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Viii.
ABSTRACT

Endosperm texture directly affects end-use and milling qualities of hexaploid
wheat. Genetically, the Hardness (Ha) locus controls the majority of endosperm texture
variation and contains the puroindoline a (pina) and b (pinb) genes. Soft kernel texture
results from both puroindolines being in the wild-type form, while hard wheats have a
mutation in either puroindoline. Molecularly, grain texture is regulated by the starch
surface protein complex friabilin, consisting primarily of the two proteins, puroindoline
A (PINA) and B (PINB). Recent studies suggest that grain hardness is correlated with
the presence of both functional PINA and PINB, not total puroindoline content. In
addition, endosperm texture amongst cereal grains seems to play a major role in the speed
and location of starch degradation in ruminants. The site of starch digestion along the
gastrointestinal tract alters the nature of digestive end products (volatile fatty acids in the
rumen and glucose in the small intestine) and the efficiency of metabolic utilization by
the ruminant. The objectives here were to investigate which puroindoline limits grain
softness in soft wheats, determine the limit of grain softness reduction, and to investigate
the effect of varying puroindoline content in wheat on the rate of starch digestion in the
rumen of beef cattle. Lines containing only additional pina were on average 7.4 units
harder in grain texture and had starch that digested up to 10.6% faster than lines
containing only additional pinb. Transgenic lines containing additional pinb showed a
2.6 to 4.8 fold increase in both PINA and PINB as bound friabilin, while lines containing
additional pina showed only an increase in PINA. Increased expression of puroindolines
was correlated with a decreased rate of ruminal digestion and was independent of particle
size. The results demonstrated that PINB limits the binding of PINA to starch and is the
limiting factor in the reduction of grain softness in soft wheats, that the limit of grain
softness has not been reached, and that puroindolines slow the digestion of wheat starch
in the rumen. Overall, puroindolines are important proteins in wheat end-use quality and
can be manipulated and studied by use of transformation and over-expression.
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CHAPTER 1

PINB LIMITS GRAIN SOFTNESS IN SOFT WHEATS

Introduction

Bread wheat (Triticum aestivum L.) is one of the most widely cultivated and
consumed crops in the world. Wheat is perhaps best known for its different end-use
baking properties as determined by protein content and quality. However, wheat is
generally traded by and classified into “hard” and “soft” market classes on the basis of
grain hardness or texture of the wheat kernel (caryopsis). Soft wheats have softer
endosperm texture that fractures easily, therefore requiring less energy to mill, yields
smaller particles, and has less starch damage after milling when compared to hard wheats
(Cutler and Brinson, 1935; Symes, 1961). In general, hard wheats are used for bread
baking, while soft wheats are used for cookies and cake making (Reviewed by Morris
and Rose, 1996).

In the 1960’s and into the 1970’s, the genetic basis of endosperm texture in wheat
was described (Symes, 1965 and 1969; Baker and Dyck, 1975; Baker, 1977). It was
found that the majority of trait variation was controlled by a single locus referred to as
Hardness (Ha). The Ha locus is located on the short arm (Doekes and Belderkor, 1976)
of chromosome 5D (Mattern et al., 1973) and is simply inherited (Law et al., 1978). Soft

wheats possess the dominant or wild type form (Ha), while hard wheats have the
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recessive or mutated form (ha) (Law et al., 1978). Durum wheats (tetraploid or pasta
wheat) lack the D-genome and represent a harder class of wheats.

Molecularly, wheat grain hardness is most likely determined by the degree of
adhesion between the starch granules and the protein matrix as regulated by the protein
complex friabilin (Beecher et al., 2002). Friabilin was first defined as a 15 kDa water
washed starch granule protein associated with wheat grain texture (Greenwell and
Schofield, 1986). High levels of friabilin on starch are associated with soft texture, and
conversely, low levels of friabilin on starch are associated with hard texture (Greenwell,
1987). For this reason, friabilin was thought to be a marker of grain hardness. It was
later shown that genes encoding friabilin were closely linked to the Ha locus (Jolly et al.,
1993) and friabilin N-terminal sequencing demonstrated that the puroindoline proteins
(PINA and PINB) are the primary components of friabilin (Jolly et al., 1993; Morris et
al., 1994). PIN proteins contain a unique tryptophan-rich domain that is thought to be
involved in the binding of phospholipids on the surface of starch granules (Gautier et al.,
1994; Marion et al., 1994). Furthermore, the lipid binding properties of PINs have been
shown to considerably influence loaf volume in wheat (Dubreil et al. 1997; Igrejas et al.,
2001; Hogg et al., 2005)) and anti fungal properties in rice (Krishnamurthy et al., 2001).

Located within the Ha locus are the tightly linked genes coding for the two PIN
proteins, puroindoline a (pina) and b (pinb) (Sourdille et al., 1996; Giroux and Morris,
1997; Tranquilli et al.,1999; Turnbull et al., 2003). Soft wheat endosperm is the result of
both puroindoline genes being in the wild type form (pina-D1a and pinb-D1a) as in the
soft white spring wheat ‘Heron’ (Giroux and Morris, 1998). All hard wheats

characterized to-date, have a null or sequence mutation in pina or pinb relative to the
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wild type (Giroux and Morris, 1998; Lillemo and Morris, 2000; Morris et al., 2001;

Gazza et al., 2005). The most common mutations in North American hard wheats are the
pina null mutation (pina-D1b) and the pinb glycine-to-serine point mutation (pinb-D1b).
Although the causal role of puroindolines as they affect grain hardness has been
well documented (Giroux and Morris, 1997 and 1998; Campbell et al., 1999; Beecher et
al., 2002; Hogg et al., 2004; Hogg v et al., 2005), it is still unknown which puroindoline
plays a more critical role in the reduction of grain softness. Hogg et al. (2004)
demonstrated that when the hard wheat Hi-Line (pina-D1a, pinb-D1b) was transformed
with additional wild type pina, a harder phenotype resulted than Hi-Line transformed
with additional wild type pinb at similar expression levels. However, it is unknown if Hi-
Line’s mutated pinb-D1b has retained any functional properties that could confound
reported results. The objectives of this study were to investigate which puroindoline
limits the reduction of grain hardness in soft wheats and discover if there is a lower limit
to grain hardness in wheat. To accomplish this, the hard wheat Hi-Line transformed with
additional wild type pina, pinb or both pina and pinb was crossed to the soft wheat
Heron. The resulting progeny were segregating for the presence of the transgene (T) and
the native Ha locus (Ha). The four homozygous classes (HaHaTT, HaHatt, hahaTT,
hahatt) were identified and analyzed for grain hardness, kernel weight, and protein

content over two years and two environments.
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Materials and Methods

Genetic Material.

The hard red spring wheat Hi-Line (Lanning et al. 1992) was transformed with a
pina, pinb, or both pina and pinb expression construct (Hogg et al. 2004). The constructs
were designed to increase the expression of native wild type puroindoline. A total of six
transgenic lines, two from each construct type, were crossed to the soft white spring
wheat Heron (Giroux and Morris, 1998). Characterization of native and transgenic
parental lines is given in Table 1. Hi-Line contains the wild type pina sequence (pina-
D1a) and the variant pinb sequence (pinb-D1b) which contains a glycine-to-serine
Table 1 Parental lines used for crossing. Heron is a soft wheat containing wild type

pina-Dla and pinb-D1la. Hi-Line is a hard wheat with pina-D1a and the pinb-D1b allele.
‘HG’ lines are Hi-Line transformed with added wild type puroindolines.

. . . Kernel Protein
Parental Line  Pina® Pinb® Hardness”

Wit (mg)b (%)c Pinb allele Genotype
Heron - - 30.42 35.92 13.30 Pinb-Dla HaHatt
Hi-Line - - 71.96 35.99 15.23 Pinb-D1b hahatt
HGA1" + - 54.29 34.00 15.80 Pinb-D1b hahaTT
HGA3 + - 41.28 34.29 15.28 Pinb-D1b hahaTT
HGB5 - + 14.00 34.19 15.90 Pinb-D1b hahaTT
HGB12 - + 7.72 36.69 15.03 Pinb-D1b hahaTT
HGAB3 + + 21.18 33.38 16.05 Pinb-D1b hahaTT
HGAB18 + + 3.09 34.95 15.85 Pinb-D1b hahaTT
LSD (0.05) ° 1.071 1.821 0.313

* Contains the puroindoline expression construct as determined by Southern blotting
(Hogg et al. 2005).

® Determined by single kernel characterization system (SKCS), total of 4 replications.

¢ Determined by Infratec 1225 Grain Analyzer, total of 4 replications.

¢ Upon cross, parental lines was determined to be heterozygous at the Ha locus.

¢ Compares line means.
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substitution at the 46™ residue of pinb (Giroux et al., 2000). Heron carries the wild type
pina-Dla and pinb-Dla sequences (Giroux and Morris, 1998). The F; generation was
grown in greenhouses at the Plant Growth Center on the campus of Montana State
University. The F, generation was grown as spaced plants under rainfed conditions
during the 2003 growing season. Single plants were harvested and threshed individually.
All field experiments were grown at the Arthur H. Post Field Research Farm in Bozeman,

Montana.

Herbicide Screen.

Parental transgenic plants were co-transformed with the bar expression vector as
described previously (Beecher et al. 2002). Bar confers resistance to the herbicides
bialaphos (Meiji Seika Kaisha Ltd, Japan) and glufosinate (AgrEvo USA Company,
Wilmington, DE). Bar presence and expression in original Hi-Line T, plants was
checked using the leaf paint method (Hogg et al., 2004). In all transgenic parental lines,
the puroindoline transgene co-segregated with bar. Lines resulting from the cross of the
transgenic Hi-Line to the non transgenic Heron were screened for the presence and state
of the transgene using herbicide resistance. To execute this, approximately 6 F, derived
F3 seeds per line were planted in each 25 cm® cell of a six pack container. Plants were
sprayed with 0.1% glufosinate (AgrEvo USA Company, Wilmington, DE) solution
during the two-leaf stage of growth. Individuals were scored as resistant or susceptible 5
to 7 days after spraying. Susceptible plants were characterized by wilting and chlorosis,

while resistant plants remained green. Lines in which all sprayed plants were resistant



6.

were considered homozygous positive for the transgene and kept in the study. Lines in
which all plants were susceptible were considered homozygous negative for the transgene
and kept in the study. Lines with mixed herbicide results were considered heterozygous

for the transgene and discarded.

PCR Analysis.

PCR screening was performed to determine the allelic state of the native Ha
locus. To accomplish this, bulk DNA was isolated from 12-18 F, derived F; plants.
Tissue samples were taken in the two-leaf stage and DNA was extracted according to the
protocol described by Riede and Anderson et al. (1996). The pinb coding sequence PCR
primers of Gautier et al. (1994) were not used as described as the transgenic pinb had the
same coding sequence as the pinb-D1a allele present in Heron. Therefore, one new
primer was designed to differentiate between the native and transgenic pinb sequence.
The primers used for this screening process were: forward primer PB5 (5> ATG AAG
ACC TTA TTC CTC CTA 3’) (Gautier et al., 1994), and reverse primer CAT3.4 (5’
GGC ACG AAT AGA GGC TAT ATC A 3°). CAT3.4 was designed using sequence
data from Gautier et al. (1994). The total length of the PCR product was 469 bp.. The
restriction enzyme BsrB1 (5 CCGCTC 3’) was used to take advantage of the Ha locus
polymorphism created by the base pair change in pinb-D1b mutation (Dubcovsky et al.,
1999). Pinb-Dla is recognized and cut once by the enzyme yielding products 340 and

129 base pairs in length. Pinb-D1b is recognized and cut twice yielding products 245,
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129, and 95 base pairs in length. Heterozygous plants yield products 340, 245, 129, and

95 base pairs in length.

Triton X-114 Protein Extraction.

Total puroindoline was extracted using Triton X-114 (TX114) detergent as
described by Giroux et al. (2003). Two random lines from each crossing event (12 total)
plus one hard wheat control (Hi-Line) and one soft wheat control (Heron) were used.
TX114 extractions were performed on each line. Each extract was run and pin content
quantified a total of three times for each line. Soft-type puroindoline content was
quantified using a scale of 1X to 6X in steps of 1X. The scale was constructed using a
Heron puroindoline extract where 1X equaled a 10 uL load (240ul buffer/100 mg starch).
It was found that values above 6X could not be resolved, thus lines with expression levels

above 6X were diluted and compared to the same scale as above.

Friabilin Extraction.

Friabilin or starch bound puroindoline was isolated from the surface of starch
granules using the same genotypes as for the TX114 protein extraction. The methods
used were a modification from those described by Bettge (et al., 1995) and the ZnSO4
density gradient method of (Guraya et al., 2003). To accomplish this, 300 mg of finely
milled (Udy ground) flour was placed into 2 ml tubes. 1 mL of 0.1 M NaCl was added to
each tube, vortexed, and allowed to incubate for 15 min. A gluten dough ball was formed

and pushed to the bottom of the tube. The starch containing supernatant was removed
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and placed into a new pre-weighed 2 mL tube. 0.5 ml of 0.1 M NaCl was used to wash
the dough ball two more times, placing the starch containing supernatant in the same pre-
weighed tube. The starch suspension was centrifuged for 3 min at 13,000x g, liquid
aspirated off, and the starch pellet re-suspended in 1 mL of 75% w/v ZnSO47H,0. The
tube was spun for 3 min at 13,000x g and the supernatant was aspirated. The ZnSO,
wash was repeated once more. The starch pellet was then washed with 1 mL of water a
total of three times and 1 mL of acetone once. The starch pellet was allowed to dry
completely before the tube was weighed to determine the amount of starch present. 400
uL of 50% isopropanol/0.5 M NaCl solution was used to re-suspend the pellet before
incubating at room temperature for 30 min. The solution was spun for 3 min at 13,000 g
and the supernatant was transferred to a new tube. 520 pul of acetone was added to the
solution and incubated overnight at -20°C. The solution was spun for 3 min at 13,000 g,
the supernatant aspirated, and the pellet was washed once in acetone and then dried.

240 pl of SDS PAGE loading buffer minus any reducing agents (Laemmli et al., 1970)
was added for every 100 mg of starch recovered after the ZnSO, precipitation. Samples
were heated at 70°C for 10 min before being loaded onto a 10% - 20% Tris-HCL
polyacrylamide gel (BioRad, Hercules, CA). Total friabilin was quantified using a scale
ranging from 1X to 6X in multiples of 1X. This scale was constructed using a Heron
friabilin extract where 1X equaled a 10 pL load. Lines having greater than 6X PINA

and/or PINB levels were diluted and compared to the same scale.



F4 Seed Analysis.

F>-derived F; lines determined to be homozygous for the presence or absence of
the transgene and homozygous for the pinb-D1a (from Heron) or pinb-D1b (from Hi-
Line) allele at the Ha locus were evaluated in a replicated field trial in 2004. The 198
lines plus Hi-Line and Heron were evaluated in a randomized block design with two
replications. The same experiment was grown under rainfed and irrigated conditions at
the Arthur H. Post Field Research Laboratory near Bozeman, MT. Irrigated plots
received an additional 2.5 inches of water a week before flowering and 2.5 inches of
water a week after flowering. F4 seed from each plot was threshed as a single row. Grain
hardness and kernel weight were determined using the Perten Single Kernel
Characterization System (SKCS) 4100 (Perten Interments, Springfield, IL) by running
100 seeds from each plot. Grain protein content was determined by near-infrared
transmittance for whole grain using the Tecator Infratec 1225 Grain Analyzer (Foss
North America, Silver Spring, MD). The LECO FP-328 (Leco Corporation, Ontario,
Canada) combustion method nitrogen analyzer was used as a reference method for

protein content.

Statistical Analysis.

The six transgenic events (representing six crosses) with presence or absence of
transgene and pinb-D1a or pinb-D1b were treated as a 6 x 2 x 2 factorial structure with
varying numbers of random lines within the 24 classes. Data obtained from F»-derived F;

lines were analyzed utilizing a mixed effects analysis of variance model for randomized
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block combined over environments using PROC MIXED in SAS (SAS Institute, 1997).

The entries variation was partitioned with fixed sources due to event, transgene, and
native pin and their interactions and lines within classes and the interaction with
environments were treated as random effects. A similar model was applied to data from
spaced F, plants. Specific comparisons among means were made using ESTIMATE
statements in SAS. Data from the independent observations from the TX114 and friabilin
gels were analyzed via analysis of variance and a least significant difference was

computed.

Results

The hard wheat Hi-Line was transformed with additional wild type pina, pinb or
both pina and pinb. A total of six transgenic lines were crossed to the soft wheat Heron;
HGA1, HGA3 (added pina), HGBS, HGB12 (added pinb), HGAB3, and HGAB18
(added pina and pinb). The resulting progeny were segregating for the presence of the
transgene (TT, Tt, tt) and the native Ha locus (HaHa, Haha, haha). Four homozygous
classes (HaHaTT, HaHatt, hahaTT, hahatt) per cross were identified by means of
herbicide screening for the presence of the transgene and PCR analysis for the Ha locus.
Visualization of the total PCR product and distinctive fragments obtained after the
restriction digest used to differentiate pinb-D1b from pinb-D1a are presented in Fig 1.
198 homozygous lines plus two parental lines were grown over two years. Lines were
analyzed for grain hardness, kernel weight, and protein content (Table 2). Although 5

inches of water were added to the irrigated environment, grain hardness mean values
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from the two environments were not greatly different. The SKCS grain hardness mean of
rainfed was 38.7 and irrigated was 39.6. The kernel weight mean in rainfed was 35.9 mg
and 36.0 mg in irrigated and the protein content mean was 14.0 % in rainfed and 13.6 %
in irrigated. The interactions with environment were non significant (P<0.01) or small
relative to the main effects. As a result the data are presented as an average of the two

environments. P value contrast among means were calculated for the 2003 and 2004

growing seasons (Table 3).

Figure 1. Cleaved amplified polymorphism sequence (CAPS) was used to genetically
screen progeny at the Ha locus for pinb-D1a vs pinb-D1b. Pinb-D1b has a glycine to
serine substitution in the 46 residue, resulting in a restriction site which can be used to
differentiate the two alleles. Using a primer set that only amplifies native puroindoline b,
the enzyme cuts lines with pinb-D1a once (340bp and 129bp products) and lines with
pinb-D1b twice (245bp, 129bp, and 95bp products).

Pinb-D1a type

;a Pinb
," e l Undigested

— S<—100 bp
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Table 2. Mean grain hardness, kernel weight, and protein content values for the spring
wheat crosses segregating for the transgene (pina, pinb, or both pina and pinb) and the
native Ha locus. Lines used were determined to be homozygous at the Ha locus and for
the transgene.

20032 2004 "
Hard Kernel
Hard Kernel Hardn ness Wt Kernel  Protein  Protein

Line Lines ness® Wt (mg)® ess SE_ (mg)° WISE _ (g/kg)° SE

Pinb-D1b without transgene (hahatt)
HGAl 22 78.0 33.9 751 051 36.5 0.45 135 0.10
HGA3 4 77.9 32.6 75.5 1.17 35.6 0.95 135 0.18
HGA AVG 26 78.0 33.7 75.1 0.44 36.4 0.31 135 0.05
HGB5 11 76.4 325 73.3 0.70 37.6 0.59 139 0.12
HGB12 1 77.9 30.3 72.9 2.29 36.7 1.83 134 0.34
HGB AVG 12 76.5 32.3 73.3 050 37.6 0.38 139 0.10
HGAB3 10 79.5 31.7 755 0.75 36.6 0.63 136 0.13
HGAB18 8 77.3 32.0 742 0.83 34.5 0.70 138 0.14
HGAB AVG 18 78.5 31.9 75.0 0.45 35.7 0.32 137 0.07
Total AVG 56 77.9 32.9 74.7 0.28 36.4 0.20 136 0.04

Pinb-D1a without transgene (HaHatt)
HGA1l 20 30.9 34.2 31.8 0.52 36.9 0.46 139 0.10
HGA3 8 31.0 29.4 32.9 0.81 35.2 0.67 134 0.14
HGA AVG 28 30.9 33.0 32.2 0.27 36.5 0.35 138 0.06
HGB5 5 31.3 32.8 32.8 1.02 37.9 0.84 139 0.17
HGB12 4 311 30.8 306 1.14 36.2 0.93 141 0.18
HGB AVG 9 31.2 32.2 31.8 1.05 37.2 1.08 140 0.39
HGAB3 8 31.0 314 31.8 0.84 36.7 0.69 139 0.14
HGAB18 6 30.7 28.4 32.1 0.95 35.7 0.79 138 0.16
HGAB AVG 14 30.9 30.1 31.9 0.47 36.3 0.45 138 0.07
Total AVG 51 31.0 32.0 32.0 0.23 36.5 0.24 138 0.04

Pinb-D1b with transgene (hahaTT)

HGAl1 6 45.6 27.5 40.4 0.93 30.7 0.77 137 0.15
HGA3 8 45.8 29.3 44.0 0.85 35.2 0.71 135 0.14
HGA AVG 12 457 28.5 42.5 0.71 333 0.47 135 0.06
HGB5 6 24.3 32.0 20.5 0.95 36.9 0.78 138 0.15
HGB12 7 21.7 30.7 20.8 0.89 355 0.73 138 0.15
HGB AVG 17 22.9 31.3 20.6 0.68 36.2 0.43 138 0.12
HGAB3 2 23.8 29.0 20.0 1.62 36.2 1.30 138 0.24
HGAB18 2 17.1 25.7 14.9 1.69 375 1.35 142 0.24
HGAB AVG 4 20.4 27.3 17.5 1.22 36.8 0.65 140 0.12

Pinb-D1a with transgene (HaHaTT)
HGAl 3 22.7 311 268 1.32 34.7 1.07 139 0.2
HGA3 9 18.9 31.9 218 0.77 35.6 0.65 140 0.13
HGA AVG 12 19.8 31.7 23.0 0.73 35.3 0.82 140 0.29
HGB5 7 14.3 33.1 16.0 0.88 37 0.72 139 0.14
HGB12 10 14.7 32.9 15.3 0.73 36.6 0.62 140 0.13

HGB AVG 17 14.6 33.0 156 047 36.8 0.65 139 0.22
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HGAB3 16 191 30.8 21.2  0.59 36.5 0.51 136 0.11
HGAB18 15 6.4 32.2 7.3 0.61 36.9 0.53 141 0.11
HGAB AVG 31 13.2 315 145 0.76 36.7 0.40 139 0.13

* Single plants grown under rainfed conditions

® Single 10 foot rows replicated twice in two environments (dry land and irrigated).

¢ Grain hardness (HD) and kernel weight determined by single kernel characterization
system (SKCS).
Protein content determined by near-infrared transmittance of whole grain.

Table 3. P values for contrasts among means for grain hardness, kernel weight, and grain
protein in spring wheat crosses segregating for the transgene (pina, pinb, or both pina and
pinb), and native Ha locus.

Kernel

Line ® 2003 Hardness 2004 Hardness Weight Protein
Pinb-D1b without transgene (hahatt)
HGA1 vs HGA3 0.960 0.500 0.369 0.813
HGB5 vs HGB12 0.572 0.840 0.582 0.092
HGAB3 vs HGAB18 0.092 0.142 0.051 0.516
HGA vs HGB 0.643 0.114 0.342 0.357
HGA vs HGAB 0.642 0.672 0.438 0.071
HGB vs HGAB 0.410 0.176 0.142 0.832
Pinb-D1a without transgene (HaHatt)
HGAL vs HGA3 0.959 0.236 0.017 <0.001
HGB5 vs HGB12 0.765 0.322 0.696 0.546
HGAB3 vs HGAB18 0.834 0.810 0.199 0.544
HGA vs HGB 0.850 0.457 0.152 0.093
HGA vs HGAB 0.921 0.520 0.998 0.098
HGB vs HGAB 0.803 0.870 0.193 0.335
Pinb-D1b with transgene (hahaTT)
HGAL vs HGA3 0.874 0.005 <0.001 0.383
HGB5 vs HGB12 0.081 0.950 0.130 0.826
HGAB3 vs HGAB18 0.013 0.006 0.509 0.183
HGA vs HGB <0.001 <0.001 <0.001 0.099
HGA vs HGAB18 <0.001 <0.001 0.002 0.093
HGB vs HGAB18 0.094 <0.001 0.555 0.431
Pinb-D1a with transgene (HaHaTT)
HGAL vs HGA3 0.034 <0.001 0.497 0.638
HGB5 vs HGB12 0.956 0.322 0.692 0.546
HGAB3 vs HGAB18 <0.001 <0.001 0.558 <0.001
HGA vs HGB <0.001 <0.001 0.027 0.757
HGA vs HGAB18 <0.001 <0.001 0.094 0.521
HGB vs HGAB18 0.029 < 0.001 0.709 0.747

* Replicated twice in two environments.
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Grain Analysis.

Soft wheats typically have SKCS hardness values between 20 and 50, while hard
wheats are typically between 51 and 90. Parental lines, Heron and Hi-Line, had average
SKCS grain hardness values of 26.9 and 79.8 in 2003 and 30.3 and 80.8 in 2004. The
107 lines homozygous negative for the transgene (51 in HaHatt and 56 in hahatt) were
included as checks primarily to insure that the rigors of tissue culture and crossing did not
confound results. Transgene negative lines showed no significant differences in grain
hardness, kernel weight, or protein content among similar background pinb allele types
(Table 3). The HaHatt group had an average SKCS hardness of 31.0 in 2003 and 32.0 in
2004. The hahatt group had an average SKCS hardness of 77.9 in 2003 and 74.7 in
2004. The HaHatt group was similar to Heron (P = 0.091) and the hahatt group was
similar to Hi-Line (P = 0.061).

Pinb-D1b transgene positive lines (hahaTT) ranged in SKCS hardness values
from 44.0 to 14.9. HGAI1 lines were softer than HGA3 lines (P = 0.005) (Table 2 and 3).
HGA1 and HGA3 were similar for protein content but different in kernel weight (Table
3). The variation in kernel weight may explain the variation in grain hardness. HGB5
and HGB12 lines were similar in grain hardness, kernel weight, and protein content
(Table 3). HGAB3 lines were harder than HGABI18 lines (P < 0.001) (Table 2 and 3).
HGAB3 and HGAB18 were similar in kernel weight and protein content (Table 3).
When averaged over the two events for the same transgene, HGA lines with a mean of
42.5 were harder than HGB lines with a mean hardness of 20.6 and HGAB lines with a

mean hardness of 17.9. Lines positive for the transgene (hahaTT) were softer than the
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corresponding lines negative for the transgene (hahatt) over all six events. SKCS results
for 2003 were similar to those observed in 2004. The exception was no differences were
detected between HGA1 and HGA3.

Pinb-D1la transgene positive lines (HaHaTT) ranged in SKCS hardness values
from 26.8 to 7.3 (Table 2). HGAI lines with a mean grain hardness of 26.8 were harder
than HGA3 lines with a mean grain hardness of 21.8 (P = 0.01). HGA1 and HGA3 were
similar for protein content but different in kernel weight (Table 3). HGB5 and HGB12
were similar in grain hardness, kernel weight, and protein content (Table 3). HGAB3
lines with a mean grain hardness value of 21.2 were harder than HGAB18 lines with a
mean grain hardness of 7.6 (P < 0.001). HGAB3 and HGAB18 were similar in kernel
weight but different in protein content (Table 3). The frequency distribution of grain
hardness by each cross event is presented visually in Fig 2. When averaged over the two
events for the same transgene, HGA lines with a mean grain hardness of 23.0 were harder
than HGB lines with a grain hardness of 15.6 and HGAB lines with a mean hardness of
14.5. HGA3, HGB, and HGAB lines were softer than the parental line Heron which
shares the same pinb background and all Heron transgene negative lines (HaHatt).
HGA1 was similar in grain hardness to Heron (P = 0.11). Lines positive for the
transgene (HaHaTT) were softer than the corresponding lines negative for the transgene

(HaHatt) over all six events. The 2003 SKCS results corroborated those from 2004.



Figure 2. Frequency distribution of grain hardness by puroindoline expression. All lines
displayed are in the pinb-D1a background. HGA lines have additional pina, HGB lines
have additional pinb, and HGAB lines have additional pina and pinb. Lines containing
additional pinb show a greater reduction in grain hardness than lines with additional pina.
Results lead to the conclusion the PINB is the limiting factor involved in the reduction of

16.

grain hardness and that grain hardness can be reduced further.

Frequency

[ %]
L

OHGA1 BHGA3

L3
1

'S
1

w
1

T T T T T T T T T

<0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 >31

OHGBS EHGBI12

T T T T T T T T T T

<0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 >31

OHGAB18 mHGAB3

a1l

<0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 >31

SKCS Grain Hardness



17.

TX114 Puroindoline Expression.

TX114 protein extracts were taken from twelve transgenic lines in the pinb-D1a
background and two control lines. The proteins were visualized using SDS PAGE (Fig
3A). TX114 detergent is unique in that it forms a phase separation when warmed and
solubilizes polar lipids and proteins producing a fraction of total soft-type puroindolines
(Bordier, 1981; reviewed by Morris, 2002). PIN proteins can be resolved into two bands
around 15 kDa, with PINA slightly larger than total PINB. Non-transformed Hi-Line
was used as a hard wheat control. The pinb-D1b mutation typically yields a PINA band
of slightly less intensity than that in soft wheats and an extremely light to non-detectable
PINB band. It is unknown if the pinb-D1b mutation renders PINB non- or partially-
functional. Soft wheats typically have a functional PINA and PINB yielding visible
bands in both positions. Heron was used as a baseline for comparison. TX114
expression level comparison data are presented in Table 4. It was found that Heron
TX114 PINA was twice as intense as PINB yielding a 2:1 PINA to PINB ratio. A value
of 1X was assigned to the PINA and PINB expression level of Heron. HGA1 and HGA3
showed a 7.3 to 7.5 fold increase in PINA expression, while retaining PINB values
relatively equal to Heron. HGA1 and HGA3 were similar in TX114 PINA, PINB, and
total PIN expression (P = 0.101). Their ratio of TX114 PINA to PINB was
approximately 5:1. HGBS5 and HGB12 showed a 3.7 to 4.2 fold increase in TX114 PINB
expression, while retaining TX114 PINA values relatively equal to Heron. HGBS5 and
HGB12 were similar in TX114 PINA, PINB, and total PIN expression (P = 0.209). The

ratio of TX114 PINA to PINB was approximately 1:3. The HGAB lines showed a 6.7 to
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8 fold increase in TX114 PINA expression and a 3.2 to 5.7 fold increase in TX114 PINB
expression when compared to Heron. The ratio of TX114 PINA to PINB was 2:1 in
HGAB3 and 3:2 in HGAB18. HGAB3 had less TX114 PINA expression than the HGA
lines (P = 0.021) and less TX114 PINB expression than the HGB lines (P = 0.019).
HGABI18 had greater TX114 PINB and total PIN expression then all other lines (P =
0.002) and PINA expression similar to HGA1 and HGA3 (P = 0.069). HGA lines were
similar to Heron in TX114 PINB expression (P = 0.050). HGB lines were similar to
Heron in TX114 PINA expression (P =0.315). HGAB lines were greater then Heron in
TX114 PINA and PINB expression (P < 0.001).
Figure 3. Extraction of TX114 (A) and friabilin (B) puroindoline proteins used for
expression analysis of soft wheats with the presence of the transgene. PINA and PINB
can be resolved into two bands near 15 kDa, PINA slightly above PINB. Looking at
TX114 puroindolines, the hard wheat (Hi-Line) had a light PINA band and a faint PINB
band. The soft wheat (Heron) has a 2:1 ratio of TX114 PINA to PINB. Friabilin is
extracted from the surface of water washed starch granules and regulates degree of
adhesion between the starch granules and the protein matrix. The hard wheat (Hi-line)

had no detectable friabilin present, while the soft wheat (Heron) had a 1:1 ratio of bound
PINA to PINB.
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Friabilin Expression.

The effect of added wild-type pin upon friabilin expression, the classic marker for
kernel softness, was determined. Friabilin was extracted off the surface of water-washed
starch granules using heavy salt gradient centrifugation and a precipitation with 50%
isopropanol/0.5 M NacCl solution. Friabilin was isolated from 12 transgenic lines and 2
control lines then visualized using SDS PAGE (Fig 3B). The PIN proteins that comprise
friabilin can be resolved into two bands around 15 kDa in size, PINA slightly above
PINB. Friabilin expression level comparison data are presented in Table 4. The control
lines used were native Heron and Hi-Line. Heron, soft-type parent, was used as a
baseline for comparison. It was found that Heron friabilin PINA and PINB were equal in
expression. A value of 1X was assigned to the PINA and PINB expression level of
Heron. The hard wheat Hi-Line showed no detectable friabilin and was given a value of
non detectable (n/d) for friabilin PINA and PINB. HGA1 and HGA3 lines showed an
increase of friabilin PINA expression of 4.6 and 5.7 fold, while maintaining PINB
expression relatively equal to Heron controls. HGA3 had greater expression of friabilin
PINA when compared to HGA1 (P = 0.05). The ratio between friabilin PINA and PINB
was 5:1 in HGA1 and 6:1 in HGA3. HGBS5 and HGB12 lines showed an increase of
friabilin PINA expression of 2.6 to 3.6 fold and PINB expression of 3.6 to 4.8 fold when
compared to Heron controls. HGBS5 and HGB12 were similar to each other in friabilin
PINA expression (P = 0.065). HGB12 lines had greater friabilin PINB and total PIN
expression when compared to HGBS lines (P = 0.027). The ratio between friabilin PINA

and PINB was 3:4 in HGBS5 and 4:5 in HGB12. HGAB3 and HGABI18 lines showed an
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increased in PINA friabilin levels of 3.2 to 5.6 fold and PINB of 2.4 to 5.0 fold when

compared to Heron controls. HGABI18 had greater friabilin PINA, PINB, and total PIN
expression when compared to HGAB3 (P < 0.001). The ratio between friabilin PINA and
PINB was 4:3 in HGAB3 and 7:6 in HGAB18. HGA lines had friabilin PINB expression
similar to Heron. HGB and HGAB lines showed increased PINA and PINB friabilin
levels when compared to Heron.

Table 4. TX114 and friabilin puroindoline levels for transgenic homozygous lines in the
pinb-D1a background.

TX114°2 Friabilin °
Line PINA PINB Total © PINA PINB Total ¢
Heron 1.0 1.0 2.0 1.0 1.0 2.0
Hi-Line 1.0 0.5 1.5 n/d ¢ n/d ¢ n/d ¢
HGAl1 7.3 1.7 9.0 4.6 1.0 5.6
HGA3 7.6 1.8 9.4 5.8 1.0 6.8
HGA AVG 7.4 1.7 9.1 52 1.0 6.2
HGB5 1.3 4.0 5.3 2.6 3.6 6.2
HGB12 1.3 4.2 55 3.6 4.8 8.4
HGB AVG 1.3 3.9 5.3 3.1 4.2 7.3
HGAB3 6.7 3.2 9.8 3.2 2.4 5.6
HGAB18 8.0 5.7 13.7 5.6 5.0 10.6
HGAB AVG 7.3 4.4 11.8 4.4 3.7 8.1
LSD(0.05) ® 1.08 1.45 2.44 0.85 0.66 1.10

* Triton X-114 detergent extraction. PINA and PINB were quantified using a scale from
1X to 6X, where 1X equals 5ul (1 mg), three replications of two lines.

® PINA and PINB were quantified using a scale from 1 X to 6X, where 1X equals 10ul
(4.16 mg), three replications of one line and two replication of one line.

¢ Sum of PINA and PINB.

¢ Hi-Line friabilin level were non detectible with the method used

¢ Compares line means.
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Discussion

The objectives of this study were to determine which component of friabilin,
PINA or PINB, is limiting in the reduction of grain hardness in soft wheats and to
determine if we have reached the limits of grain hardness reduction. The hard wheat Hi-
Line was transformed with additional wild-type pina, pinb, or pina and pinb and crossed
to the soft wheat Heron which allowed estimation of effects of the added pin genes in
combination with native pinb-D1a or the partially functional pinb-D1b allele. In addition,
the effect of increased PIN expression could be observed on the lower end of the
hardness scale, providing further evidence to previously stated hypotheses.

Giroux and Morris (1998) suggested two major ideas regarding the control of
grain hardness: (1) starch friabilin is the factor controlling grain softness, and (2)
puroindolines are the causal genes for grain hardness in wheat. In support of these
conclusions, it was found that the segregation of the Ha locus, which contains the tightly
linked pina and pinb genes, in a hard-by- soft wheat cross accounted for approximately
60% of the variation seen in wheat grain hardness (Campbell et al., 1999). Two years
later, it was shown that expressing PINA and PINB in transgenic rice seeds reduced grain
hardness (Krishnamurthy et al., 2001). Rice does not contain pina, pinb, or homologs of
puroindolines, thus the ability of puroindolines to modify grain texture became evident.
To establish a direct cause-and-effect relationship between puroindolines and grain
texture in wheat, Beecher et al. (2002) performed a complementation test on the putative
pinb Ha locus mutation. It was found that the complementation of the pinb-D1b

mutation with the wild-type pinb-D1a sequence in hard wheat resulted in the grain
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hardness of a soft wheat, solidifying the importance of the two wild-type puroindoline
genes in soft wheat. Results obtained from the current study further support the above
hypothesis that puroindolines are the casual agents in grain hardness. The sole addition
of wild-type pina, pinb, and both pina and pinb resulted in increased puroindoline
expression (Table 4) and reduced grain hardness when compared to the native parents
and transgene-negative controls (Table 2). It was found that the addition of pinb resulted
in a softer phenotype than the addition of pina. Findings were confirmed in the presence
of the pinb-D1a (Heron) allele and the pinb-D1b (Hi-Line) allele indicating these
findings are not artifactual. Grain hardness data obtained in 2003 confirms data obtained
from the replicated trail of 2004, demonstrating that the effects of puroindolines are
repeatable and highly heritable. However, kernel weight and protein content were not
homogeneous through all populations, but did not follow any discernable patterns. The
transgene did not have a major effect on either of these traits and segregated
independently from genes controlling these traits. It is clear that the addition of the
transgene is the major difference between lines, however differences in kernel weight,
protein content, and other segregating but unmeasured traits could account for the
variation within lines. For this reason transgene negative lines were used as a control to
account for segregation variations. Results obtained from this study indicate that
puroindolines are responsible only for the reduction of grain hardness and are effective
when complimenting pin mutations and when found in addition to native proteins. The
effects of the additional pina, pinb, and both pina and pinb were much larger in the
presence of the pinb-D1b allele. This was anticipated as additional puroindolines would

complement the pinb-D1b mutation of Hi-Line, restoring wild-type phenotype.
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However, it is unclear just how significant this grain hardness reduction is as it is
unknown if the grain hardness scale obtained from SKCS is truly linear or perhaps more
asymptotic.

It is believed that PINA and PINB bind starch granule surface lipids in soft
wheats and not hard wheats consistent with the findings that much higher levels of PINA
and PINB are bound to soft wheat starch than hard wheat starch (Greenblatt et al., 1995).
This suggests that puroindolines found at the surface of starch granules affect grain
hardness. Furthermore, differences in the amount of either puroindoline protein should
influence grain texture if PINA and PINB act independently from one another. See et al.
(2004) incorporated SA and 5S chromosomes containing additional functional copies of
puroindoline genes into bread wheat. It was concluded that additional copies of the Ha
locus increased grain softness and that increased expression of pina and pinb increased
friabilin expression. Hogg et al. (2004) used transgenic isolines over-expressing
puroindolines to conclude that decreased levels of grain hardness are associated with both
functional PINA and PINB, and not total puroindoline content. Results obtained from
this experiment support the above findings. Non-transformed soft wheat (Heron) had
TX114 PINA to PINB expression ratio of 2:1 and friabilin in a 1:1 ratio (Fig 3A and 3B).
Pinb-D1a type HGA lines (HaHaTT), transformed only with additional pina, showed an
increase in the expression of TX114 and friabilin PINA and no effect on the expression
of PINB. The resulting friabilin PINA to PINB expression ratio was 5:1 in HGA1 and
6:1 in HGA3 (Table 4). The addition of PINA alone had the smallest effect on the
reduction of grain hardness. Pinb-D1a type HGB lines (HaHaTT), transformed only with

additional pinb, showed an increase in friabilin PINA and PINB expression. The
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resulting friabilin PINA to PINB expression ratio was 4:5 in HGBS5 and 3:4 in HGB12.

HGB lines were significantly softer then Heron, negative controls, HGAB3, and both
HGA lines with a 15.4 to 7.4 unit drop in grain hardness. HGB lines and HGA lines
yielded similar TX114 and friabilin total puroindoline expression but significantly
different PINA to PINB ratios and mean grain hardness values. Results support the
hypothesis that total puroindoline content does not dictate the degree to which grain
hardness will be reduced. Rather, the proportion of functional PINA to PINB plays a
more critical role. The over-expression of PINA and PINB separately in the pina-Dla,
pinb-D1la background suggests that PINB may limit the binding of PINA and that PINB
is the limiting factor in the reduction of grain hardness. Figure 3 and Table 4 showcases
this hypothesis in that the HGA group is harder then the HGB group despite having
higher total PIN levels. Data obtained from the HGAB lines, transformed with pina and
pinb, further demonstrate this point. HGAB3 and HGAB18 were different in grain
hardness (Table 3 and Fig 3) and, not surprisingly, in puroindoline expression (Fig 2 and
Table 4). HGAB3 had TX114 and friabilin PINA expression less than the HGA lines and
PINB expression was less than the HGB lines. The ratio of friabilin PINA to PINB was
2:1. With the low friabilin PINB expression and the hypothesis that PINB is limiting the
grain hardness reduction, the mean grain hardness of HGAB3 at 21.2 was explained.
HGABI8 displayed the greatest amount of TX114 and friabilin total puroindoline
expression with PINA expression similar to the HGA lines and PINB expression greater
then the HGB lines. Most interestingly, HGAB18 had a 7:6 ratio between friabilin type
PINA and PINB. This suggests that there was sufficient PINA available to interact with

the PINB present, leading to the softest mean grain hardness at 7.3 (Table 2 and Fig 3).
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The ratio of friabilin PINA to PINB coupled with the hardness data also lead to the

conclusion that wheat plants have not reached their grain softness limit and could
produce still softer grain. Puroindolines, if in correct ratio, could be over-expressed to a
greater degree.

In conclusion, this study has further demonstrated previous hypotheses and
brought to light several interesting observations regarding the interaction of the two
puroindolines. Reduction in grain hardness is not correlated with total puroindoline
content but with both functional PINA and PINB. More importantly, we were able to
take this concept one step further and conclude that the reduction in grain hardness is
limited by the expression or presence of PINB. Lines expressing additional TX114 and
friabilin PINB showed a reduction in grain hardness when compared to lines expressing
additional PINA. Additionally, over-expression of friabilin PINB in soft wheat increased
the amount of bound PINB and PINA expression, while over-expression of friabilin
PINA only increased the amount of PINA. We were also given no indication that grain
hardness has reached a minimum value in wheat. Lines over-expressing puroindolines in
a ratio close to 1:1 continued to decrease in grain hardness. This information is useful
due to the widespread effects puroindolines have on potentially useful characteristics

such as milling and baking traits, pathogenic properties, and nutritional qualities.
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CHAPTER 2

INCREASED PUROINDOLINE LEVELS SLOWS RUMINAL DIGESTION

OF WHEAT (TRITICUM AESTIVUM L.) STARCH IN CATTLE

Introduction

Cereal grains are typically fed to increase starch intake in the ruminant diet. The
site of starch absorption along the gastrointestinal track is thought to affect cattle
performance and feed efficiency. Slower rates of digestion increase the amount of starch
bypassing the rumen. Starch digested in the small intestine can produce up to 42% more
energy than fermentation (Owens et al., 1986), due to a more efficient use of digestive
end products (glucose versus volatile fatty acids).

Grain texture plays a major role in the speed and location of starch digestion in
ruminants (Pillippeau et al., 1997). Small grains (wheat, barley, oats) are more rapidly
fermented than corn and sorghum. Variations in starch granule structure among species
of cereal grains may account for distinct rates of digestion patterns. Protein and
structural carbohydrates within the cereal kernel may be more important in determining
the extent of ruminal starch digestion than the chemistry and physical form of the starch
(McAllister et al., 1993).

Wheat (Triticum aestivum L.) grain hardness is determined by the degree of
adhesion between the starch granules and the protein matrix, regulated by the protein

complex friabilin. Friabilin, isolated from the surface of starch granules, contains the two
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major proteins puroindolines A and B (PINA and PINB). PIN proteins contain a unique
tryptophan-rich domain thought to be involved in the binding of phospholipids on starch
granules (Gautier et al. 1994). The genes coding for PIN’s together comprise the
Hardness locus. Soft wheats result from both pin genes being in the wild type form,
while hard wheats have an absence or alteration in either pin gene (reviewed in Morris et
al. 2001). Hard wheat transformed with added wild type pina, pinb, or pina and b
resulted in isolines with a wide range of grain textures (Hogg, et al. 2004). The objective
of this study was to investigate the effect of varying PIN content and particle size in

wheat on the rate of digestion in the rumen.

Materials and Methods

Genetic Material

The hard red spring wheat cultivar ‘Hi-Line’ (Lanning et al., 1992) was used for
transformation. Native Hi-Line contains the ‘soft type’ pina sequence (pinA-D1a) and
the variant pinb sequence (pinB-D1b), which contains a glycine to serine substitution at
the 46" residue of pinb (Giroux et al. 2000). Hi-Line was transformed with vectors
containing wild type pina, pinb or both pina and pinb. Pin genes were under the control
of the wheat glutenin promoter (Hogg et al. 2004). Isolines with a wide range of grain
textures resulted and subset of the lines presented in Hogg et al. (2004) were chosen for
this study. Two lines with added pina (HGA1, HGA3) formed the ‘HGA’ group, two

lines with added pinb (HGB6, HGB12) formed the ‘HGB’ group, two lines with added
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pina and pinb (HGAB12, HGAB18) formed the ‘HGAB’ group, and two hard wheats

(native Hi-line, Hi-Line transformed with only bar (line 161 of Hogg et al. 2004)) formed
the hard wheat controls (HWC). Seeds used in the study were obtained from a single
four-row plot grown during the 2003 season at the Montana State University-Bozeman
Arthur H. Post Field Research Farm under dry-land conditions.

Table 5. PIN expression, kernel characteristics, and chemical composition (DM basis) of
wheat lines.

Kernel Kernel

D PINA®  PINB®  H2%  Diameter Wt A(S F Prowein  Stach
(mm°®  (mge 0009
161 100 100 7597 219 2655 416 1834  61.00
Hi-Line 100 100 7886 205 2510 479 1814  60.62
HCw 100 100 7741 212 2582 448 1824  60.80
Al 700 100 5536 225  27.93 427 1711 5852
A3 800 100 4148 200 248 478 1852  60.31
A AVG 750 100 4842 212 2639 452 17.82  59.42
B6 100 375 2688 190 2399 484 1850  60.24
B12 100 400 1910 208 2488 473 1800  61.96
B AVG 100 388 2299 199 2444 478 1825  61.10
AB12 575 375 2143 198 2552 494 1966  59.27
HGAB18 725 500 1593 194 2471 461 1985  61.05
AB AVG 650 438 1868 196 2512 478 1975  60.16
LSD(.05)° 041 041 327 010 269 013 002 036
LSD(0.05° 029 029 231 007 191 009 00l 026

* Lines grown 2003 under dry-land conditions in Bozeman, MT.

® Hogg et al. 2004.

¢ Single Kernel Characterization System. Hard wheats have values greater than 50 and
soft wheats less than 50 units.

4 Compares individual line means.

¢ Compares group means.

Isoline Characterization

Isolines used were analyzed for common feed and grain characteristics (Table 5)

to demonstrate that lines were nearly identical except for the presence of the Pin
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transgene(s) dictating PIN content and grain hardness. Three independent 100-seed
replicate samples per line were analyzed for kernel hardness, kernel weight, and kernel
size using the Single Kernel Characterization System (SKCS) 4100 (Perten Instruments
North America Inc., Reno, NV). Dry matter (DM) content of each line by treatment was
determined using AOAC method 930.15 (2000) for oven drying and replicated twice.
Acid detergent fiber (ADF) for each line was determined using the protocol described by
Van Soest et al. (1991) and replicated twice. Crude protein (CP) for each line was found
by an AACC method 46-30 (2000) using a LECO FP-328 nitrogen analyzer (LECO
Corporation, St Joseph, Michigan) and replicated four times. Starch content for each line
was determined using a modified protocol of the Megazyme total starch assay kit

(Megazyme International Brey, Ireland).

Line x Milling Treatment Experiment

Each isoline was milled using four treatments. Treatments were selected to give a
wide range of mean particle sizes across all lines to simulate as-fed grain and grain after
mastication and rumination. Treatments used were: cracked (Biihler mill (Biihler AG,
Uzwil, Switzerland) on setting 11.5) coarse, medium, and fine (Perten Lab Mill 3303
(Perten Interments, Springfield, IL) settings #6, #3, and #0 with standard grinding
wheels, respectively). Mean particle size analysis was conducted according to the
method described by Baker and Herrman (2002). Forty grams of each line were milled
per treatment. After milling, samples were placed on a series of five International

Standards Organization (ISO) sieves. Sieves used were: 2360, 1700, 850, 425, and 90
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um in screen opening diameter. The sieve stack was shaken for five minutes using a
RoTap shaker (Tyler Co., Mentor, OH). Due to the pore size of the bags used for in situ
analysis, particles less than 90 um were removed from all samples. Mean particle size
(dgw) of each line by treatment was calculated on a weight basis of the geometric mean of
the diameter openings in two adjacent sieves in a stack using the equation: (dgy) = log ™'
> (Wilog di) /> W] (Pfost and Headley, 1976) were W; = weight of material in the i"
sieve and d; = diameter of the i"" sieve. The mean particle size of each line by treatment
is given in Table 6.

Table 6. Mean particle sizes of line by milling treatments used in the line x milling

treatment experiment and the time course experiment, given in microns. Particles under
90 microns were discarded.

Milling Treatments °

ID? Fine Medium Coarse Cracked
161 161 426 829 1717
Hi-Line 169 442 839 1729
HWC 165 434 834 1721
HGAl1 144 366 772 1688
HGA3 141 358 756 1674
HGA AVG 143 362 764 1681
HGB6 127 318 613 1586
HGB12 120 315 610 1581
HGB AVG 124 312 607 1583
HGAB12 113 304 596 1567
HGAB18 101 276 574 1535
HGAB AVG 107 290 584 1551
LSD(0.05) © 64 64 64 64
LSD(0.05) ¢ 45 45 45 45

* Lines grown 2003 under dry-land conditions in Bozeman, MT.

® Fine = Perten Lab Mill 3303 on settings #0, Medium = Perten Lab Mill 3303 on
settings #3, Coarse = Perten Lab Mill 3303 on settings #6, and Cracked = Biihler mill
on setting 11.5.

¢ Compares line means within a milling treatment.

d Compares group means within a milling treatment.
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DM digestibility (DMD) was found using the Vanzant et al. (1998) method.

Duplicate 5-g samples of each line by treatment combination were placed into pre-
weighed and numbered 10 cm by 20 cm, 50 um pore size polyester bags (Ankom
Technology, Fairfield, NY). Thirty experimental bags plus one standard and one ‘blank’
were placed in the rumen of each of two ruminally cannulated cows fed a grain based diet
at the same time. Samples were incubated in the rumen. After incubation, bags were
hand washed under cold water to stop microbial digestion. Bags were dried for 48 hours
at 60 °C in a forced air oven. The equation DMD, g/kg = (Sample wt. in * (mean DM
value/100)) - (Dried sample wt. out - Dried blank) * 1000/(Sample wt. in * (mean DM
value/100)) was used (Bowmen et al., 2001). Digestible starch (DS) was found using
samples incubated in the rumen. For each line by treatment combination, starting starch
content was found after milling with all particles less than 90 pm removed. Final starch
content was found after the completion of the incubation period. The equation DS =

((initial starch — ending starch)/initial starch)*100 was used.

Similar Particle Size Experiment

The hardest (Hi-line) and the softest (HGABI18) lines were milled such that the
mean particle size of treatments across lines was nearly identical. This was
accomplished by collecting fractions of the milled line from each ISO sieve in the stack.
Sieves used were: 3350, 2360, 1700, 850, 425, and 90 um in screen opening diameter.

Particle size ranges were: 2360-3349 pm, 1700-2359 um, 850-1699 um, 425-849um, and
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90-424 um. DMD and DS for each line by particle size range combinations were found

as described in the line x milling treatment experiment.

Time Course Experiment

Two hundred g of Hi-Line and HGAB18 were cracked (Biihler mill on setting
11.5). Hi-Line had a mean particle size of 1729 um and HGAB18 had a mean particle
size of 1535 um. Duplicate samples for each line were removed from the rumen of each
of two cannulated cows after 0.5, 1, 1.5, 2, 3, 4, 6, 9, and 12 hours. DMD and DS were

determined as described for the line x milling treatment experiment.

Starch Granule Visualization Using SEM

UDY (Seedburo Equipment Co., Chicago, IL) ground (0.5 mm screen) wheat
meal (100 mg) was placed on top of 1 ml of chloroform in a 2.0-ml tube at 22° C.
Samples were allowed to sit for 1 hour with occasional stirring of the meal with a small
spatula. After 1 hour, the supernatant and suspended wheat meal was aspirated off. The
remaining starch granules were washed in acetone and allowed to dry completely. A thin
layer of dried starch was attached to aluminum electron microscope pucks with double-
sided tape. The puck was coated with gold. Images were generated with a JEOL Model

6100 SEM (JEOL USA Inc., Peabody, MA) at 1000x magnification (20 kV).
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Statistical Analysis

Data characterizing the initial grain samples for each genotype were analyzed
using one-way analysis of variance. Data obtained for the line x milling treatment
experiment, similar particle size experiment, and the time course experiment were
analyzed using a two-factor factorial treatment structure with cows as blocks using PROC
GLM in SAS (SAS Institute, 2000). Comparisons among line means or among group

means were accomplished with t statistics using ESTIMATE statements in SAS.

Results and Discussion

SEM Analysis of Starch Granules

Barlow et al. (1973) first reported that starch granules from soft and hard wheat
varieties differ in the amount of material adhering to their surface after milling. Beecher
et al. (2002) found that the amount of adhered material to starch was reduced by
complementing the pinb-D1b mutant with wild type pinb. However, the appearance of
super-soft wheat starch granules containing over-expressed wild type pina and pinb had
never been examined. Figure 4A and 4B is a comparison of the hard wheat Hi-Line and
the super-soft transgenic HGAB18. Both samples display some amounts of the type A
(large, oblong) and B (smaller, round) starch granules. However, the amount of material
adhering to the surface of type A granules is dramatically different between the samples.
Hi-Line granules (Figure 4A) are clumped together along with protein bodies, oblong,

and rough in texture with cracks on the surface of the large granules. HGABI18 granules
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(Figure 4B) are single and discrete, smooth on the surface, and have virtually no adhering

B granules or protein bodies associated with the type A granules.

Figure 4. Scanning Electron Microscope (SEM) analysis of purified starch granules
taken at 1000X magnification. A) Native Hi-Line, hard wheat. Granules are oblong and
rough in texture with cracks on the surface of the large granules. B) HGABI18, super-soft
wheat. Granules are single, discrete, and smooth on the surface. C) Hi-Line after
incubating in the rumen for four hours. Granules are clumped together and show wide
spread signs of pitting from microbial digestion. D) HGABI18 after incubation in the
rumen for four hours. Granules show less severe and less abundant pitting than Hi-line.

Using SEM analysis, the protein matrix of corn was observed to limit access of

ruminal bacteria to starch granules (McAllister, 1991). Comparing corn and barley
ruminal starch digestion, McAllister et al. (1993) concluded that structural components
associated with or within the endosperm are responsible for the differences seen. To

determine if physical differences in starch granules during digestion could be seen
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between hard and soft wheats, Hi-Line and HGAB18 were incubated for 4 hours in the
rumen and then prepared for SEM analysis. Hi-Line granules (Figure 4C) after
incubation are large and clumped together with the protein matrix, have deep type A
pitting, and show signs of digestion in all type A granules. HGABI18 starch granules
(Figure 4D) after incubation are individual, had shallow type A pitting, and show signs of
digestion in only % of type A granules. HGABI18 starch granules appear more resistant
to microbial digestion than Hi-Line starch granules. Rumen microbes need breaks or
cracks in the surface of ingesta to attach, therefore differences may be a result of damage
to the surface of starch granules. Soft wheats fracture easily resulting in less starch
damage after milling than hard wheats (Symes, 1965). The findings here support current
thinking that the starch granule surface is likely the site of functional differences between
soft and hard wheats. The lack of interaction of the protein matrix with starch granules in
HGABI18 indicates that puroindolines directly control grain softness by reducing the

interaction between starch granules and their surrounding protein matrix.

Line x Milling Treatment Experiment

Four groups with two lines per group and with varying expression of the PIN
proteins were milled using four milling treatments and incubated in the rumen for three
hours. Milling treatments did interact with groups for DMD (P<0.001) and DS
(P<0.001), but milling treatments did not show interactions with lines within group for
either DMD (P=0.84) or DS (P=0.42). Ruminal DMD and DS milling treatment by group

combination means are presented in Figure 5. HWC and A groups had the highest DMD
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values across all milling treatments and were not different from each other except for the
coarse milling treatment (P=0.03). The HGB and HGAB groups were lower in DMD
than HWC and HGA groups across all milling treatments. The HGAB group tended to be
lower in DMD than the HGB group, but that difference reached statistical significance
(P<0.001) only in the coarse milling treatment. Results for DS generally mirrored those
for DMD with DS declining as particle size increased. The HWC group had highest DS
followed by the HGA, HGB, and HGAB groups. All groups were different from each
other (P<0.001) except the HWC and HGA groups at the fine milling treatment (P=0.09)
and A and B groups (P=0.07) and AB and B groups (P=0.22) for the cracked milling
treatment.

The AB group showed increased expression of both PINA and PINB, the B group
had increased expression of PINB, and the A group had increased expression of PINA.
As a result, the HGAB group has a super-soft texture, the HGB group has a soft texture,
the HGA group has an intermediate texture, and the HWC has a hard texture (Table 7).
The HGA group has a 6.5x increase in PINA and a 29 unit decrease in hardness when
compared to the HWC. The increase of PINA decreases DMD an average of 4.1% and
DS an average of 12.5% across all treatment levels. The HGB group has a 2.9x increase
in PINB and a 54.4 unit decrease in hardness when compared to HWC. The increased
expression of PINB decreased DMD an average of 20.5% and DS an average of 46.6%
across all treatment levels. The HGAB group has a 5.5x increase in PINA, a 3.4x
increase in PINB, and a 58.7 decrease in grain hardness when compared to the HWC
group. The increased expression of PINs decreased DMD an average of 26.6 % and

decreased DS an average of 63.7% across all treatment levels.
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Figure 5. Line x milling treatment experiment, four wheat groups by four milling
treatments incubated ruminally for three hours. A) DM digestibility (DMD, %) and B)

digestible starch (DS, %) with error bars indicating the least significant difference value

0.05.
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The line x milling treatment experiment indicates that PIN content affects the rate
of wheat digestion in the rumen. Increased expression of PINB and both PINA and PINB
lead to a significant reduction in DMD and DS across all milling treatments. The largest
reduction was achieved by the addition of PINA and PINB. A potential complicating
factor in this study is the effect of grain texture upon particle size. Soft wheats, having a
softer endosperm, fracture easily requiring less energy to mill then hard wheats (Symes,
1965 and Symes, 1969). As a result, soft wheats yield smaller particles on the same mill
setting, suggesting that the effect of PINs upon digestibility may reflect both particle size

variation and PIN expression variation.

Similar Particle Size Experiment

To separate the effect of particle size and PIN content on DMD and DS, Hi-
Line(hardest) and HGABI18 (softest) seeds were milled such that the mean particle size
per treatment was nearly identical and incubated in the rumen for three hours. DMD and
DS results are presented in Figure 6. The line by particle size treatment interaction was
detected (P<0.001) indicating lines did not react the same across particle size treatments
HGABI18 had lower DMD than Hi-Line(P < 0.001) among particles ranging in size from
0.09um to 2.35 um. No differences (P = 0.94) in DMD were seen in particles above 2.36
pum in size. HGAB18 also had lower DS than Hi-Line(P < 0.001) at particles ranging in
size from 0.09um to 2.35 pm. No differences (P = 0.85) in DS were seen in particles
above 2.36 um in size. Particles above 2.36um are generally whole kernels in wheat.

Seeing no differences between whole kernels of Hi-Line and HGAB18 indicates that PIN
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Figure 6. Similar particle size experiment, Hi-Line and HGAB18 at similar mean particle
sizes incubated ruminally for 3 hours. A) DM Digestibility (DMD, %) and B) digestible
starch (DS, %). Error bars indicate the least significant difference value at P = 0.05.
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proteins do no affect the seed coat or aleurone layers of the kernel and differences in
DMD and DS in small particles is a function of PINs interaction with starch. The
increased PINA and PINB expression in HGAB18 decreased DMD an average of 20.5%
and DS an average of 39.1% across particle sizes smaller then whole kernel. This
experiment indicates that increased PIN expression decreases DMD and DS and is largely

independent of particle size.

Time Course Experiment

To investigate the effects of time in the rumen on PIN proteins, Hi-Line and
HGABI18 were cracked and observed at various time points over a 12-hour period in the
rumen. DMD and DS results are presented in Figure 7. DMD increased over time for
both lines. HGAB18 was consistently lower in DMD than Hi-Line across time points.
However, the difference between lines became less with time after 4 hours leading to a
line x particle size treatment interaction (P<0.001). Similarly, DS increased over time
with HGAB18 again being lower than Hi-Line. In contrast to DMD the difference
between genotypes was accentuated with time which explains the genotype by particle
size treatment interaction (P<0.001). Increased expression of PINA and PINB in
HGAB18 decreased DMD an average of 10.4% and DS an average of 26.4% across all
time points.

The rate of passage out of the rumen of feedstuff is affected by specific gravity
and particle size. Grains, although rapidly fermented, are small and dense thus have fast

rates of passage when compared to roughages. Consequently, grains are not likely to be
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Figure 7. Time course experiment, Hi-Line and HGAB18 were cracked and observed at
various time points over a 12 hour period to determine the effects of time in the rumen on
puroindolines. A) DM Digestibility (DMD, %) and B) digestible starch (DS, %) with
error bars indicating the least significant difference value at P = 0.05.
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held in the fiber mat of the rumen and quickly drop to the lower liquid phase. The time
course experiment demonstrates that a difference in DS can still be seen after 12 hours in
the rumen, indicating that an increase of starch to the small intestine is possible with
increased PIN expression. Differences in DS after extended incubation suggest that
starch granules of HGABI18 possess a type of protection that Hi-Line does not. Being
isogenic lines, expression of PIN proteins is the only difference between Hi-Line and
HGABI8. The time course experiment lead to the conclusion that PIN proteins aid in the

protection of starch molecules from fermentation type digestion.

Conclusions

Comparisons between cereal species have shown that wheat starch is fermented
rapidly in the rumen when compared to barley, maize, and sorghum (Herrera-Saldana et
al. 1990 and Owens et al. 1997). Research has also shown that variations in starch
digestion exist between individuals of the same species (Philippeau et al. 1999 and
Bowman et al. 2001). However, previous research has relied on the use of grains within
the same market class or named varieties for comparison. Genetic factors controlling
starch digestion can not be determined by such comparisons due to diverse genetic
backgrounds. Little work has been done with near-isogenic or transformed isolines. The
use of such genetic material allows the nutritional implication of specific traits to be
evaluated against a consistent genetic background. Two known studies in wheat have
been done with near-isogenic lines. Short et al. (2000) studied the effects of grain

hardness on amino acid digestion in poultry. Results indicated that hard wheat
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endosperm was associated with a decrease in amino acid digestibility. Chickens, being a
monogastric animal, can not be easily compared to ruminants and are generally
considered to be particularly sensitive to changes in quality of the diet. Garnsworthy and
Wiseman (2000) used near iso-genic lines to evaluate the ruminal digestibility of wheat
starch, no differences were seen between hard and soft wheats. However, actual grain
hardness and PIN content was not given. Typical soft wheats have a 1x increase in PIN
over typical hard wheats. It would be expected based on results shown here that
differences due to PIN content would be too small to be detected.

Overall, the present experiment demonstrated that PIN proteins decreased DMD
and DS of wheat in the rumen. Decreasing wheat grain hardness by increasing
puroindoline expression slows DMD and DS in the rumen and is largely independent of
particle size. Data indicated that PIN proteins aid in the protection of starch molecules
from fermentation type digestion found in the rumen. In barley, low DMD values have
been shown to be correlated with increased feed efficiency, increased average daily gain,
and increased net energy content (Surber et al., 2000). Slower or lower ruminally
digestible starch shifts more starch digestion from the rumen to the small intestine.
Starch digestion in the small intestine has been established to provide up to 42% more
energy than starch fermented in the rumen (Owens et al., 1986) due to reduction in
energy loss via methane production and more efficient use of glucose as an energy source
compared with volatile fatty acids. In addition, lower DMD reduces excessive
fermentation acid production and reduces the incidence of bloat, acidosis, and laminitis

(Hunt et al.., 1996).
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Implications

Although wheat is not a predominant cattle feed in the United States, it does serve
as an ideal model system to study the effect of grain hardness and puroindoline content
on digestion in the rumen. In wheat, the puroindoline genes are associated with the
majority of trait variation in grain-hardness (Giroux and Morris, 1998). The isolines used
differ only in puroindoline content and help to illustrate that the presence of additional
puroindoline proteins slows the digestion of starch. Using current transformation
methods, it should be possible to reduce starch damage in other cereals such as barley via
puroindoline over expression in seeds. Barley in particular is an attractive cereal in
which to conduct further research. No true soft barleys seem to exist nor are there any
barleys that have soft wheat levels of friabilin bound to starch (Beecher et al. 2002).
Perhaps the addition of puroindoline proteins to highly fermentable feeds such as oats
and barley would decrease the rate of digestion and increase feed efficiency and beef

performance particularly in northern regions of the United States unable to produce corn.
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