as well as heterozygote

seeds. Second, because there is a chance of inequality between the mutant spd wild t
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alleles in the M-derived M; bulk seeds which may result in a grain hardness bias toward
wild type or mutant allele. Finally mutation in other genes may affeat tgature
independent of thBuroindoline locus.

The bias caused by selection of harder phenotypes resulted in the identification of
16 homozygous Pin mutants among 18 total mutations which made it easier to cross the
mutants back to non-mutant Alpowa. The backcross largely restored and sesd\sle a
as allowed us to measure the impact of each mutation on wheat grain textuee8jTabl
Grain hardness of seed from individualgfants divided eachyfpopulation into three
distinct classes. The impact of the segregating mutant alleles on grmesamdicated
the efficiency of this approach in creating a broad range of grain hardnessypies.

The comparison of grain hardness of thsé&gregating populations with the predicted
effects of mutations via SIFT (Table 7) indicates that SIFT was not eapibl
distinguishing severe mutants from very mild mutations. SIFT predictions ¢édeles
mutations relies solely on the sequence and the conservation pattern of amindgcids (
and Henikoff 2003).

The tryptophan-rich domain of puroindolines is hypothesized to confer an affinity
for lipids (Marion et al. 1994Kooijman et al. 1997) and may result in PINA and PINB
being localized to the glyco- and phospholipid rich surface of the amyloplast nmembra
(Giroux et al. 2000). A prediction of secondary structure and measurement of amino
acids membrane affinity was used by Giroux and Morris (1997) to hypothesizlkehat
Pinb-D1b allele had reduced function due to its glycine 75 to serine mutation. A close

examination of our new induced alleles shows that a mutation in threonine 67 to
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isoleucine immediately adjacent to the tryptophan rich domain of PINB hadra seve
effect on grain hardness similar to a nonsense mutation (Tables 7 and 8).&ll thre
missense mutations, P63S in PINA and T671 and S49F in PINB resulted in an increase i
membrane affinity. However, the mutation in serine 49 to phenylalaRinke-D1C146T)
resulted in a significant change in membrane affinity comparable to the oir Pl
missense mutation (Table 7) but resulted in a very small grain hardnagg ¢hable 8).

In conclusion, similar to SIFT the change in membrane affinity of substituted
amino acids ifPuroindoline mutants was not predictive in terms of the functional
analysis (Table 7). Phenotype analysis p$é&gregating groups after crossing the mutant
back to the non-mutant parent is the most efficient way to understand the impact of
mutation on the gene function. It decreases the effect of other mutation as we
restores the seed weight and vigor. More importantly after seed increage, thi
population will be used to analyze the effect of daichmutation upon a broader range
of functions including milling, baking and other wheat end qualities. Further functional
analysis of Efamilies carrying a wider range of missense mutations dispersed lloxgug
PINA and PINB will help us better understand the importance of differemieacids
and regions of the puroindoline proteins. The selected alleles with desirable ethd quali
features could then be inserted into other elite germplasm adapted to diffeicrituagl

regions.
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CHAPTER 3

IN PLANTA MUTAGENESIS DETERMINES THE FUNCTIONAL

REGIONS OF PUROINDOLINE PROTEINS

Introduction

Variation in wheatTriticum aestivum L.) endosperm texture is a primary
determinant of wheat end-product quality (reviewed in Morris and Rose 1996).
Endosperm texture variation is controlled predominantly byddrelness (Ha) locus,
located on the extreme distal end of chromosome 5DS (Mattern et al. 1973; llaw et a
1978; Ram et al. 2002; Campbell et al. 1999). Hiadocus functionally consists of the
Puroindoline a andb genes Rina andPinb, respectively) (Giroux and Morris 1998;
Wanjugi et al. 2007a). Soft textundd) is the result of both genes being in their wild-
type allelic stateRina-D1a, Pinb-D1a) while hard textureh@) results from mutations in
eitherPina or Pinb (Giroux and Morris 1997, 1998). PINA and PINB are cysteine rich
proteins which are unique among plant proteins in having a hydrophobic tryptophan-rich
domain (Blochet et al. 1993) and together make up the grain hardness marker protein
friabilin. Friabilin was originally described as a 15 kDa protein (GreeramellSchofield
1986; Morris et al. 1994) present in higher levels on the surface of water washkd sta
prepared from soft wheats relative to the levels found on hard wheat starchrlgimil
Greenblatt et al. (1995) observed that water washed starch from soft whkaterba

glyco and phospholipids than hard wheat water washed starch.



46
The correlation between friabilin and glyco- and phospholipid levels on the surface of
starch granules led to the hypothesis that PINs are co-localized tg¢be ajhd
phospholipid rich surface of the amyloplast membrane and that this localization may be
mediated by their tryptophan-rich domain (Giroux et al. 2000). Although PINA and PINB
show considerable amino acid identity (55%) and similarity (80%) relatigach other,
they show no more than 25% identity to any of the members of their known protein

family. According to a protein family databagétp://pfam.janelia.orgFinn et al. 2007)

puroindolines belong to the protease inhibitor/ seed storage/ lipid transfer protigyn fam
(PF00234). The shared characteristic of this family is a domain of fourlhmimdles in

a right-handed superhelix with a folded leaf topology, which is stabilized by disulfi
bonds. Neither one of the members of this protein family nor any other known plant
proteins have a Trp rich region. However the Trp rich region is a charactefis

bacterial anti-microbial peptides (Chan et al. 2006) which interact wittomal
membranes. The Trp rich domain of PINs has been predicted to be in a beta sheet
conformation and joins the first two—helices of four PIN helices (Bihan et al. 1996;
Giroux and Morris 1997).

PINs were conclusively shown to alter grain texture in cereals via transge
studies. By transforming rice with both PINs, Krishnamurthy and Giroux (20ffl) a
Krishnamurthy et al. (2001) demonstrated that PINs can modify graureextd fungal
resistance, respectively. In addition, we demonstratedPthahutations are causative to
hard wheat phenotypes via transgenic complementation studies in which soft phenotype

were achieved when hard whéan alleles were complemented with the corresponding
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soft-typePin allele (Beecher et al. 2002; Martin et al. 2006). Transgenic manipulations
have also demonstrated that while both PINA and PINB levels limit grain soiitnest
wheats, PINB is a greater limiting factor than PINA (Swan et al. 2006hér PINA
and PINB are not functionally interchangeable, as shown by transgenisisifdlygg et
al. 2004; Wanjugi et al. 2007a). This shows the specificity in roles conferrediy ea
puroindoline. High levels of either PIN alone can lead to intermediate levelsmof gra
hardness. However, full PIN starch association and a soft grain phenotype isdchieve
only with both PINs present.

Variation in PIN function affects not only grain hardness but nearly all product
quality traits (Hogg et al. 2005; Wanjugi et al. 2007b; Martin et al. 2008; Eal2608)
and associated milling effects are also seen in pilot scale milling si(Migtin et al.
2007). The vast majority (>95%) of US hard wheat germplasm contains one ldatwo
locus mutationsKina-D1b or Pinb-D1b) (Morris et al. 2001). Despite this small level of
diversity, it is known that hard wheats carrying Eieb-D1b allele wheats are >7
hardness units softer and superior in milling and bread baking properties reldtare
wheats carrying thBina-D1b allele (Martin et al. 2001, 2007). Similarly, the addition of
an A genomda locus to a soft wheat decreased grain hardness and modified milling
yield and particle size (Campbell et al. 2007). From an end-product quality pointvof vie
the morePin variation found or created the greater chance that some alleles will confer
improved end-product quality. TH®na andPinb missense alleles discovered in various
hexaploid wheat germplasm surveys may vary in function somewhat, but theykefch li

retain very little residual function as all were found in hard wheats. Whileat&e
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allelic variants have been reported améwegtauschii (the diploid donor of D genome to
hexaploid wheat) and synthetic wheat germplasm (Gedye et al. 2004; Maksz084),
they are not useful in terms of understanding PINA and PINB function for two reasons
First, a significant amount of the hardness variation is assignable to b&lgdrome
donor(Ae. tauschii) and durum parents and secondly most of the haplotypes contain a
large number of amino acid changes relativeit@-D1a andPinb-D1a. In addition, all
of the alleles introduced frode. tauschii appear to condition a soft phenotype such that
they appear limited as a source of grain hardness variation (Gedye et al. T2@ddfore,
the creation of newin alleles in one background where each contains a single amino
acid change via target-selected mutagenesis is the best approach imn ofeadw
Puroindoline alleles in hexaploid wheat. The new alleles would have the potential to

improve understanding of PIN function as well as improving wheat end product quality.

Materials and Methods

Creation and Selection of EMS-induced Population

A wheat EMS-induced Mpopulation was created using a protocol similar to
Slade et al. (2005) with some modifications (Feiz et al. 2009). Approximately, 1000 M
wheat seeds of the soft white spring cultivar Alpowa (P1566596) were EMS-@nizad
to obtain a total of ~ 3,000 heads from survivingiants. This population was divided
into two parts. The first 1,000 MM, heads were planted in May 2006. Six hundred

thirty surviving My rows were harvested and processed to test the screening methods and
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applicability of the EMS-induced mutagenesis in finding fewalleles (Feiz et al.
2009).

In May 2007, an additional 2000,MM>, head rows were planted under the same
conditions as described for the first population (Feiz et al. 2009). Leaf tissue was
collected and pooled at the 2—3 leaf stage from at least four plants per row GOMe 1
surviving M, rows. Bulk harvest was conducted on 1,700 rows as explained for the first
population (Feiz et al. 2009).

DNA was extracted according to Riede and Anderson (1996). The same PCR
conditions and primers pairs used for direct sequencing by Feiz et al. (2069)s&d in
this study. PCR products were separated on 1.5% agarose gels followed by gel
purification (Qiagene, Valencia, CA) and were then direct sequenced usingwhedfo
amplification primer (SeqWright DNA Technology Services, Houston, TX). ThedGAP
and Pregap4 programs from Staden Package v1.6.0, 2004,

(http://staden.sourceforge.net/stadeome.htm) were used to analyze the sequences.

Sorting intolerant from tolerant (SIFT) (Ng and Henikoff 2003) was used to pthdict

tentative impact of mutations on protein function.

Creation of i Populations

Eight plants from each line carrying®a mutation were planted in the
greenhouse and used for direct sequencirRiraf andPinb. Plants positive foPin
mutations were used as pollen source in crosses back to Alpowa non-mutant parent to
produce k seeds. One hundreg-&erived | seeds from each cross along with Alpowa

parental seeds were planted at the Arthur H. Post Field Research farm resaaBoI T
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with within row plant spacing of 15 and 30 cm between rows in May 2008. Leaves were

collected from 48 single fplants from each cross at the 2—3 leaf stage to be used for

genotyping.

Genotyping and Phenotyping of Populations

The same primer pairs and PCR conditions as Feiz et al. (2009) were used to
genotype Fplants growing in the field. Polymorphic co-dominant markers were
developed based on the differential restriction digestion of some Birth@andPinb
mutant alleles (Table 9).f; seeds were harvested from homozygote singfddnts
and threshed using a single plant thresher (Bill's Welding, Pullman, WA). Onecldundr
and fifty F: F; seeds were bulked from each one of the two groups of homozygote
mutant plants and homozygote wild-type plants with each group composed of 5 plants.
The bulked seeds for the homozygote mutarisgroups as well as Alpowa non-mutant
seeds were analyzed by SKCS. Grain hardness and kernel weight werestheatbur
SKCS using 50 kernels. Each grain sample was measured twice. The saing,daed
bulking and SKCS analysis process was performedof,Seeds derived from the four
F,:F; mutant populations analyzed by Feiz et al. (2009).

Analysis of variance was computed by including genotype class by population
combinations in the model using PORC GLM in SAS (SAS Institute, 2004). The error
represented pooled within population variance. The impact of new alleles on grain
characteristics was assessed by comparing difference betweant and wild type class

means for each population.
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Results

Creation of NovePuroindoline Alleles

To obtain and identify new alleles for grain hardness gene, wdogedean
EMS-mutagenized wheat population from the soft white spring wheggtyalpowa.
This population was divided into two groups comprised of 630 and 1700 MJesmil
respectively. Direct phenotyping of the first group resultedha itlentification of 18
novel Pin alleles consisting of 8 missense and 8 nonsense mutations in dreePofig
(Feiz et al. 2009). Direct sequencing of the rest of the 1788evved My bulk leaves
obtained from an average of four, l[dlants per M family resulted in the identification of
130 newPina and Pinb alleles of which 60 were missense, 15 nonsense and 55 silent
mutations. All thePin alleles obtained from phenotyping and/or direct sequencing are
listed in Table 9. Some of the mutations were identified more dhag.A total of 71
alleles ofPina were identified using direct phenotyping or sequencing, of whiche3@& w
missense and 11 were nonsense mutations (Table 10). Of the 77 aill€led, we
identified 31 missense and 12 nonsense mutations. After exclusiontgflthge pairs
from each end of théin sequences, the mutation density was calculated from the
frequency of mutations identified via direct sequencing of 1700 EM&eced M lines
over 1,496 kb oPina andPinb (Table 10). We arrived at a mutation density of 1/11.5 kb
which is the highest rate ever reported for an EMS-induced mmésigestudy. The
higher percentage of nonsense mutation identified via direct senge(il.5% or
15/130) than what is expected from a random mutagenesis study (4. t4¢ to the

nature of tryptophan. Tryptophan and methionine are the only amino eawidsled by
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single codons and thus are not as tolerance as other amino acidgleéonsicleotide
changes. A transition mutation in any of the two variable bast#sdfyptophan codon
results in a stop codon. Almost 54.5% (6/11) and 91.7% (11/12) of the totaheense
induced mutations happened in tryptophan amino aciddnaf and Pinb, respectively
(Table 10).
The bioinformatic program SIFT (Sorting Intolerant From Tolgrames sequence
homology in a protein family to predict the impact of the missems@tions on protein
function and potential phenotype. SIFT scores < 0.05 are predictecdadeberious (Ng
and Henikoff 2003). Via SIFT 47% (14/30) and 54% (13/24) of the totalemsss
mutations were predicted to have severe impact on PINA and RiMBtion,

respectively (Table 9).



Table 9: Allelic series of mutations Rina-D1 andPinb-D1 genes found by phenotyping and direct sequencing or only direct

sequencing of EMS-mutagenized population.

Mutatiorf Effect SIFT*  Polymorphic Sizes of fragments (bp) Number of progeny line's P(\)’(";‘)'g’e
marker(sj

Pina-D1 Di1a" D1X" Di1a" Di1a/DIX" DIX" n

C15T F5F

G23A G8E 0

G36A L12L

G49A AL7T 0.67 sequenced 7 23 14 2 0.31(2.3)

C58T Q20stop

C58T Q20stop omo

G65A S22N 0 sequenced 10 25 12 1 0.83(0.37)

G67A E23K 0.01 sequenced 13 21 13 0.67(0.8)

G70A V241 0.4

G70A V241

G70A V24| Tsp509I 190,12,300 123,67,12,300 18 23 4 1 0.01(9.2)

G77A G26D 0.01 Hincll, 502 132,370 12 22 10 2 0.91(0.19)

G95A G32D

G95A G32D

G104A G35D

c107T A36V 0 BsiHKAI 101,62,128,211 101,190,211 11 19 13 3 0.68(0.77)

C109T Q37stop

cii2T Q38stop

C119T P40L 0.11 Scl 174,328 502 10 25 9 2 0.65(0.86)

G126A E42E

G146A R49K 1 sequenced 15 23 7 1 0.24(2.8)

G157A L53I 0.16



Table 9-continued

G180A
G181A
G181A
c187T
G190A
C194T
G198A
G198A
G207A
G207A
G212A
G212A
G220A
G223A
G234A
G232A
G258A
G258A
C259T
G263A
C265T
C277T
C294T
C297T
C297T
G303A
G314A
G314A
G315T

K60K
D61N
D61N
P63S
V64|
T65I
W66stop
W66stop
W68stop
W69stop
W71stop
W71stop
G74R
G75S
E78E
E78K
R86R
R86R
L87F
G88D
Q89L
Q93stop
198l
1991
1991
G101G
G105D
G105D
G105G

0.01
0.13

0.53
0.81

0.35
0.09

0.05

HpyAV

Apol
Mspl
Mspl

sequenced

Mnll

sequenced
Taq|l

HpyCHalll

Syl

52,174,39,237

190,312
242, 235, 25
242, 235, 25

18,56, 6,189,202,31

217,285

502

292,72,138

52,213,237

190,45,267
477,25
477, 25

18,56,6,391,31

217,98,187

330,172

292,210

11

13

16

11

10
17

232

19

22

26

23
22

25

10

12

10

11

2

2

0.93(0.14)

0.65(0.86)
0.54(1.2)
0.16(3.66)

0.09(4.8)

0.48]1

0.9(0.21)
0.12(4.2)

0.39(1.88)

12°]



Table 9-continued

G342A Q114Q

G351A R117R

G351A R117R

G352A A118T 0.34

G361A V121M 0.13 sequenced 15 26 7 0.22(3)
G370A E124K 0.16 sequenced 12 22 14 0.78(0.49)
G378A K126K

C382T L128L

C382T L128L

C388T P130S 1 BceAl 502 426,76 8 27 13 0.4(1.8)
G393A R131R

G392A R131K 1 sequenced 13 29 6 0.13(4)
G395A C132Y 0

C399T N133N

C399T N133N

G402A Q134Q

C405T G135G

G403A G135S 0.19

C410T P137L 0.05 sequenced 13 22 13 0.85(0.32)
Cc421T P141S 0 BtsClI 348,123,31 348,154 18 17 21 0.07(5.3)
Pinb-D1

C8T T3l 0.14 Bolll 508 66,442 13 19 11 2 0.68(0.77)
CaT T3T

C1eT L6F 0.09 sequenced 16 26 5 1 0.06(5.6)
C18T L6L

c27T LoL

G37A V13I 0

C58T Q20stop HinP1l 116,355,37 471,37

G70A V24| 0.03 Tsp509I 508 129,379 9 26 9 2 0.48(1.5)

a1
a1



Table 9-continued

G74A
C78T

G77A

G81A

G95A

G101A
C121T
G129A
G138A
G138A
C139T
G143A
G143A
c146T
G153A
G154A
G168A
G168A
G170A
G187A
Cc200T
C200T
G203A
G204A
G204A
G216A
G223A
G224A
G224A

G25D
G26G
G26D
W27stop
G32D
G34E
P41S
E43E
K46K
K46K
L47L
S48N
S48N
S49F
K51K
D52N
E56E
E56E
R57Q
D63N
T671
T671
W68stop
W68stop
W68stop
W72stop
G75S
G75D
G75D

0.13

0.15

0.91

0.2
0.01

0.13

Bsrl
Hincll

sequenced

Blpl
Blpl
Hindlll

Tsp509I
Bsr

Tsp509!
BstN1

Acil
Acil

254,252,2

508

200,126,182
200,126,182
508

508

508

508
258,250

135,21,26,8,95,223
135,21,26,8,95,223

143,111,252,2

154,354

316,182
316,182
202,306

214,294

236, 272

247,261
508

135,21,26,8,318
135,21,26,8,318

15

12

16

10
12

18

20

20

28

23
15
12

24
20

18
21

12

12

12
12

11
10

9

2

1

12

w

1
8

0.49(1.42)
0.83(0.37)

0.025(7.3)

0.98(0.04)

0.29(2.48) U1
()]

0.67(0.8)

0.25(2.8)
0.71(0.68)

0.88(0.26)
0.02(7.5)

0.8y(5
0.88)0.



Table 9-continued

G224A
G234A
G240A
G238A
G241A
G246A
G252A
C255T

G254A
G254A
G269A
C303T

G306A
G306A
G306A
G306A
G306A
C315T

G324A
G324A
C325T
G329A
G332A
C336T
C336T
C342T
G348A
G348A
G348A

G75D
E78E
E8OE
E8OK
V81l
R82R
K84K
C85C
C85Y
C85Y
S90N
11011
R102R
R102R
R102R
R102R
R102R
1105l
R108R
R108R
L109F
G110D
G111D
F112F
F112F
G114G
W116stop
W116stop
W116stop

0.04 Nlalll
0.02
0 Scal
0.02
0.01 BfuAl
0 Taq|l
0 Tsp451
sequenced

64,235,170,39

508

508
508
256,252

64,405,39

314,194

372,136
121,387
256,119,133

13

14

11
11
10

23

15

26
23
24

10

17

11
14

0.82(0.4)

0.051(5.95)

0.47(1.5)
0.99(0.02)
0.72(0.66)

LS



Table 9-continued

G348A W116stop

G348A W116stop

G348A W116stop

G355A E119K 0.25 Hphl 250,175,83 250,258 13 28 6 1 0.15(3.8)
G378A R126R

G377A R126K 0.18 Apal 438,70 508 8 25 11 2 0.54(1.23)
C381T A127A

G384A Q128Q

G384A Q128Q

C402T C134C

C417T D139D

#Nucleotide changes are numbered relative to the starting methioreaelo€oding sequence. Notation gives original base,
position within coding sequence, and altered base.

® Protein amino acid changes are numbered relative to the starting methibtiie proteins with notation giving original base,
position within peptide prior to processing of signal peptide, and altesed ba

¢ The mutations which have the;Mumber from 1 to 630 were identified via phenotyping (Feiz et al. 2009).

4 SIFT scores <0.05 are predicted to be deleterious.

¢ Polymorphic marker indicates the restriction enzymes which are atiféet@ntially cutPin PCR products between Alpowa
wild type allele and mutant allele. These markers were used for gamgpof the k progeny lines derived from crosses
between each mutant and Alpowa non-mutant parent. Whenever a mutation sit¢ lwaated in the restriction site of a
restriction enzyme, direct sequencing was used to genotype phhegeny lines

"The number of genotypes obtained and analyzed per edamify comprised of 46-48 individuals

9%* was obtained from the segregation pattern,gfrBgenies of the crosses between each mutant and Alpowa non-mutant parent
f‘ D1la, D1a/D1x and D1x indicate the wild type, heterozygote and mutant allsjesctreely.

' n indicates the progenies which were failed in genotyping via mavkeexjuencing.

!'F, Segregation data from crossesofa-D1C187T, Pina-D1G212A, Pinb-D1C146T andPinb-D1C200T into Alpowa
non-mutant parent are obtained from 20 individuals harvested in summer 2007 and publséiecebgl. (2009). The number
of progenies in Fline Pinb-D1G154A was less than 10.

8G



Table 10:Pin mutation frequency and density in Alpowa EMS-induced population.

o % of nonsense
% of nonsense

Missens® Nonsensé Silenf  Totaf  Mutation density . mutations in
mutation$ Trf
Pina 37(33) 11(6) 23 71(62) 1/12 kb 9.6 54.5
Pinb 31(27) 12(9)  34(32)  77(68) 1/11 kb 13.2 91.7
BothPins  68(60) 23(15)  57(55) 148(130) 1/11.5 kb 11.5 73.9

&Total mutation frequency found via phenotyping of 630 or direct sequencing of L7Apdiva lines. The numbers in
() are the frequency of mutations found by direct sequencing of 17@0dgdwa lines.

® The mutation density and the nonsense mutation percentage were calculated dingehey of mutations found
via direct sequencing of 1700,MIpowa lines which is presented in ().

¢ The percentage of nonsense mutations which occurred in Trp amino acids of PINEwatedausing the frequency
of total nonsense mutations which obtained either via phenotyping of 630 or direct segjo€d@id0 M Alpowa lines .

65



60

Creation of Segregating F
Populations for the NeWwuroindoline Alleles

In order to test the effects of the nB¥n alleles upon grain hardness as well as to
restore plant vigor and seed weight, segregatingppulations were developed for each
uniquePin allele. To achieve this, 23 and 2@ Mutant plant carrying unique missense
mutations inPina andPinb, respectively, were crossed back to Alpowa. Two ofime
duplicated mutations (identified more than once in the population) anéiasilent
mutation was crossed back to Alpowa to be used as control®ii lgenotype of each;F
plant was confirmed via sequencing before planting theseEds in the field. Forty six
and 48 [ plants per population were genotyped via polymorphic markers or sequencing
respectively. Ninety-four percent of the fopulations showed approximately 1:2:1
segregation ratios (Table 9). The segregation ratio pbpulation derived from three of
the mutants deviated from expected Mendelian ratios. PINAV24| and PINBR41S F
populations showed more homozygote viRld allele plants and PINBT63howed more

mutant plants than expected (Table 9).

Functional Analysis of Newuroindoline Alleles

F, derived B seeds from each,Bopulation were pooled to obtain wild type and
mutant genotype classes for each population (Table 11). Alpowa paréamily
derived from PINAKG0OK (a silent mutation) and families obtained from the replicates
of two Pinb mutations (PINBS48N) and PINBG75D were used as controls for seed
characteristics. The grain hardness of Alpowa parent was not significéfebhgmt from

74% of the EFhomozygote wild type groups. For 12gopulations the homozygote wild
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type group significantly differed from the Alpowa parent. The averageotifierence
was 10.2 hardness units. In order to avoid the plausible side effects of seecnbacact
or environment on functional analysisRi mutants, the net intra-family grain hardness
difference between homozygote mutant and homozygote wild type groups ¢heach
population was used to evaluate the impact of the mutations on grain texture (Table 11)
The F, populations were categorized based on differences between wild type and mutant
classes into bins of grain hardness difference (Figure 4). Each bin is 5 udésdrar
softer than its neighboring bins and includes the mutalmés whose homozygote
mutant and wild type groups have the hardness difference of that bin + 2.5. Functional
analysis of the four Fpopulations with PIN nonsense mutations (PINAW71Stop,
PINAQ93Stop, PINB Q20Stop and PINBW116Stop) delimited the function abolishing
mutations to bing 25 (Figure 4). Almost 18.6 % (8/43) of the mutantBunoindolines
were located in the function abolishing bins (25 to 55), whereas ~ 62.8% (27/43) of the
mutants were categorized into neutral (silent) bins (-5 to 5) with the Ligasicant
difference of 6.2 (Table 11 and Figure 4). Only 16.2% (7/43) of mutants were latated i
the intermediate bins (10-20) and one mutation (PINBP41S) located in the bin of -15
resulted in a softer texture than wild type. Although PINAV121M was categorized in bi
of -5, it resulted in a significant softer texture than wild type. Duplicags lof a neutral
mutation (PINBS48N) didn’t show difference in grain hardness between mutant and wild
type sibling groups of either independent line. Similarly duplicate populations ofra seve
mutation (PINBG75D) resulted in a 34.2 increase in grain hardness in one population and

30.4 in another population with the same mutation. The grain characteristicsRihane
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nonsense, onkina missense and twidinb missense mutant lines in Table 11 are from
Fs:F4 seeds planted and harvested along with the rest of the populations which were
harvested and analyzed at theg seed stage (Feiz et al. 2009). The difference in grain
hardness between:F,; seeds obtained from mutant and wild type sibling groups of
PINAW71Stop, PINAP63S, PINBT671 and PINBS49F lines were 41.1, 33.7, 33.7 and -
2.8, respectively (Table 12). In fall 2007 the difference betweén §eeds obtained
from mutant and wild type groups of the same lines was obtained 39.3, 34, 36.6 and 5,
respectively (Feiz et al. 2009). These results indicate the reproduadbitity approach
in functional analysis ah planta Pin mutants.

The difference in kernel weight between mutant and wild type groups of gach F
population was non-significant for 76% of the populations. The mutant group of 8 of the
43 unigue missense mutant populations had a significantly lower seed weight than their
sibling wild type group. Two of the;fpopulations had higher kernel weight in their
mutant versus wild type sibling group. Smaller seeds show more protein and harder
texture than larger seeds with the same genotype. Among the lines with éedesize in
the mutant versus wild type sibling group, three were located in the intermeadiate g

hardness bin of 10 (Table 11).



Table 11. Kernel characteristics aparoindoline allelic state of Alpowa non-mutant parent angbpulations derived from
four crosses between Alpowa non-mutant x iRemoindoline mutants.

Pin allele group Pina-D1 alleles  Pinb-D1 alleles Effect grain differencé Kernel WP mg differencé
Hardness

F, progeny

homozygote

populationd

Pina-D1G49A a a PINA 33.9+238 12 41.4+1.3 14
D1G49A a PINAALTT 35.1+ 4.8 ' 40.0+2.2 '

Pina-D1G65A a a PINA 32.0+0.7 8.0* 38.2+0.6 08
D1G65A a PINAS22N 40.9+0.7 ’ 39.0+1.1 ’

Pina-D1G67A a a PINA 35.5+6.2 57 379+17 6.1*
D1G67A a PINAE23K 41.2+04 ' 31.8+0.3 '

Pina-D1G70A a a PINA 39.9+29 46 36.8+2.1 05
D1G70A a PINAV24| 445+0.4 ' 36.3+0.5 '

Pina-D1G77A a a PINA 36.4+2.2 47 38.4+0.8 0.2
D1G77A a PINAG26D 31.7+0.1 ' 38.2+0.1 '

Pina-D1C107T a a PINA 26.3+1.0 10 37.0+0.9 14
D1C107T a PINAA36BYV 253+2.0 ' 35.6+0.8 '

Pina-D1C119T a a PINA 305+1.9 43 41.1+1.2 11
D1C119T a PINAP40L 34.8+0.2 ' 40.0+1.1 '

Pina-D1G146A a a PINA 29.7+5.4 8.6+ 448 +2.7 4.0
D1G146A a PINAR49K 38.31+0.6 ' 40.8+0.3 '

Pina-D1G180A a a PINA 345+45 35 40.6 £ 0.7 0.9
D1G180A a PINAKG0OK 38.0+0.5 ' 39.7+0.8 '

Pina-D1G181A a a PINA 342+7.6 39 389+1.2 10
D1G181A a PINAD61N 37.4+0.6 ' 379+1.6 '

Pina-D1C187T a a PINA 30.4+0.7 33,7+ 39.9+0.1 53
D1C187T a PINAP63S 64.1+2.2 ‘ 422+1.6 '

€9



Table 11-continued

Pina-D1G190A

Pina-D1G212A

Pina-D1G223A

Pina-D1C259T

Pina-D1G263A

Pina-D1C277T

Pina-D1G314A

Pina-D1G361A

Pina-D1G370A

Pina-D1C388T

Pina-D1G392A

Pina-D1G395A

Pina-D1G403A

Pina-D1C410T

a
D1G190A
a
D1G212A
a
D1G223A
a
D1C259T
a
D1G263A

a

Di1C277T
a
D1G314A
a
D1G361A
a
D1G370A
a
D1C388T
a
D1G392A
a
D1G395A
a
D1G403A
a
D1C410T

DO DYDY

Q

DYDY

PINA
PINAV64I
PINA

PINAW71Stop

PINA
PINAG75S
PINA
PINAL87F
PINA
PINAG88D

PINA

PINAQ93Stop

PINA
PINAG105D
PINA
PINAV121M
PINA
PINAE124K
PINA
PINAP130S
PINA
PINAR131K
PINA
PINAC132Y
PINA
PINAG135S
PINA
PINAP137L

40.0£0.17
38+£3.9
36.7 £0.09
77.8+6.0
458 + 3.6
63.8+1.6
37407
65.3+1.8
32.8+0.8
36.6+1.3

39.7+£0.2

78.8+0.2
33.9+0.02
30.8+4.1
37820
304+22
32227
2717 42
36416
33.2+3.7
40.8+1.9
35.2+£25
28.1+48
67.3+28
30.2+£0.7
34827
353+ 29
32719

41.1*

18*

27.9%

3.8

39.1*

38.8+04
38.9+0.06
37.4+£0.2
37.3x12
34914
35.5+0.01
38.6+0.1
41.5+0.03
37.5+0.6
37.0+£04

416+1.2

39.2+0.3
40.6+0.9
423+1.1
37.2+x05
37.5+£0.7
441 +04
451+23
36.6 0.5
38.8+2.2
38.5+0.6
40.4+0.3
38.5+3.1
41.3+0.3
435+1.2
46.4 +0.08
38.1+0.1
37.0+18

-2.4

1.7

0.3

1.0

2.2

1.9

2.8*

2.9*

-1.11

9



Table 11-continued

Pina-D1C421T a a PINA 41.0+13 01 38.2+1.2 0.4
D1C421T a PINAP141S 41.1+0.3 ' 37.8x14 '
Pinb-D1C8T a a PINB 31403 03 41.8+0.7 21
a D1C8T PINBT3I 31.1+54 ' 39.7+28 '
Pinb-D1C16T a a PINB 33.3+0.74 10.6* 37913 27
a D1C16T PINBL6F 439+ 0.01 ' 35.2+£0.9 '
Pinb-D1C58T a a PINB 30912 33.9% 434+ 1.7 -3.9%
a D1C58T PINBQ20Stop 64.8+54 ' 39.5+£0.6 '
Pinb-D1G70A a a PINB 33.6+0.9 0.4 40.1+0.4 01
a D1G70A PINBV24l| 34.0+0.7 ' 40.2+0.8 '
Pinb-D1G77A a a PINB 27.9+05 19 443 +0.3 0.2
a D1G77A PINBG26D 298+1.2 ' 441+1.4 '
Pinb-D1G95A a a PINB 36.5+£0.7 41 40.0+0.2 4.4
a D1G95A PINBG32D 40.6+1.6 ' 35.6+0.0 '
Pinb-D1C121T a a PINB 36.8+£0.2 12 6+ 37.1+x14 071
a DicC121T PINBP41S 242+0.9 ' 37.8+0.2 '
Pinb-D1G143A a a PINB 41.7+25 55 34716 5 0%
a D1G143A PINBS48N 44.2 +0.07 ) 28.8+0.6 '
Pinb-D1G143A a a PINB 358=+1.1 2 38.9+0.6 0.9
a D1G143A PINBS48N 31.8+0.6 398=+1.1 '
Pinb-D1C146T a a PINB 43.0%+5.1 28 39.2+16 1
a D1C146T PINBS49F 40.2+2.3 ' 382+x14
Pinb-D1G154A a a PINB 42.0+0.4 49 34.0+£0.8 25
a D1G154A PINBD52N 37.1+£0.0 ' 31.5+£0.0 '
Pinb-D1G170A a a PINB 33.3+18 0.7 39.3£0.7 135
a D1G170A PINBR57Q 32645 ' 40.7+2.6 )
Pinb-D1G187A a a PINB 32.8+0.3 27 1% 37.8+0.08 25
a D1G187A PINBD63N 509=+1.2 ' 35.3%£0.2 '

<9



Table 11-continued

Pinb-D1C200T a a PINB 43.3+0.2 33,2+ 34.7+0.9 18
a D1C200T PINBT67I 76.5+0.8 ' 32.9+0.6 '
Pinb-D1G224A a a PINB 375+34 34.0% 38.4+0.7 5.5%
a D1G224A PINBG75D 71.7+0.3 ' 329+05 '
Pinb-D1G224A a a PINB 45.1+3.3 30.4*% 38.3+0.8 5+
a D1G224A PINBG75D 75.5+2.8 ' 333+25
Pinb-D1G238A a a PINB 23.8+3.1 53.9* 42.7+1.1 5.0
a D1G238A PINBESOK 77.7+29 ' 37.5+0.9 '
Pinb-D1G254A a a PINB 329+1.7 37+ 45.0+04 23
a D1G254A PINBC85Y 69.9+1.9 42.7+04 '
Pinb-D1C325T a a PINB 353+1.2 6.3+ 333+17 16
a D1C325T PINBL109F 41.6+3.2 ' 349+20 '
Pinb-D1G329A a a PINB 37.2+x04 g 7% 36.7+1.7 3.7
a D1G329A PINBG110D 459+5.0 ' 33.0+£1.0 '
Pinb-D1G332A a a PINB 32.0+3.8 10 5+ 39.7+0.1 04
a D1G332A PINBG111D 425+0.7 ' 40.1+1.1 '
Pinb-D1G348A a a PINB 36.1+04 36.8* 41.5+0.7 04
a D1G348A PINBW116Stop 72.9+0.9 ' 419+1.1 '
Pinb-D1G355A a a PINB 356+25 33 36.9+0.8 14
a D1G355A PINBE119K 389+14 ’ 38.3+x0.5 '
Pinb-D1G377A a a PINB 422+3.1 10.34* 36.5+0.1 4.9%
a D1G377A PINBR126K 52.54+4.9 ' 32.3+03 '
LSD (0.05) 6.2 2.8
Alpowa parent a a 31.5+27 39.6 £0.7

99

* Denotes significance at 0.05.

&Two R, groups from each mutant population, one homozyguigant and one homozygote wild type group, andgsoap of Alpowa non mutant
parent were used to determine kernel charactesisine —hundred and fifty,FH-; seeds were bulked from each one of the two grofips
homozygote mutant plants and homozygote wild-tyjpaetp with each group composed of 5 plants.

®Mean of kernel characteristics averaged over twapsa of 50 seeds each group. Kernel characteristits determined using the SKCS.

¢ Difference in kernel characteristics between twaugs of each family, homozygote mutant minus hoygote wild type.



Table 12. Comparing grain hardness of homozygote mutant and homozygote wild typegsthlpgyofPin mutant
populations between two generations

Pin allele Pina-D1 Pinb-D1 Effect F>:F;seed Difference Fs:F,seed Difference
groug alleles alleles hardness hardness
Pina-D1G212A a a PINA 36.7 £ 0.09 411 32.8+4.2 393
D1G212A a PINAW71Stop 77.8+6.0 72.1+54
Pina-D1C187T a a PINA 30.4+0.7 33.7 26.3+7.1 34
D1C187T a PINAP63S 64.1+22 ’ 60.3+7.6
Pinb-D1C200T a a PINB 43.3+0.2 33.2 35.0+3.6 36.6
a D1C200T PINBT67I 76.5+0.8 ’ 71.6 +3.7 '
Pinb-D1C146T a a PINB 43.0+5.1 28 29.3+1.7 5
a D1C146T PINBS49F 40.2+2.3 ' 34.3+3.7

&Two R, groups from each mutant family, one homozygote mutant and one homozygote wilctyp@lgnted in
2007 (Feiz et al. 2009), and twe groups from the same mutant families planted in 2008 (Table 11) were used to
determine grain hardness.

P Difference in kernel characteristics between two groups of eachyfdmihozygote mutant and homozygote wild

type.

L9
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Figure 4. Classification of Hamilies with missense mutation in one of the puroindoline
proteins into bins of grain hardness difference between their homozygdsat and
homozygote wild type groups. Two nonsense mutations for each PIN veel¢oudefine
the function-abolishing bins.
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Probability that a Missense Mutation
in PINA or PINB Affects Grain Hardness

We used the formula recently published by Gue et al. (2004) and used by
Georgelis et al. (2007) to determine the probability that a ranaiseense mutation
abolishes gene function in bacterial clones expressing a taageinpiThis probability is
termed the X-factor (¥ and it can be calculated via:

S =f1 (1 - X) where in our case study S is the fraction of functional prqtéinis the
fraction of lines having one missense mutations ani Xhe probability that a random
missense mutation in PINA or PINB changes protein function in aomdegrain texture.
Since we determined the impact of some of the missense omstatn grain texture, we
obtained S via: S =f1 x M/N where M is the number of functibnas which fall into a
certain threshold of protein functionality for either one of the RIhNg N is the number
of unigue missense mutations which were used in this analysis. Sionpky calculated
Xi=1-M/N

The threshold of protein functionality in this study is defined asthheshold of the
changes in grain texture determining function Rohs (Table 13). The M for each
threshold is the number of mutant lines which the difference im ¢na@idness between
their homozygote mutant and wild type groups do not exceed that threshold. The X
value percentage for PINA and PINB was 26.08% and 49.99%, respectiablg (I3).
By decreasing the stringency of classification of functiopalitthe proteins, Xchanges
to reach to 0. However it stays higher for PINB than PINfa $IFT 48% (11/23) of the

PINA and 55% (11/20) of the PINB missense mutations used for thedinalcanalysis
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were predicted to have severe impact on the function of these prQlaine 9). SIFT
uses the amino acid conservation of the proteins in the protein fdatdipase to predict
the deleterious mutations. The less percentage of SIFT predidetdribeis mutations
for PINA than PINB indicates that lower; Xalue obtained for PINA may be due to the
introduction of less conservative changes into PINA than PINB.

All of the PIN missense mutations which resulted in an increés0 in grain
hardness, were among the amino acids which are shared betwee tRENt proteins
(Figure 5).

In total from the 12 PINA substitutions at the shared amino &®tiseen two PINs, 7
were neutral, 4 were mild, and 1 was severe substitutions. Froml4h&INB
substitutions at the shared amino acids between two PINs, 5 weralng@uvere mild
and 5 were severe substitutions. PINBP41S which resulted in aicaghitlecrease of

hardness (gain of function) was one of the PINB shared amino-acids with PINA.

Table 13: Xof PINA and PINB using different stringencies to classify mtgaas
nonfunctional

Threshold

of the X X
changein  (PINA) (PINB)
function

045 26.08 49.99
010 17.39 29.99
0+20 13.04 24.99
0435 4.34 4,99
0455 0 0

The F, families are classified according to the difference amirghardness between their
homozygote mutant and homozygote wild type groupsisXthe probability that a
missense mutation in either one of PINs increases grain hardness.
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Identification of Important Amino Acid
Residues and Protein Regions Involved in
Puroindoline Grain-texture-determining Function

Figure 5 indicates the distribution of the total EMS-induced naustwithin
PINA and PINB. The position of the missense mutations used fotidnat analysis of
puroindolines has been marked on the proteins.

The Tryptophan rich domain of PINB has been predicted to be in a ¢odpd
which joins the first twoo —helices of PIN (Figure 5). PINAC132Y and PINBC85Y
resulted in the deleterious mutations due to the loss of conservéfiddidridges of
PINA and PINB, respectively. Aside from these two severe nouistil of 2 function-
abolishing mutations in PINA and 3 of 4 severe mutations in PINB napp®e be in the
Trp loop. PINAL87F is a deleterious mutation which happened to be iprddicted
helical region close to the Trp loop. Although both Leu and Phe are hydropmbio
acids, the aromaticity of the Phe is likely the causal agent of protstabilezation in this
position. None of the neutral or mild mutations occurred in Trp loopINBPThe
substitution of glycine 75 to aspartic acid in two of tharfutant lines was categorized
among the most function abolishing mutations. The fact that the substitoftithis
glycine in a turn of the polypeptide by serine is the most commotation among
natural hard wheats all over the world is an indication that th@ng is located in the
active site of PINB. In this study the substitution of glydayeaspartic acid is one of the
most common mutations over the entire sequence of PINs. The frggoknmique
glycine to aspartic changes which used for functional analyssSwar PINB and 3 for

PINA. However the only functional abolishing change happened whgecagl75 was



72
substituted by aspartic acid. Substitution of the same glycinBINA with serine
although is not categorized among the function abolishing mutationstecesal an
increase of 18 in grain hardness (Table 11). All this evidenuds|support to this
hypothesis that the non-polar nature of this glycine in the vicaiithe tryptophan rich
region plays an important role in the function of both puroindolines andhikaglycine
interacts within a different environment than other PIN’s iglgs. Due to its covalently
bound side chain, proline has a unique role in determining the local catifomnof a
protein (MacArthur and Thornton 1991). The substitution of proline 63 byeseani
tryptophan rich loop of PINA resulted in the loss of PIN function. Tineessubstitution
in other regions of both proteins, P130S and P41S had no effect and a fyaiotioh
effect on their proteins, respectively. Two substitutions of prolyédebcine in PINB
(P137L and P40L) had no effect on grain hardness. Similar tonglysibstitutions,
proline substitutions showed a regional effect pattern. Substitutiagpafritic acid 61 by
asparagine had no effect on grain hardness (PINAD61N), whereaantgesubstitution
of the same conserved amino acid (PINBD63N) resulted in an iecoda®/ in grain

hardness and was categorized among the function-abolishing mutations (Figure 5)
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Figure 5. The position of the induced mutations within the coding regiorsigndl
peptide (underlined) oPina and Pinb. Bold letters indicate the shared amino acids
between PINA and PINB. The amino acids are colored as black, nongodem,
uncharged polar; red, basic; blue, acidic; turquoise, proline; orangeineysOpen
triangles show the neutral (silent) amino acid substitution RE RVhich are located in
the hardness difference bins of -5 to 5 (Figure 4). Solid triamgtksate the function-
abolishing amino acid substitutions in either one of the PINs (hardiigésrence bins of
25 or more). Gray triangles shows the position of substitutions whhlted in
intermediate texture (bins of 10-20) and dashed triangle shoposigon of amino acid
substitution in PINA and PINB with gain of function. Gray rectasghow the predicted
position ofa-helices in PIN proteins (Bihan et al. 1996).
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Discussion

PINs are unique among plant proteins because of their tryptophan-rich
hydrophobic domain. Two different functions have been proposed for PINGtHexys
constitute the molecular basis of grain endosperm texture, whacprismary determinant
of end-use quality of wheat (Giroux and Morris 1997, 1998, Morris and Rose 1996).
Second,in vitro antimicrobial activity of wheat puroindolines against severalebtt
and fungal pathogens were demonstrated through several independent stiiiliesell
et al. (1998), Krishnamurthy et al. (2001) and Capparelli et al. (2005).

In order to improve understanding of PIN function as well as improving wheat end use
quality, we created am planta source of EMS-induced random mutations. We further
screened it to find the mutationsPma andPinb genes. Via sequencing over 1,496 kb of
DNA, our mutation rate was about 1 per 11.5 kb DNA (Table 10) which is about 13 times
higher than that reported fét thaliana (Greene et al. 2003), 22 times higher tan

sativa (Till et al. 2007), 77 times higher th&h vulgare (Caldwell et al. 2004) and two

times higher than previously observed in hexaploid wheat (Slade et al. 2005).

Crossing individuals with random single amino acid mutations in egherof
PINs into the wild type parent allowed us to perform functionalyarsaof the mutations
via R, isolines obtained from each mutation. In terms of their impact aim gexture,
most of the missense mutations were categorized into two gragpeup which had no
impact on grain texture and the function-abolishing group giving haath dexture
(Figure 4). Apart from disulfide-bridge-diminishing mutations which happgeon the

conserved cysteines, all of the other function abolishing mutatiores seatered on the
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tryptophan-rich domain of the proteins which strongly support thethgpis that this
region is the active site of PINs (Giroux et al. 2000). Additi@vadlence to support this
hypothesis is that most of th&na and Pinb natural missense alleles found in various
germ plasm surveys of hard textured hexaploid bread wheaemtered on this domain
(reviewed in Bhave and Morris 2008). Functional analysis of threthede natural
mutations inPinb via creation of near isogenic lines in Alpowa background proved that
all three mutations (G75S, L89P and W73R) confer hard texture idMand King,
2008).

We estimated the probability that a missense mutation in RINRINB affects
grain hardness and the results showed that this probability wee asihigh for PINB
compared to PINA (Table 13). To explain the significantly highevatue of PINB, we
hypothesized that PINB grain texture determining function is mar@erable to
missense changes than PINA. The supporting evidence is that BBYB&bolishes the
PIN function in conferring kernel softness, whereas PINAD61N wisiéghshared amino
acid in a conserved protein region between two proteins has no @ffeghin texture.
The fact that the same substitution of a conserved amino acideltetryptophan rich
domain of the protein is neutral in one PIN and is function-abolisimrenother PIN
indicates the structural-functional specificity of these two metéFigure 5). Transgenic
manipulation demonstrated that while both PINA and PINB levels bmaiin softness,

PINB is a greater limiting factor than PINA (Swan et al. 2006).
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It has been hypothesized that selective pressure results in the evolutioriofsprot
that are more tolerant of change than their homologues proteins meanimgithét are
expected to be less than X factors of their homologous proteins (Gue et al. 2004).
The specificity of PINA to adapt a different function than determining gratarekas
been shown by other studies. Via analysis of the complete coding sequences from the
Triticum/Aegilops taxa, rye and barley, Massa and Morris (2006) showedPihatPinb
andGSP-1 genes have distinct rates of sequence evolution. They concluded that adaptive
forces operated only &na locus resulting in strong positive selectiarr8) at this
locus consistent with its role as a plant defense gene. A value of aXtfwe ratio of
natural non-synonymous mutations per non-synonymous sites to silent mutations per
silent sites) is the indicator of positive or adaptive selection. Massa and NRIDI6)
statistically proved the presence of amino acid positions alorighesequence with a
high probability of having been fixed by natural selection. In conclusion theitges
showed the possibility th&ina has evolved adaptively in response to plant pathogens to
enhance fitness. Via transgenic lines overexpressing PINA, PINB or bath PIN
Krishnamurthy et al. (2001) showed a significantly higher percentage ofelis@atsol
in rice transgenic lines expressing PINA than the lines expressing RiliBeit study
the percentage of disease control was not significantly different betwmesrekpressing
PINA and lines expressing both PINSs.

Trp and Arg are the characteristic functional amino acids oimambbial
peptides (Chan et al. 2006). Via site-directed mutagenesis amtanicrobial peptide

(bacteriocins), Fimland et al. (2002) proved that the three Trp afartbional residues
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of these peptides. Jing et al. (2003) studied the mode of action ofraid@-acid peptide
encompassing the Trp-rich domain of PINA. Their results indicatatl & partially
helical amphipathic structure and cationnteractions between positively charged Lys
and Arg residues and Trp aromatic indole ring allow the peptipenetrate more deeply
into vesicles resembling bacterial membranes than eukaryatimbnanes. In this
interaction, basic residues interact with the bacterial negative outdletieand Trp
resides in the membrane interfatle specificity for bacterial membranes is the result of
the bacterial membrane outer leaflet being heavily populatdd wagatively charged
phospholipid headgroups whereas in plants and animals, the dominant membeane out
leaflets lipids have no net charge (Zasloff, 20B2irther functional analysis of PIN new
alleles via disease resistance tests will likely reveal the regidPBNA and PINB critical
for conferring disease resistantéa wheat standard end quality tests on th&fseeds
derived from the fFpopulations developed froRin missense mutations, the usefulness
of the new alleles will be tested in improving wheat end use gyusddard wheats with
reduced grain hardness may improve milling yield as suggestdtelbgsults of Martin
et al. (2001) or improve starch extractability (Feiz et al. 2088jt wheats with reduced
grain hardness may improve break flour yield (Hogg et al. 2005; Waaijwdi 2007b).
Soft wheats with increased grain hardness would likely have sexigaarticle size but
be more readily sifted (Campbell et al. 2007). In summary sontesé hew alleles may

improve end use properties of soft and hard wheats.
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