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Abstract

Wheat (Triticum aestivum L.) breeding involves improvement of a wide range of traits. However, selection for these traits
is only acceptable if the end use quality of the wheat is not compromised. In hard red spring wheat, the predominant end
use of flour is bread. In this study, milling and baking quality characteristics were compared in the hard red spring wheat
‘Apogee’ and a near-isogenic line of Apogee (‘A30’) that contains a spontaneous segmental deletion of the long arm of
chromosome arm 3DL that is associated with enhanced resistance to Fusarium head blight caused by the fungal pathogen
Fusarium graminearum (Schwabe). Apogee and A30 were grown together in replicated greenhouse experiments, and the
resultant grain was used to compare a diverse spectrum of grain characteristics and milling and baking properties of the grain
in the two wheat genotypes. The major difference detected was a significant increase in protein content in A30, which had
nearly 21% more flour protein than Apogee. This difference did not affect any of the flour properties or baking characteristics
evaluated, suggesting that the increased protein concentrations in A30 are not associated with the principal seed storage
properties associated with baking quality. These results indicate that despite the size of the deletion in A30, no key genes
associated with end use quality are located on that chromosome segment. The deletion may therefore find use in efforts to
enhance Fusarium head blight in hard red spring wheat.
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Introduction

Crop improvement involves improvement of a multitude
of diverse traits within a crop species. In common wheat
(Triticum aestivum L.) this includes resistance or toler-
ance to biotic stresses including bacterial, viral, and fungal
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pathogens and insect pests, and resistance/tolerance to
abiotic stresses such as drought, salinity, and soil mineral
toxicity and deficiency. As well, plant developmental and
architectural traits such as vernalization response, stature,
and resistance to lodging may be targets of selection (Gusta
and Chen 1987; Worland and Snape 2000).

Yield serves as a proxy for how successfully a breeding
program combines genes for these diverse traits over time. In
the U.S., wheat yields have increased approximately 0.82%
per year in recent decades (Graybosch et al. 2014). However,
while yield is the most important trait, the end use quality of
the product is also crucial. Thus, while it is critical to breed
for improved biotic and abiotic stress tolerance as well as
other traits to increase yield, this process must not cause an
inadvertent erosion in end use quality properties required
in wheat.

Wheat is the most widely grown crop on Earth and
serves as a critical protein and energy source in human
diets. (Shewry and Hey 2015). The geographic diversity
of wheat production is mirrored in the cultural diversity
of wheat products in human diets. The main component of
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wheat used in foods is flour, the milled grain endosperm.
Wheat flour is used in a broad and diverse range of prod-
ucts including breads, noodles, tortillas, crackers, cookies,
cakes, and, in the case of durum wheat (7. durum L.), pasta
(Khan 2019). The end use properties required to make these
diverse wheat products vary dramatically. Thus, different
wheat breeding programs typically focus on improvement
of a particular market class of wheat tailored to a particular
end use. To retain end use quality, the germplasm pool from
which breeders make crosses is typically restricted to those
between genotypes of the same market class, where key end
use quality parameters are generally fixed genetically, to
avoid compromising end use quality.

Hard red spring wheat is a premium wheat grown in the
Upper Midwest of the U.S. and represents a disproportion-
ally high proportion of the U.S. wheat export market (USDA
NASS 2019). Hard red spring wheat production is imper-
iled by the emergence of the fungal pathogen Fusarium
graminearum, which causes Fusarium head blight (FHB).
This disease not only causes yield losses, but also com-
promises quality and deposits the toxin deoxynivalenol on
the grain (Snijders 1990). The disease is estimated to have
caused several billions of dollars of economic losses to U.S.
wheat production, with the hard red spring wheat region
suffering the greatest losses (Nganje et al. 2004). Extensive
breeding efforts over the last 25 years have improved FHB
resistance but the disease is still damaging and greater lev-
els of resistance are needed. Recently, a unique source of
FHB resistance in hard red spring wheat was discovered.
The resistance was found to be associated with the loss of a
segment of the long arm of chromosome arm 3DL (Garvin
et al. 2015), suggesting the possible loss of a disease sus-
ceptibility gene. This deletion may serve as a new tool to
breeders for FHB improvement. However, its size suggests
that large numbers of genes are lost due to the deletion. The
objective of this study was to determine whether this dele-
tion negatively impacts any key components of end use qual-
ity by examining its effect on a range of important kernel,
milling, and baking characteristics that collectively impact
end use quality.

Materials and methods
Plant genotypes

The wheat cultivar “Apogee” and a BC,-derived near-isoline
of Apogee named “A30”, were grown for this study. Apo-
gee is a full dwarf, rapid-maturing hard red spring wheat
developed for growth under controlled conditions on long
duration space missions (Bugbee et al. 1997). It was found to
be highly susceptible to Fusarium head blight (FHB) caused
by the fungal pathogen Fusarium graminearum (Mackintosh
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et al. 2006) and due to its developmental properties has been
proposed as a model for investigations of this disease. A30
derives from an attempt to introduce a reported FHB resist-
ance quantitative trait locus (QTL) on chromosome 2D from
the soft red winter wheat cultivar ‘Freedom’ (Gupta 2002)
into Apogee by marker-assisted backcrossing. A30 was
found to possess significantly higher levels of FHB resist-
ance than Apogee, but it was determined that the resistance
derives not from the QTL but instead from a spontaneous
deletion of a terminal segment of chromosome arm 3DL
(Garvin et al. 2015).

Plant growth

Seeds of Apogee and A30 were planted, five seeds to a pot
(Magnum Square, Belden Plastics, Minnesota) containing
soilless mix (Sungro VP, Sun Gro Horticulture, Massachu-
setts), in a greenhouse located on the St. Paul campus of the
University of Minnesota. At the time of planting, each pot
received one tablespoon of fertilizer (Osmocote 14—14-14
NPK) and one teaspoon of systemic insecticide (Marathon,
OHP, South Carolina). The greenhouse was set to run at
approximately 68F during the day, and 64F at night. The
daylength was set to 16 h, which was accomplished with
supplemental lighting to extend daylength in the morn-
ing and evening. Three biological replicates were grown
between Spring 2018 and Fall 2019. In the first replicate, a
total of 16 pots of each genotype were planted, while the sec-
ond and third replicates had 20 pots per genotype. Pots were
grown on a greenhouse bench with alternating rows of four,
or in the case of the second and third reps, five pots of each
genotype. At maturity spikes were harvested and threshed
to obtain grain. Prior to evaluations, samples were cleaned
to remove foreign material and broken kernels.

Grain physical characteristics

Physical characteristics of the grain including test weight
(Ib/bu), kernel size distribution (% large and small), 1000
kernel weight (g), protein (12% moisture basis), and ash
(14% moisture basis). Test weight was determined according
to AACCI (2010) Method 55-10.01. Kernel size distribution
was determined using a Grain Sizer (Standard Industries,
Inc., Fargo, ND) equipped with Tyler #7, #9, and #12 sieves.
One thousand kernel weight was determined based on 10 g
wheat samples counted by a Seedburo 801 Count-A-Pak seed
counter (Seedburo Equipment Company, Des Plaines, IL).
Single kernel hardness (HI, < 10 =extra soft; > 90 =extra
hard), weight (mg), and diameter (mm) were determined
according to AACCI (2010) Method 55-31.01 using a Sin-
gle Kernel Characterization System 4100 (Perten Instru-
ments, Springfield, IL). For whole grain protein, moisture,
and ash content determination, wheat kernels (50 g) were
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first ground using a UDY Cyclone Sample Mill equipped
with a 0.5 mm screen (UDY Corporation, Fort Collins,
CO). Protein contents were determined by the combustion
method (AACCI 2010 Method 46-30.01) using a Thermo
Flash 2000 N/protein analyzer (Thermo Fisher Scientific,
Waltham, MA). Ash and moisture contents were determined
according to AACCI (2010) Methods 08-01.01 and AACCI
(2010) 44-15.02, respectively.

Milling and flour characteristics

Grain samples (200 g) were conditioned to 16.5% mois-
ture content and milled using Quadrumat Senior break
and reduction grinding heads (C.W. Brabender Inc., South
Hackensack, NJ). Bran, shorts, and flour fractions were col-
lected and weighed separately. Flour extraction (%) was
based on weight of total product. Flour ash and moisture
contents were determined according to AACCI (2010) Meth-
ods 08-01.01 and AACCI (2010) 44-15.02, respectively.
Flour protein contents were determined by the combustion
method (AACCI 2010 Method 46-30.01) using a Thermo
Flash 2000 N/protein analyzer (Thermo Fisher Scientific,
Waltham, MA). Flour color was determined using a Minolta
CR410 Colorimeter, and data were collected and processed
using the SpectraMagic™ NX software (ver. 2.81, Konica
Minolta Sensing Americas, Inc., Ramsey, NJ). Color values
were expressed as Commission Internationale de I’Eclairage
(CIE) L*, a, and b* (CIELAB 1986). The L*, a*, and b*
values represent lightness (0=black, 100 = white), red-
ness (—a* = greenness), and yellowness ( — b* =blueness),
respectively.

Dough properties and baking characteristics

Dough properties were evaluated using a 10 g Mixograph
(National Manufacturing Division, TMCO, Lincoln, NE)
according to AACI Method (2010) 54-40.02. Optimum
water absorption (%, 14% m.b.) was estimated by the fol-
lowing equation:

Optimum water absorption = 1.5X +43.6

where is X is flour protein content (%, 14% m.b.). Mixograph
parameters were collected and processed by the MixSmart
software (Ver. 2.0.609, National Manufacturing Division,
TMCO, Lincoln, NE). Parameters included midline peak
time, height, width, left of peak slope (ascending slope),
right of peak slope (descending slope), peak integral, and
width at MPT + 2 min.

Bread-baking evaluations were completed by a straight-
dough, 3-h fermentation method (AACCI 2010 Method
10-10.03) as described by Caffe-Treml et al. (2010) with
the modification that ascorbic acid was included in the
bread formulation. Loaves were prepared using 25 g of
flour, sugar (5%, Domino Foods, Inc., Yonkers, NY), all-
vegetable shortening (3%, Crisco, The J.M. Smucker Co.,
Orrville, OH), non-iodized salt, (1%, Morton Salt, Inc., Chi-
cago, IL), Carnation instant non-fat dry milk (1%, Nestle
U.S.A, Solon, OH), instant dry yeast (1%, Instaferm® RED,
Lallemand, Montreal, Canada), fungal amylase Doh-Tone
(0.003%, Caravan Ingredients, Lenexa, KS), and ascorbic
acid (40 ppm, J.T. Baker, Center Valley, PA). Loaf volume
(cm®) was measured by the rapeseed displacement method
(AACCI 2010 10-05.01) using a pup volumeter (National
Manufacturing Division, TMCO, Lincoln, NE).

Statistical analysis

Trait means for kernel characteristics, milling and flour char-
acteristics, mixograph components, and baking characteris-
tics were analyzed for statistically significant differences by
Student’s ¢-tests.

Results

Kernel characteristics

Kernel characteristics between the two wheat genotypes

were similar for most of the traits that were evaluated
(Table 1), including test weight, kernel size, 1000 kernel

Table 1 Summary of kernel

oo Test weight Kernel size (%) 1000 KWT®  Protein (%, As (%, 14%
characteristics for Apogee and (Ibs/bu) ) 12% mb®) mb)
its near-isogenic line A30
SE* Large SE Small SE SE SE SE

Apogee 612 043 752
A30 59.8 041 83.0

p-value 0.08 0.40

6.17 3.8 073 340 139 174 0.64 23 0.08
568 33 088 369 192 203 036 22 0.11

0.68 0.29 0.02* 0.64

4Standard error of the mean
1000 Kernel weight
“Moisture basis
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weight, and ash content. However, a notable exception was
protein content, which was significantly different between
Apogee and A30. A30 possessed a protein content that was
approximately 17% higher than Apogee (20.3% vs. 17.4%).
Given that the genotypes do not differ in the above-men-
tioned characteristics, this difference cannot be attributed
to a difference in morphological differences (e.g., smaller
kernels in A30). Additionally, though statistical analysis
was not completed due to data only being available for two
of the three biological replicates, kernel hardness appeared
different between the two genotypes as well, with Apogee
possessing a hardness index approximately 15% higher than
A30. Kernel plumpness, which also was only measured on
two of the replicates, however, effectively appeared to be
the same between the two genotypes (Apogee, 2.95 mm;
A30, 3.03 mm). Thus, while the deletion in A30 does not
appear to affect most of the kernel characteristics that were
evaluated in this study, the elevated protein content in A30
appears to be associated with the deletion in a manner
uncoupled from any alteration in grain morphology.

Milling and flour characteristics

Results of comparative milling of grain samples representing
both genotypes are shown in Table 2. The flour mill stream
represented the majority of the milled product as expected.
The proportion of the milled product recovered for the geno-
types was 55.4% and 56.8% of the mill streams for A30 and
Apogee, respectively, a difference that was not significantly
different. Likewise, the bran fraction as a percentage of the
mill stream was not different between the two genotypes
(29.5% versus 29.2% for Apogee and A30, respectively).
In contrast, there was a statistical difference in the propor-
tion of the mill stream associated with the shorts fraction.
Milling of A30 resulted in 15.3% of the mill stream being in
the shorts fraction. In contrast, the shorts fraction obtained
from milling Apogee was approximately 10% lower than
this (13.7% of the mill stream). The differences in the shorts
fraction could be attributed to grain hardness since A30 had
a lower hardness index value (71.1) than Apogee (81.6) (data

not shown), and lower hardness can lead to more bran con-
tamination in the flour.

The flour obtained from milling was evaluated for three
quality characteristics: protein content, ash content, and
color. As predicted from the results obtained from charac-
terization of kernel parameters (Table 1), there was a signifi-
cant difference between the two genotypes for protein con-
tent. A30 flour contained nearly 21% more protein than that
extracted from Apogee (18.6% versus 15.4% respectively;
p <0.005%). This further supports the contention that the
segmental deletion of the terminal region of chromosome
arm 3DL that is present in A30 directly leads to increased
protein levels. Flour ash content, however, was virtually
identical between the two genotypes. Lastly, flour color was
evaluated because bright unpigmented flour is an important
quality characteristic in hard red spring wheat. The L* (light-
ness) and b* (yellowness) values are the most valuable color
parameters in wheat flour. The L* and b* values for both
Apogee and A30 were not significantly different (p > 0.05)
and are typical for hard spring wheat flour (Talbert et al.
2013). The low b* values indicate minimal yellow pigment
in the flour, which is desirable.

Flour functional properties

The final comparative evaluations of quality characteristics
involved evaluations of multiple parameters related to dough
properties associated with dough resistance and tolerance to
mixing, measured via mixograph. Characteristics included
peak time to measure dough development time, peak height
which generally reflects protein content, peak width to
assess dough strength, peak integral to assess the amount
of work put into flour and water for dough development,
and descending slope as a measure of mixing tolerance
(Table 3). In no instance was there a significant difference
between Apogee and A30 for any of these key parameters.
This result appears to be discordant with the findings in both
whole grain and flour analyses that A30 had significantly
higher protein content, which might be predicted to lead
to increased peak height in particular. It should be noted
that peak time approached significance (p =0.08) with A30

Table 2 Grain milling and flour

.. Flour extraction
characteristics of Apogee and

Flour characteristics

its near-isogenic line A30 Mill stream (%) Protein (%, Ash (%, Color
14% mbP) 14% mb)
Bran  Shorts  Flour SE? SE L* a* b*
Apogee  29.5 13.7 56.8 15.4 046 0.53 0.02 902 -0.13 8.8
A30 29.2 15.3 55.4 18.6 024 0.54 0.11 895 03 8.6
p-value  0.57  0.045* 0.13 0.004 0.67 0.06 0.002**  0.07

2Standard error of the mean

"Moisture basis
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Table 3 Comparative mixograph and baking characteristics of Apogee and its near-isogenic line A30

Mixograph characteristics (midline analysis) Baking characteristics

Peak time Peak height ~ Peak width Descending  Width at peak Peak integral Absorption Mix time Loaf

(min) (%) (%) slope (%/ time+2 Min (% TQ*Min) (%) (min) volume

min) (%) (em?)

Apogee 2.3 69.2 39.4 -71 13.5 113.6 59.3 24 198.2
A30 2.8 71.8 37.8 -6.6 15.8 1414 59.2 2.5 201.5
p-value 0.25 0.08 0.77 0.82 0.69 0.15 0.95 0.81 0.86

exhibiting the higher peak, so this may reflect its higher pro-
tein content.

The final evaluation of flour functional property was
bread-baking analysis using pup-loaves containing 25 g of
flour (Table 3). Standard measurements included baking
water absorption, mix time, and finally loaf volume. None
of these characteristics were significantly different between
the two genotypes (Table 3). Mixograph characteristics did
not differ significantly between the two genotypes, and these
are predictive of various aspects of actual bread-baking out-
comes. Thus, the finding that bread-baking evaluation did
not identify any significant differences between the geno-
types is expected. The overall results therefore suggest that
the increased protein content in A30 flour is not associated
with altered abundance of the major seed storage proteins
associated with flour quality and loaf quality, because if so
it might be predicted that one or more characteristics evalu-
ated by mixograph and bread-baking would have differed
between the two genotypes.

Discussion

In this study, we sought to examine whether a terminal dele-
tion from the long arm of chromosome 3DL in wheat com-
promised end use quality through comparative evaluation of
the wheat variety Apogee and a BC, near-isoline of Apogee,
termed A30, that possesses the deletion. The grain used for
the evaluations was harvested from three biological repli-
cates of the two genotypes grown under greenhouse condi-
tions. Growing the material in the field would have provided
a useful addition to this study. However, Apogee has features
that make it unsuited to growth and harvest in the field. It is
exceptionally short, matures rapidly, and is very susceptible
to an array of diseases. Also, the rapid maturation and short
stature make it particularly challenging to harvest, and it
is also vulnerable to rodent predation. This was reported
previously, although the authors speculated that it might
be associated with volatiles attracting the rodents (Bugbee
et al. 1999). Since the two genotypes are so similar geneti-
cally, we believe that the greenhouse evaluations provide a
valid test of any relative differences in milling and baking

quality between the two genotypes, and that any relative dif-
ferences likely would be detected under field conditions as
well, albeit based on different absolute values.

The impetus for this study was that while the deletion
that A30 harbors enhances FHB resistance as well as reduc-
ing grain deoxynivalenol concentrations, it does represent
the loss of approximately 20% of the long arm of chromo-
some arm 3BL based on the presence/absence of molecular
markers previously mapped to “bins” that reflect different
segments of the chromosome arm tethered to cytogenetic
information that estimates the segments’ lengths (Sour-
dille et al. 2004). Since distal regions tend to be enriched
in gene content relative to the more proximal region (closer
to the centromere) of a chromosome arm (Sidhu and Gill
2004), elimination of this large of a chromosome seg-
ment is expected to eliminate a significant fraction of an
arm’s genes. Chromosome arm 3DL possesses 5318 genes
(IWGSC 2018), and the terminal 20% of arm 3DL possesses
approximately 1160 of these genes. Given the multitude of
characteristics that collectively contribute to end use qual-
ity (Finney et al. 1987) and their genetic complexity (e.g.,
Battenfield et al. 2016; Jernigan et al. 2018; Naraghi et al.
2019), there seemed to be some likelihood that one or more
of the genes from chromosome arm 3DL in A30 may impact
one or more aspects of end use quality in A30.

Our results indicated that very few of the characteristics
and parameters evaluated differed between Apogee and A30.
Protein content in whole kernels was significantly higher
(~17%) in A30 compared to Apogee. This difference was
also detected in the flour mill stream after grain milling
though the difference approached 21% in the flour analysis.
This result implies that the deletion of the particular region
of chromosome arm 3DL may eliminate a gene or genes that
play a role in negatively regulating protein accumulation in
the endosperm and that in its/their absence, more protein
accumulates. A large number of genes/loci/quantitative trait
loci that influence grain protein content have been identified
in wheat and found to be distributed throughout the wheat
genome (Kumar et al. 2018). In only a few cases were such
loci located on chromosome 3D, and these had very small
effects (Bordes et al. 2011). However, it is important to note
that mapping studies such as these rely upon existing genetic
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variation for a given gene to allow its detection and pheno-
typic effect. This is much different than the actual elimina-
tion of a gene entirely, which allows the detection of a gene
in a manner similar to chemical mutagenesis, which can
uncover important genes for which there may be no natural
genetic variation.

It is worth highlighting the fact that although A30 had
higher flour protein content than Apogee, this did not mani-
fest itself any differences in the mixograph and bread-baking
characteristics. In wheat, the glutenins and gliadins are the
key seed storage proteins that collectively determine the
viscoelastic properties of wheat dough (Hoseney and Rog-
ers 1990). If the negative endosperm protein gene(s) that
we postulate to exist on the chromosome segment deleted
in A30 were involved in the accumulation of these protein
families, it might be anticipated that this would result in one
or more differences in the mixograph and/or baking charac-
teristics. However, none of the traits evaluated in this study
varied significantly between the genotypes. This implies that
the increased protein accumulation in the endosperm of A30
is likely associated with the non-gluten proteins (i.e., albu-
mins and globulins).

Lastly, while only two replicates for each genotype were
evaluated for it, grain hardness was reduced in A30 com-
pared to Apogee. While grain hardness in hard spring wheats
is defined by well characterized genes on chromosome 5D
(Morris 2002), it is unclear what may be the cause of the
reduced hardness in A30. It should be noted that A30 was
developed during a marker-assisted backcrossing program
between Apogee and Freedom, a soft red winter wheat
(Gooding et al. 1997), to attempt to shuttle a putative FHB
resistance QTL from Freedom (Gupta 2002) to the Apogee
background. Thus, it is possible that A30 has a background
introgression of a gene from Freedom completely unassoci-
ated with the chromosome arm 3DL deletion that is reducing
hardness. This reduced hardness in A30 may also explain
why there was a small though significant increase in the
shorts mill stream fraction.

In conclusion, the chromosome arm 3DL deletion present
in A30 does not appear to exert significant negative deleteri-
ous effects on kernel, milling, mixograph and bread-baking
characteristics. It therefore remains a potential new tool for
improving FHB resistance in hard red spring wheat.
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