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Abstract: Grain from improved varieties of the perennial grass Thinopyrum intermedium (Host)
Barkworth & D.R. Dewey is marketed under the trade name Kernza (common name intermediate
wheatgrass, IWG). While a growing body of evidence is available on the nutritional quality of Kernza,
gaps exist for components such vitamins and minerals and protein quality. Therefore, we performed
two studies on early-generation breeding program material, characterizing nutritional quality by
quantifying macronutrients, sugars, dietary fiber, amino acid profiles, fat composition, vitamins,
minerals, carotenoids, antioxidants, and antioxidant activity. The IWG studied frequently had
concentrations significantly different from the reference values for whole wheat flour. For example,
IWG had 50% higher protein, 129% higher dietary fiber, and 65% higher ash content than reference
whole wheat flour. Calcium and selenium were 267% and 492% higher, respectively, in IWG than
whole wheat flour. Riboflavin and folate were 43% and 447% higher, respectively, and niacin 74%
lower in IWG versus whole wheat flour. We identified lysine as the limiting amino acid, although its
concentration was 33% greater in IWG than in whole wheat flour. These results support potential
benefits of Kernza for human nutrition. This work supports ongoing studies to further characterize
and evaluate nutritional quality during the domestication and breeding process.

Keywords: intermediate wheatgrass; Kernza; nutritional quality; amino acid; vitamin; mineral;
antioxidant capacity

1. Introduction

Perennial grain crops which can be established once and harvested for numerous
years without replanting have been proposed to address a wide array of challenges to
agricultural production, including soil degradation, water contamination, and habitat
loss [1]. Through reduced soil disturbance and large root systems, perennial grain crops
are expected to accumulate soil carbon, which could make a significant contribution to
carbon sequestration and greenhouse gas mitigation [2,3]. Additionally, perennial grain
crops have been shown to improve soil quality [4–7], and water quality via reduced nitrate
leaching [4,8–10]. Producers benefit from reduced tillage requirements, equipment use,
and input costs [1,11]. Perenniality and diversity can contribute to greater stability in
production systems [12]. The feasibility of perennial grain crops was recently demonstrated
with the development of a perennial rice variety that has yields equivalent to annual
rice while improving farmers’ incomes and increasing soil carbon content [13]. Because
perennial grasses with high yields of edible grains are not found in nature, an effort has
been underway to domesticate wild perennials such as intermediate wheatgrass since the
1980s [14].

The identification of Thinopyrum intermedium (Host) Barkworth & D.R. Dewey (com-
mon name intermediate wheatgrass, IWG) as a promising perennial grain candidate
emerged from an evaluation of nearly 100 perennial grass species led by the Rodale In-
stitute (Kutztown, PA, USA) [15,16]. For context, two cycles (generations) of selection
were conducted by The Rodale Institute before The Land Institute (TLI; Salina, KS, USA)
initiated an IWG breeding program, followed by three cycles of selection and the start
of a University of Minnesota (UMN; St. Paul, MN, USA) breeding program. Additional
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breeding cycles have been performed in Kansas and Minnesota, with new breeding pro-
grams initiated in Utah, Canada, and Sweden [14]. The work presented herein will focus
on diverse source materials that were developed by The Land Institute prior to distribution
to other programs and subsequent genetic differentiation. Therefore, the core objective is
to provide baseline values for the new crop, based on evaluations of genetically diverse
materials as a reference point prior to subsequent changes that are expected due to breeding
in diverse environments.

IWG is the first widely available commercial perennial grain crop, sold under the
trade name Kernza (Figure 1) [17,18]. Consequently, IWG grain has been most extensively
researched with regards to nutritional quality, food functionality, and performance in
food products. This information informs end use, guiding the placement of Kernza in
the marketplace.

Agriculture 2024, 14, x FOR PEER REVIEW  2  of  21 
 

 

(Kutztown, PA, USA) [15,16]. For context, two cycles (generations) of selection were con-

ducted by The Rodale Institute before The Land Institute (TLI; Salina, KS, USA) initiated 

an IWG breeding program, followed by three cycles of selection and the start of a Univer-

sity of Minnesota (UMN; St. Paul, MN, USA) breeding program. Additional breeding cy-

cles have been performed in Kansas and Minnesota, with new breeding programs initi-

ated in Utah, Canada, and Sweden [14]. The work presented herein will focus on diverse 

source materials that were developed by The Land Institute prior to distribution to other 

programs and subsequent genetic differentiation. Therefore, the core objective is to pro-

vide baseline values for the new crop, based on evaluations of genetically diverse materi-

als as a reference point prior to subsequent changes that are expected due to breeding in 

diverse environments. 

IWG  is  the first widely available commercial perennial grain crop, sold under  the 

trade name Kernza (Figure 1) [17,18]. Consequently, IWG grain has been most extensively 

researched with  regards  to nutritional quality,  food  functionality, and performance  in 

food products. This information informs end use, guiding the placement of Kernza in the 

marketplace.   

 

Figure 1. Kernza with hull  removed  (i.e., dehulled) and grain-bearing  spikes prior  to  threshing 

(photo credit: Alicia DeHaan). 

Becker et al. (1991) provided the earliest insights into the compositional, nutritional, 

and functional properties of IWG [19]. They also evaluated its performance in food prod-

ucts, sensory attributes, and consumer acceptance. IWG generally performed well in the 

different products, with muffins receiving higher scores relative to the other products. The 

study included stone milled wheat and commercial whole wheat flour for comparisons. 

Numerous studies in food science have since evaluated IWG. Fewer studies have investi-

gated consumer acceptance and preferences, with preliminary insights indicating that ex-

tensive  trialing of varying  inclusion rates  is necessary  to produce a product  that meets 

functional and sensory expectations. Consumer demand remains low compared to annual 

grains, and consumer education is a major barrier to acceptance. Bharathi et al. (2022) pro-

vide a comprehensive summary of progress in IWG breeding from a food science perspec-

tive [20]. A particular focus has been on the protein composition of IWG in the context of 

Figure 1. Kernza with hull removed (i.e., dehulled) and grain-bearing spikes prior to threshing (photo
credit: Alicia DeHaan).

Becker et al. (1991) provided the earliest insights into the compositional, nutritional,
and functional properties of IWG [19]. They also evaluated its performance in food prod-
ucts, sensory attributes, and consumer acceptance. IWG generally performed well in the
different products, with muffins receiving higher scores relative to the other products. The
study included stone milled wheat and commercial whole wheat flour for comparisons. Nu-
merous studies in food science have since evaluated IWG. Fewer studies have investigated
consumer acceptance and preferences, with preliminary insights indicating that extensive
trialing of varying inclusion rates is necessary to produce a product that meets functional
and sensory expectations. Consumer demand remains low compared to annual grains,
and consumer education is a major barrier to acceptance. Bharathi et al. (2022) provide a
comprehensive summary of progress in IWG breeding from a food science perspective [20].
A particular focus has been on the protein composition of IWG in the context of bread-
making (Figure 2). Overall, the body of literature provides broad, fundamental knowledge
following progressive cycles of domestication and breeding to develop improved varieties
of IWG for human consumption.
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(photo credit: Alicia DeHaan).

With breeding ongoing to further domesticate IWG, the chemical composition is ex-
pected to change. This is primarily due to breeding and selection for greater yields and
seed size, which is likely to alter the storage of macronutrients in seed structures such as the
starchy endosperm, germ, and bran. For example, protein is unevenly distributed in wheat
kernels. The highest amount of protein is concentrated in the endosperm, while protein
content decreases toward the outer layers of the kernel [21]. Furthermore, phytochemicals
that confer human health benefits, such as dietary fiber, minerals, and vitamins, are con-
centrated in the bran [22]. Continuous evaluation of IWG varieties developed for human
food use is critical to understanding nutritional quality, functionality, and potential impacts
on human health. We present the results from two studies investigating the chemical
composition of IWG from early cycles of selection, to strengthen the limited body of evi-
dence currently available for macronutrients, dietary fiber, carotenoids, antioxidants, and
antioxidant activity. We also provide novel insights into vitamin and mineral contents and
amino acid profiles, which are currently lacking in the literature. Additionally, these studies
evaluated samples produced in Kansas, a notably hotter and drier production environment
compared to the upper Midwest, which has been the focus of most previous studies. Our
aim is to report these findings so they may be useful to future studies investigating IWG
nutritional quality, and to compare the chemical composition of IWG to annual wheat to
determine where significant differences exist. An array of analytes is compared between
IWG and whole wheat flour as reported in the United States Department of Agriculture
(USDA) FoodData Central database, and the amino acid content of IWG is compared to
annual wheat as reported in the literature.
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2. Materials and Methods
2.1. Germplasm

Six IWG samples were tested in two separate studies. In the first study, the IWG
samples were identified as Rodale1 and TLIC1. This study also included an annual wheat
check (cv. Jagger) [23]. The IWG samples in the second study were identified as TLIC3,
TLIC4, TLIC5, and EllsworthC5.

The IWG samples represent different cycles of selection during early-stage perennial
grain crop domestication and breeding. Rodale1 has its genetic origin in the population
created by a joint breeding program between the United States Department of Agriculture
(USDA) Big Flats Plants Materials Center (Corning, NY, USA) and the Rodale Institute
(Kutztown, PA, USA). Rodale1 represents seeds from their first set of selected plants.
The Land Institute obtained and planted this seed in 2001. After one cycle of selection
primarily for yield and seed size, an IWG breeding nursery was planted at The Land
Institute in 2005. TLIC1 was harvested from this breeding nursery. TLIC3, TLIC4, and
TLIC5 were derived from the third, fourth, and fifth cycles of breeding at TLI, respectively.
These three populations represent a broad base of genetic diversity out of which other
breeding programs have begun to make selections. Programs to develop IWG varieties
for diverse environments were mostly initiated using these materials [14]. For instance,
MN-Clearwater, the first and currently most widely grown IWG variety for grain, is a
synthetic variety whose seven parents are all TLIC3 individuals [24]. TLIC5 was the first
widely distributed seed source used to produce Kernza perennial grain, with some of its
harvested grain still being used in products. EllsworthC5 represents TLIC5 material grown
by a producer on-farm. Detailed breeding methods applied in each cycle of selection are
described by DeHaan et al. [18].

2.2. Grain Production

For the first study, all seed was harvested in 2007. Wheat was harvested in June and
IWG was harvested in August. TLIC1 was produced at 38.771◦ N/97.592◦ W on a Hord silt
loam soil. Rodale1 and Jagger wheat were produced in the same field, separate from TLIC1,
at approximately 38.766◦ N/97.572◦ W on a McCook silt loam soil. Both the IWG plots
and the wheat were fertilized with urea at a rate of 100 kg ha−1 N. Additionally, the IWG
stands were of different ages. Rodale1 was planted in fall 2001 and TLIC1 was planted in
fall 2005. The plot sizes were larger than 0.2 Ha. Rodale1 was drilled in rows with 19 cm
spacing and maintained as a solid stand. TLIC1 was planted in rows at 91.4 cm apart with
weeds controlled through regular interrow tillage. Seed weights were determined based on
the mass of 100 dehulled seeds, calculated as mg per seed.

For the second study, TLIC3, TLIC4, and TLIC5 were harvested from fields located at
38.774◦ N/97.592◦ W, 38.774◦ N/97.591◦ W, and 38.7697◦ N/97.596◦ W, respectively. All
fields were larger than 0.5 Ha in size. Planting was in spring 2009, fall 2011, and fall 2013
with seed harvests in 2011, 2013, and 2015 for TLIC3, TLIC4, and TLIC5, respectively. Fields
were managed without any application of pesticides or herbicides. Plants were established
at an interrow spacing of 91.4 cm with regular cultivation for weed control. These fields
received an application of nitrogen in the form of urea at a rate of 78.5 kg N ha−1 in
either November or December. EllsworthC5 was produced on-farm in a field larger than
5 Ha using organic practices, and harvest occurred during the transitional period prior to
complete certification. Establishment was via drilling in rows spaced 19 cm apart, and the
field was subsequently managed as a solid stand. No chemical fertilizers were applied. The
EllsworthC5 field was grazed with cattle in early spring of the production year and again
following grain harvest in late summer. The EllsworthC5 field was harvested in 2018 in
Ellsworth County, Kansas, but exact coordinates and soil composition information were not
available. Seed weights were determined based on the mass of 20 hulless seeds, calculated
as mg per seed. The sample name, growing location, year of production, and seed weight
are provided for each sample in Table 1.
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Table 1. Sample ID, growing location, harvest year, and seed weight for each sample tested.

Study Sample Growing Location Harvest Year Seed Weight (mg seed−1)

1 Rodale1 Saline County, KS, USA 2007 3.26
1 TLIC1 Saline County, KS, USA 2007 5.06
1 Jagger wheat Saline County, KS, USA 2007 32.24
2 TLIC3 Saline County, KS, USA 2011 4.3
2 TLIC4 Saline County, KS, USA 2013 5.4
2 TLIC5 Saline County, KS, USA 2015 6.0
2 EllsworthC5 Ellsworth County, KS, USA 2018 -

-, data not available.

2.3. Chemical Analyses

Across the two studies, analytical testing was performed by separate fee-for-service labo-
ratories using official methods of analysis. Medallion Laboratories (Minneapolis, MN, USA)
provided testing services to analyze TLIC3, TLIC4, TLIC5, and EllsworthC5. Anresco
Laboratories (San Francisco, CA, USA) provided testing services to analyze Rodale1, TLIC1,
and Jagger wheat. Briefly, official methods of analysis were used, such as those of the
Association of Official Agricultural Chemists (AOAC). Metals (i.e., heavy metals and
minerals) were quantified by either dynamic mechanical analysis, inductively coupled
plasma mass spectrometry (ICP-MS), or inductively coupled plasma optical emission
spectrometry (ICP-OES). Analytical Laboratories, Inc. (Anaheim, CA, USA) performed
betaine analysis (ALC518A) for Rodale1, TLIC1, and Jagger wheat. Brunswick Laboratories
(Norton, MA, USA) conducted an oxygen radical absorbance capacity (ORAC) assay and
ferric reducing antioxidant power (FRAP) assay [25] and determined the phenolics and
ferulic acid (liquid chromatography mass spectroscopy) for Rodale1, TLIC1, and Jagger
wheat. Supplementary Table S1 includes method references for the analytes, as provided
by the laboratories.

To compare the essential amino acid content of IWG to adult daily requirements on a
mg of amino acid per gram of protein basis, each essential amino acid (milligrams) was
divided by the sum of all amino acids (grams). Therefore, the total amino acid content was
used to represent the total protein content, rather than using crude protein values. The
amino acids included histidine, isoleucine, leucine, lysine, methionine, phenylalanine, thre-
onine, tryptophan, valine, arginine, aspartic acid, cystine, glutamic acid, glycine, proline,
serine, and tyrosine. The contents of sulfur amino acids (SAAs) and aromatic amino acids
(AAAs) were represented by the sums of methionine and cystine and of phenylalanine and
tyrosine, respectively.

Protein and amino acids values for TLIC1 were excluded, as the protein content and
total amino acid content disagreed and the exact reason for this discrepancy could not be
discerned. Energy was calculated using the following equation:

Energy (kilocalories per 100g) = ((Carbohydrates (g) − Total Dietary Fiber (g)) ×
4 calories per g) + (Protein (g) ×4 calories per g) + (Fat (g) × 9 calories per g)

2.4. Statistical Analysis

Google Sheets (Google, Mountain View, CA, USA) was used to compile data into
tables and perform basic statistical analyses.

Common analytes between the IWG samples and samples of whole wheat flour from
the USDA FoodData Central were compared using a two-sample t-test in the R statistical
software (v4.1.2; R Core Team 2021), to test the null hypothesis that no difference exists
between IWG and whole wheat flour sample means. Specifically, Welch’s two-sample
t-test was performed assuming unequal variances. Common analytes included energy,
carbohydrate, fat, protein, ash, total dietary fiber, calcium, iron, magnesium, phosphorous,
potassium, sodium, copper, manganese, selenium, thiamine, riboflavin, niacin, and folate.
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Statistical significance (p < 0.05) was determined according to p-values adjusted by the false
discovery rate to control for Type I errors.

The amino acid content of IWG samples was compared to the amino acid content of
annual wheat as reported in the literature. Studies were selected if units were expressed
as grams per 100 g of sample or could be adjusted to such units as needed. Additionally,
studies were selected to represent diverse environments and wheat varieties. These studies
included those conducted by Tanács et al. (1995), Jiang et al. (2014), Tarkowski and
Wojcik (1974), Hospodarenko et al. (2018), Shoup et al. (1966), Siddiqi et al. (2020), and
Tomičić et al. (2022) [26–32]. The amino acid content, expressed on an as-is basis, was
compared using a two-sample t-test in the R statistical software, to test the null hypothesis
that no difference existed between the IWG and wheat sample means. Specifically, Welch’s
two sample t-test was performed assuming unequal variances. Seventeen amino acids were
compared in total. Tryptophan was excluded from the analysis due to a lack of sufficient
data. Statistical significance (p < 0.05) was determined according to p-values adjusted by
the false discovery rate to control for Type I errors.

3. Results
3.1. Proximates

Like most cereal grains, the chemical composition of IWG is dominated by carbohy-
drates, followed by protein, moisture, fat, and ash (Table 2). Compared to the carbohydrate
content of whole wheat flour (mean = 78.6%), the IWG carbohydrate content was lower,
ranging from 68.9% to 75.6% (Tables 2 and 3). As a result, IWG had a greater content of ash
and protein (Table 3), with values ranging from 2.4 to 3.0% and 20.1 to 26.4%, respectively
(Table 2). The fat contents were comparable between the IWG samples (Table 3), which
ranged from 1.6 to 3.1%, and whole wheat flour (Table 2).

Table 2. Energy (kcal 100 g−1 sample) and proximate composition (g 100 g−1 sample) of IWG samples
and annual wheat (cultivar Jagger) reported on a dry matter basis.

Analyte Rodale 1 TLIC1 TLIC3 TLIC4 TLIC5 EllsworthC5 Jagger Wheat

Energy 260 233 313 310 326 325 343
Carbohydrate 68.9 75.6 70.6 69.9 69.3 68.9 83.5

Fat 1.6 1.9 3.1 2.8 2.7 3.1 2.0
Protein (N × 6.25) 26.4 - 23.5 24.7 25.2 25.0 12.7

Ash 3.0 2.4 2.8 2.7 2.8 3.0 1.8
Total dietary fiber 30.7 37.46 20.6 21 17.1 17.8 13.08

-, data excluded.

Table 3. Results from the comparison of energy (kcal 100 g−1 sample) and proximate composition
(g 100 g−1 sample) between IWG samples and samples of whole wheat flour (WWF), as reported
online, using Welch’s t-test, including mean values reported on a dry matter basis, test statistics,
degrees of freedom (DF), and p-values.

Analyte IWG Mean
(n)

WWF 1

Mean (n)
t-Statistic DF p-Value

Energy 307 (5) 361 (6) −4.4 4.3 0.02
Carbohydrates 70.5 (6) 78.5 (6) −6.7 7.5 <0.001

Fat 2.5 (6) 3.0 (6) −1.4 9.8 0.2
Protein (N × 6.25) 25.0 (5) 16.7 (6) 9.5 8.2 <0.001

Ash 2.8 (6) 1.7 (6) 6.5 9.6 <0.001
Total dietary fiber 26.8 (6) 11.7 (6) 4.0 5.1 0.02

WWF, whole wheat flour. 1 USDA FoodData Central, flour, whole wheat, unenriched; FDC ID: 790085; NDB
Number: 20080.
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3.2. Carbohydrate Profile

IWG samples had a lower carbohydrate content than whole wheat flour (Table 3). We
found IWG to have 17.1–37.46 g total dietary fiber per 100 g sample, which was greater than
Jagger wheat (13.08 g total dietary fiber per 100 g sample) and whole wheat flour (10.6 g
total dietary fiber per 100 g sample) (Table 2). When considering the content of dietary fiber
as a percentage of total carbohydrates, the IWG samples had a range of 27–55%, compared
to 18% for Jagger wheat and 15% for whole wheat flour. The higher total dietary fiber
carbohydrate content of IWG compared to whole wheat flour resulted in lower energy
values (Tables 2 and 3). The total dietary fiber content of the IWG samples was primarily
composed of insoluble dietary fiber, with a range of 0–20 g soluble dietary fiber per 100 g of
total dietary fiber (Table 4). The IWG samples contained less than 1 g of sugar on average,
or about 1% of the carbohydrate profile.

Table 4. Total carbohydrate, sugar profile, and insoluble and soluble dietary fiber reported as
g 100 g−1 sample on a dry matter basis for IWG and when available for annual wheat (cultivar Jagger).

Analyte Rodale1 TLIC1 TLIC3 TLIC4 TLIC5 EllsworthC5 Jagger Wheat

Carbohydrate 68.9 75.6 70.6 69.9 69.3 68.9 83.5
Sugars (total) - - 0.8 0.8 0.8 0.7 -

Galactose - - <0.1 <0.1 <0.1 <0.1 -
Fructose - - <0.1 <0.1 <0.1 <0.1 -
Glucose - - <0.1 <0.1 <0.1 <0.1 -
Sucrose - - 0.8 0.8 0.8 0.7 -
Maltose - - <0.1 <0.1 <0.1 <0.1 -
Lactose - - <0.1 <0.1 <0.1 <0.1 -

Insoluble dietary fiber 34.1 40.7 18.8 19.2 17.0 17.9 -
Soluble dietary fiber 0.0 1.0 4.1 4.1 2.0 1.9 -

-, data not available.

3.3. Amino Acid Profile

We report the amino acid profiles of IWG samples as grams of each amino per 100 g
of sample (Table 5). We found glutamic acid and proline to be the most abundant amino
acids, followed by leucine. Tryptophan was the least abundant amino acid, followed by
methionine and histidine. The content of each essential amino acid for each IWG sample,
compared to the respective adult daily requirement [11], is presented (Figure 3).

Table 5. Amino acid profiles of IWG samples, including essential, nonessential, and total amino acids,
reported as g 100 g−1 sample on a dry matter basis.

Analyte Rodale1 TLIC3 TLIC4 TLIC5 EllsworthC5

Total amino acids 19.01 19.59 20.13 20.55 20.49
Essential Amino Acids

Histidine 0.43 0.46 0.48 0.47 0.48
Isoleucine 0.77 0.72 0.76 0.77 0.78
Leucine 1.34 1.35 1.39 1.42 1.43
Lysine 0.48 0.49 0.56 0.55 0.54

Methionine 0.30 0.32 0.31 0.33 0.34
Phenylalanine 0.95 1.01 1.06 1.07 1.07

Threonine 0.65 0.59 0.59 0.62 0.62
Tryptophan 0.17 0.27 0.28 0.28 0.27

Valine 0.94 0.87 0.90 0.89 0.92

Nonessential Amino
Acids

Alanine 0.64 0.61 0.63 0.63 0.64
Arginine 1.13 0.91 0.97 0.96 0.97

Aspartic acid 0.88 0.91 0.95 0.94 0.91
Cystine 0.47 0.46 0.45 0.46 0.49

Glutamic acid 5.63 6.31 6.45 6.71 6.61
Glycine 0.71 0.66 0.69 0.69 0.68
Proline 2.04 2.11 2.10 2.17 2.14
Serine 0.95 0.93 0.94 0.99 0.97

Tyrosine 0.52 0.60 0.61 0.6 0.6
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Figure 3. Content of each essential amino acid (mg g total amino acids−1, as-is basis), represented
by standard three letter codes, for each IWG sample, compared to the adult daily requirement (red
dashed line) [33]. SAA, sulfur amino acids (methionine + cysteine); AAA, aromatic amino acids
(phenylalanine + tyrosine); standard errors bars are not provided as each bar represents a single
data point.
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In all the IWG samples, lysine was the limiting amino acid for human diets. For the
other essential amino acids, the IWG samples met the respective adult daily requirements.

The IWG samples had higher contents of 13 of the 17 amino acids included in a
comparative analysis to annual wheat amino acid contents, as reported in the literature
(Table 6). For the essential amino acids, IWG had higher contents of histidine, isoleucine,
leucine, lysine, phenylalanine, threonine, and valine. For the nonessential amino acids, IWG
had higher contents of arginine, aspartic acid, glutamic acid, proline, serine, and tyrosine.
The IWG samples did not differ with respect to alanine, cystine, glycine, and methionine.

Table 6. Results from the comparison of amino acid contents between IWG samples and annual
wheat values, as reported in the literature, using Welch’s t-test, including mean values reported as
g 100 g−1 sample on an as-is basis, test statistics, degrees of freedom (DF), and p-values.

Amino Acids IWG Mean (n) Wheat Mean (n) t-Statistic DF p-Value

Alanine 0.60 (6) 0.62 (40) −0.6 14.0 0.56
Arginine 0.98 (6) 0.51 (40) 4.7 6.5 <0.01

Aspartic acid 0.86 (6) 0.64 (40) 4.2 16.4 <0.01
Cystine 0.45 (6) 0.32 (32) 2.1 35.5 0.05

Glutamic acid 5.89 (6) 3.86 (40) 7.5 9.5 <0.001
Glycine 0.65 (6) 0.60 (39) 1.3 9.2 0.24

Histidine 0.43 (6) 0.32 (40) 3.3 40.0 <0.01
Isoleucine 0.73 (6) 0.49 (40) 4.7 9.6 <0.01
Leucine 1.31 (6) 0.88 (35) 6.1 7.4 <0.001
Lysine 0.48 (6) 0.36 (39) 4.3 32.8 <0.001

Methionine 0.30 (6) 0.25 (38) 1.2 41.7 0.25
Phenylalanine 0.97 (6) 0.57 (39) 8.1 8.4 <0.001

Proline 2.00 (6) 1.17 (38) 6.8 10.6 <0.001
Serine 0.90 (6) 0.61 (40) 6.2 10.2 <0.001

Threonine 0.60 (6) 0.32 (39) 5.9 9.2 <0.001
Tyrosine 0.56 (6) 0.36 (31) 6.4 8.8 <0.001

Valine 0.87 (6) 0.49 (39) 5.6 10.1 <0.001

3.4. Fatty Acid Profile

Total fat and the fat composition in terms of total saturated, monounsaturated, and
polyunsaturated fats are reported in Table 7. Although certain IWG samples had higher
values for fat contents, the average IWG fat content and fat composition were generally
similar to wheat in the samples tested.

Table 7. Total fat and fat composition of IWG samples, with average values for unenriched whole
wheat flour and annual wheat (cultivar Jagger), reported as g 100 g−1 sample on a dry matter basis.

Analyte Rodale1 TLIC1 TLIC3 TLIC4 TLIC5 EllsworthC5 Jagger
Wheat

Whole Wheat
Flour 1

Total lipids (fat) 1.6 1.9 3.1 2.8 2.7 3.1 2.0 2.1
Total saturated fat 0.3 0.3 0.4 0.4 0.4 0.4 0.6 0.4

Monounsaturated fat 0.3 0.4 0.6 0.5 0.5 0.6 0.4 0.3
Polyunsaturated fat 1.0 1.2 1.9 1.7 1.7 1.9 1.4 0.9

Trans fat - - <0.01 <0.01 <0.01 <0.01 - -
1 USDA FoodData Central; flour, whole wheat, unenriched; FDC ID: 790085; NDB Number: 20080.

3.5. Vitamins and Minerals

Vitamin and mineral contents were determined for IWG samples and Jagger wheat,
compared to average values for whole wheat flour (Table 8). While the IWG samples
mostly had comparable levels of vitamins to wheat, there were notable exceptions. For
instance, the vitamin B3 (i.e., niacin) content seen for the IWG samples was lower than
that of whole wheat flour, while vitamin B2 (i.e., riboflavin) was higher (Table 9). Notably,
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Rodale1 and TLIC1 appeared to have a higher betaine content than Jagger wheat. The
mean values for IWG and whole wheat flour did not differ for vitamin B1 (i.e., thiamine).
The vitamin B6 content varied between the Rodale1 and TLC1 samples and the TLIC3, 4,
and 5 and EllsworthC5 samples (Table 8). The folate content had a wide range among IWG
samples. However, folate’s mean values did not differ between IWG and whole wheat
flour. IWG samples fell at the higher end of the ranges seen for mineral contents, with mean
values higher than those for whole wheat flour with respect to calcium, iron, phosphorous,
potassium, and selenium. Mean values did not differ with respect to magnesium, sodium,
zinc, copper, and manganese (Table 9). IWG had a low heavy metal content, especially with
respect to the maximum regulatory values for lead (0.2 ppm or 200 µg kg−1) and cadmium
(0.1 ppm or 100 µg kg−1) in the Codex Alimentarius International Food Standards for cereal
grains [34].

Table 8. Vitamin and mineral contents of IWG samples, with average values for unenriched whole
wheat flour and annual wheat (cultivar Jagger), reported where available with corresponding units
on a dry matter basis.

Analyte Units Rodale1 TLIC1 TLIC3 TLIC4 TLIC5 EllsworthC5 Jagger
Wheat

Whole Wheat
Flour 1

Vitamins

Vitamin A (Retinol) µg 100 g−1, db - - <15 <15 <15 <15 - -
Vitamin B1
(Thiamine) mg 100 g−1, db 0.5 0.45 0.68 0.72 0.84 0.7 0.59 0.56

Vitamin B2
(Riboflavin) mg 100 g−1, db 0.23 0.2 0.18 0.22 0.2 0.17 0.37 0.14

Vitamin B3 (Niacin) mg 100 g−1, db 1.37 1.2 1.77 1.65 2.11 1.49 8.21 6.19
Vitamin B5

(Pantothenic acid) mg 100 g−1, db 1.85 1.73 1.25 1.27 1.2 1.15 1.86 -

Vitamin B6
(Pyridoxine) mg 100 g−1, db 1.14 1.05 0.52 0.59 0.56 0.48 0.97 0.3

Vitamin C mg 100 g−1, db - - <0.50 <0.50 <0.50 <0.50 - -
Vitamin D µg 100 g−1, db - - <1.0 <1.0 <1.0 < 1.0 - -
Vitamin E mg 100 g−1, db 1.25 1.79 0.7 0.85 0.79 0.97 <1.3 -
Vitamin K µg 100 g−1, db 4.46 3.34 - - - - - -
Vitamin H µg 100 g−1, db 0.25 0.2 - - - - 0.02 -

Folate, total µg 100 g−1, db 535 535 53 52 55 182 22 49
Betaine mg 100 g−1, db 197 268 - - - - 87 -
Choline mg 100 g−1, db 33.6 31.4 - - - - 27 -

Minerals

Calcium, Ca mg 100 g−1, db 190 200 129 122 130 156 44 42
Copper, Cu mg 100 g−1, db 0.8 0.57 <1.0 <1.0 <1.0 <1.0 0.59 0.5

Iron, Fe mg 100 g−1, db 6.66 4.72 5.01 5.74 6.12 5.92 3.22 4.3
Potassium, K mg 100 g−1, db 660 520 765 815 795 678 409 419

Magnesium, Mg mg 100 g−1, db 211 157 163 162 164 223 133 152
Manganese, Mn mg 100 g−1, db 5.21 5.07 4.21 4.64 3.53 6.19 4.63 3.97

Sodium, Na mg 100 g−1, db 31 29 <3.0 <3.0 <3.0 <3.0 21 3
Phosphorus, P mg 100 g−1, db - - 530 518 535 637 - 392

Zinc, Zn mg 100 g−1, db 5.81 4.5 4.44 5.22 4.67 4.45 5.25 3.61
Selenium, Se µg 100 g−1, db 154 155 - - - - 158 26

Lead a, Pb µg kg−1, db - - <10 23.7 <10 <10 - -
Cadmium b, Cd µg kg−1, db - - 23.4 30 78.6 15.1 - -

Mercury, Hg µg kg−1, db - - 0.5 <0.17 <0.17 0.3 - -
Arsenic, As µg kg−1, db - - <10 <10 <10 <10 - -

1 USDA FoodData Central; flour, whole wheat, unenriched; FDC ID: 790085; NDB Number: 20080. a 200 µ kg−1

maximum regulatory value for lead relates to the category ‘Cereals and pulses’, according to Commission
Regulation (EC) No. 1881/2006. b 200 µ/kg−1 maximum regulatory value for cadmium relates to the category
‘Wheat grains, rice grain’, according to Commission Regulation (EC) No. 1881/2006. -, data unavailable; db,
dry basis.
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Table 9. Results from the comparison of common analytes between IWG samples and samples
of whole wheat flour (WWF), as reported online, using Welch’s t-test, including mean values, test
statistics, degrees of freedom (DF), and p-values.

Analyte Units IWG Mean (n) WWF 1 Mean (n) t-Statistic DF p-Value

Vitamin B1
(Thiamine) mg 100 g−1 sample, db 0.65 (6) 0.56 (6) 1.5 5.5 0.21

Vitamin B2
(Riboflavin) mg 100 g−1 sample, db 0.20 (6) 0.14 (6) 5.1 7.6 <0.01

Vitamin B3 (Niacin) mg 100 g−1 sample, db 1.60 (6) 6.14 (6) −12.5 6.4 <0.001
Folate µg 100 g−1 sample, db 235 (6) 43 (6) 2.0 5.0 0.13

Calcium, Ca mg 100 g−1 sample, db 154 (6) 42 (6) 8.1 5.3 <0.01
Copper, Cu mg 100 g−1 sample, db 0.60 (6) 0.50 (6) 1.6 9.8 0.16

Iron, Fe mg 100 g−1 sample, db 5.68 (6) 4.27 (6) 3.7 9.7 <0.01
Potassium, K mg 100 g−1 sample, db 703 (6) 416 (6) 4.9 9.7 <0.01

Magnesium, Mg mg 100 g−1 sample, db 179 (6) 150 (6) 2.3 7.2 0.08
Manganese, Mn mg 100 g−1 sample, db 4.79 (6) 3.93 (6) 2.0 8.1 0.1

Sodium, Na mg 100 g−1 sample, db 11.11 (6) 3.50 (6) 1.3 5.0 0.26
Phosphorous, P mg 100 g−1 sample, db 553 (4) 389 (6) 3.8 8.0 0.01

Zinc, Zn mg 100 g−1 sample, db 4.83 (6) 3.59 (6) 2.3 7.0 0.08
Selenium, Se µg 100 g−1 sample, db 154 (2) 26 (6) 11.5 5.0 <0.001

WWF, whole wheat flour; db, dry basis. 1 USDA FoodData Central, flour, whole wheat, unenriched;
FDC ID: 790085; NDB Number: 20080.

3.6. Carotenoids, Phenolics, and Antioxidant Activity

Lutein, zeaxanthin, FRAP, ORAC, ferulic acid, and phenolics were tested for Rodale1
and TLC1 IWG and Jagger wheat samples (Table 10). The IWG samples appeared to
have higher contents of lutein, zeaxanthin, ferulic acid, and phenolics and greater ORAC.
FRAP was comparable between TLIC1 and Jagger wheat, with Rodale1 having slightly
higher values.

Table 10. Carotenoids, antioxidant activity, and phenolics reported for two IWG samples and annual
wheat (cultivar Jagger).

Analyte Units Rodale1 TLC1 Jagger Wheat

Lutein µg g−1, db 13 16 5
Zeaxanthin µg g−1, db 3 2 ND

FRAP µmol TE g−1, db 4.17 2.77 2.44
ORAC µmole TE g−1, db 39 33 25

Ferulic acid µg g−1, db 2.05 1.46 0.54
Phenolics mg GAE g−1, db 5.08 5.15 2.04

ORAC, oxygen radical absorbance capacity; FRAP, ferric reducing antioxidant power; GAE, gallic acid equivalent;
TE, Trolox equivalent; db, dry basis. ND, not detectable.

4. Discussion
4.1. Proximates

In general, IWG is a greater source of protein than wheat. These results agree with
other studies that made this comparison. Bharathi et al. (2022) reviewed such studies and
reported a comparable carbohydrate content (70.8–75.2%), a wider range of protein contents
(17.6–23.5%) with values slightly lower than we found, a higher fat content (2.9–4.8%),
and a comparable ash content to the values reported in Table 2 [11]. Bharathi et al. (2022)
reviewed the data available from a collection of studies, with C5 being the most studied
germplasm, followed by C2. Such studies have necessarily focused on pre-commercial
germplasms (e.g., C2) and varieties released at the onset of commercialization (e.g., C5).
As improved varieties from subsequent cycles of breeding are tested and grown on larger
scales, sufficient seed is becoming available and additional studies are becoming possible to



Agriculture 2024, 14, 919 12 of 19

advance our understanding of the differences between IWG and wheat and the differences
among intermediate wheatgrass varieties. Just as diverse varieties of wheat will produce
grains with diverse nutritional profiles, future IWG varieties will likely vary. The current
study with diverse genetic materials that provide the foundation for current IWG breeding
programs nonetheless provides a good baseline for understanding the key differences from
and similarities with other grains in the human diet.

The difference in macronutrient composition between IWG and wheat is likely due to
substantial differences in seed size. For example, Rodale1 and TLIC1 had an average seed
size of 3.26 mg per seed and 5.06 mg per seed, respectively, compared to 32.24 mg per seed
for Jagger wheat (Table 1). Differences in seed size relate to the ratio of endosperm to bran
(i.e., volume to surface area ratio), impacting chemical constituents concentrated in these
seed structures. This tradeoff between seed volume and seed surface area results in an
increase in carbohydrates as starch in the endosperm with a greater seed size (increased seed
volume) and a reduction in the bran layer of the kernels (decreased seed area). Consequently,
the protein content and mineral content (i.e., ash content), which are more concentrated in
bran layers than starch, are reduced [21,22]. These differences are evidenced by the higher
contents of protein and ash, and lower contents of carbohydrates and energy, shown for
IWG compared to whole wheat flour (Table 3). The higher protein and mineral contents
of IWG compared to wheat contribute to the potential for positive human health impacts
from incorporating the nutrient-dense whole grain or flour into diets and food products, in
addition to environmental benefits from the perennial nature of IWG.

4.2. Carbohydrate Profile

The composition of carbohydrates in IWG is drastically different from that in than
wheat. Our results agree with the summary of published values reported by
Bharathi et al. (2022). We did not quantify the starch content in this study. However, as an
important component of the carbohydrate profiles of cereals, it is worth mentioning that
IWG can contain 46.7–50.3 g of starch per 100 g of sample [20].

As tradeoffs exist between the carbohydrate content and protein content with increas-
ing seed size due to a decrease in the bran to endosperm ratio, a decrease in the dietary
fiber content is expected with a proportional reduction in the bran layer. For example,
Bharathi et al. (2022) reported a 20% decrease in the dietary fiber content as the seed size
increased from approximately 4 g per 1000 seeds to approximately 7 g per 1000 seeds
during progressive cycles of breeding [20]. Our results demonstrate a reduction in dietary
fiber content of 49%, from the average of Rodale1 and TLIC1 to the average of TLIC5 and
EllsworthC5. Nevertheless, all IWG samples had higher total dietary fiber contents than
whole wheat flour (Table 3).

This highlights another facet of the potential impact that IWG could have on human
health. Dietary fiber has been a dietary component of human health concern in the United
States since 2005 [35,36]. In the United States, more than 90% of women and 97% of
men do not meet the recommended intakes for dietary fiber, where consumption is only
approximately 50% of the recommended intake [37]. This represents the “fiber gap” in
the United States, which has been well documented [36,38,39]. Consumers are largely
unaware of the many health benefits of dietary fiber [40]. Based on the results of this
study, consuming IWG in equal amounts to wheat would provide 129% more dietary
fiber. Moreover, based on the range in total dietary fiber content of 17% to 37%, at a
10% moisture content on average, as seen in the study, a 44 g serving of IWG contains
7.5 to 16.3 g of dietary fiber. This serving size of IWG would satisfy 27% to 59% of the
recommended daily intake (RDI) of fiber, assuming an RDI value of 27.58 g [41]. This
example illustrates the potential impact of IWG in closing the “fiber gap” as a routine part
of diets. Future research should investigate the fiber composition of IWG in greater depth.
In combination with clinical trials, these studies will determine if the fiber present in IWG
has any novel functionality or specific positive outcomes in the context of cardiovascular
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health or metabolic disorders. However, additional testing is needed to determine the
impact of higher IWG fiber contents on the desirability of food products.

Seed weights have been shown to increase at a rate of 0.47 mg per seed per cycle
of breeding [14], and this trend is generally supported by the seed weights reported in
our study (Table 1). However, the TLC1 sample is an exception, which highlights how
production conditions may dramatically influence seed weight. Notably, our study, and the
studies summarized in Bharathi et al. (2022), did not control for the effect of production
conditions in the analysis of seed weights and the relationship with seed components.
Further research is necessary to elucidate how breeding, production conditions, and their
interaction can influence the seed weight and seed composition, especially in the context of
later cycles of breeding.

4.3. Amino Acid Profile

There is a lack of research into IWG protein quality, determined by essential amino
acid content and protein digestibility. We have identified three published studies on the
amino acid contents in IWG [19,42,43]. In a comparison of IWG (cv. Oahe) and hard red
wheat, Becker et al. (1991) report both the essential and nonessential amino acid contents
as grams per 16 g of nitrogen [19]. They found hard red wheat to have a lower content of
essential amino acids than IWG. This is likely due to the higher protein content of IWG
compared to annual wheat. Furthermore, they found that IWG had a limiting lysine content
(i.e., insufficient to meet daily requirements). Boakye et al. (2023) reported amino acids as a
percent of total amino acids, but the exact values for the IWG flour, and two extrudates,
were not provided. Kurmanbayeva et al. (2024) compared two IWG varieties with three
annual wheat varieties, reporting amino acids on a mg per g basis, with the grams of analyte
not explicitly stated. Our results generally agree with the results of Becker et al. (1991);
however, tryptophan was not measured in their study. In both studies, lysine was identified
as a limiting amino acid and methionine and histidine were identified as the least abundant
amino acids. These results appear to be supported by the amino acid profiles of IWG and
hard red wheat reported by Boakye et al. (2023) and Mathiowetz (2018) [42,44]. Compared
to the values reported by Shewry and Hey (2016), wheat can also have limiting lysine, in
addition to limiting leucine, isoleucine, and valine contents [21]. Further testing of IWG
will reveal if the amino acid profile is more balanced (i.e., fewer limiting amino acids)
than wheat, or if any additional limiting amino acids are present. Lysine is generally the
first limiting amino acid in cereals such as wheat [31], although oats, rice, and barley can
contain higher lysine contents than other cereals [45]. This is believed to be due to the
relatively high proportion of starchy endosperm in kernels, where 80% of the proteins are
lysine-poor prolamin storage proteins, compared to the other grain tissues that are more
lysine-rich [21].

When reviewing the literature, we found that the previously mentioned article by
Becker et al. (1991) is repeatedly cited as the singular reference for the IWG amino acid
content. Thus, our results represent a substantial contribution to the body of evidence
available. However, much is yet to be discovered to fill this research gap. Further research
is required to characterize IWG amino acid profiles in response to breeding progress and
production across differing agroecological conditions. Additionally, we are not aware
of any study that has determined IWG protein digestibility. The relatively high protein
content of IWG demonstrates the potential to serve as an important source of plant protein
from a perennial grain crop. This potential is further supported by the fact that the IWG
samples in this study had higher amino acid contents than annual wheat as reported
in the literature, for most of the amino acids analyzed (13 of 17) (Table 6). However, to
properly assess the importance of IWG in this role, a robust understanding of IWG protein
quality, determined by both the amino acid content and protein digestibility, is necessary.
Additional research is required to assess the amino acid profiles of IWG germplasms
available to breeding programs, to develop breeding strategies to improve the amino acid
content, especially with regards to the lysine content. Based on the results of this study,
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the lysine content of IWG would need to be increased by approximately 73%, from an
average of 26 mg g protein−1, to meet the adult daily requirement of 45 mg g protein−1. It
is possible that natural genetic diversity exists within IWG accessions to support selective
breeding efforts to accomplish this task. A-genome wheats have been shown to be a
source of high lysine contents for wheat improvement, and candidate genes have been
identified as part of marker-assisted breeding strategies [46]. In addition to marker-assisted
selection, transgenic and gene editing technologies have been demonstrated to be effective
in increasing the lysine content [47]. Further monitoring of the amino acid content will be
essential to determining how future cycles of breeding and subsequently released varieties
compare to the early-generation material analyzed in this study.

4.4. Fatty Acid Profile

We are aware of one other study that investigated the fatty acid profile of IWG, finding
a profile similar to hard red wheat with linoleic acid, oleic acid, and palmitic acid as the
most abundant fatty acids [44]. In general, approximately half of the wheat total lipid
content is concentrated in the endosperm, followed by one-third in the germ and the
remainder in bran [22]. Notable polyunsaturated fatty acids include the essential fatty
acids linolenic and linoleic acid, with the latter notably found in a higher proportion in
wheat germ.

Health benefits associated with unsaturated fatty acids, especially the ratio of omega-6
to omega-3 fatty acids, support the inclusion of foods with favorable fatty acid profiles
in diets [48,49]. However, unsaturated fatty acids are more susceptible to oxidation than
saturated fatty acids and are thus less stable during storage. Minerals such as copper, iron,
and manganese can also promote oxidation. Because unsaturated fatty acids are less stable,
milled grains with higher contents of these fatty acids, such as whole meal flour, have lower
stability and a greater risk of rancidity when stored for extended periods of time. They
should, therefore, be consumed sooner after milling than refined flour [50]. Given that
certain IWG samples can have higher fat and unsaturated fatty acid contents and higher
lipase and lipoxygenase activity, this combination presents a potential risk of oxidative and
hydrolytic rancidity during storage [51], which can lead to undesirable flavors or aromas.
However, as will be discussed in a subsequent section, IWG can have a greater antioxidant
content and activity than wheat, which can naturally reduce the risk of oxidation. Research
investigating genetic diversity for the antioxidant content and activity and processing
techniques, such as steam treatments, as factors to maintain stability during storage, is
currently limited to graduate student theses and one publication [44,51,52]. Mathiowetz
(2018) found minimal development of oxidative and hydrolytic rancidity in IWG groats
throughout storage [44]. While Bharathi et al. (2022) reported no clear trend in the fat
content related to breeding cycles, breeding progress to increase the seed size may impact
the lipid content and lipid composition [20]. Further research is necessary to elucidate this
trend and determine if the breeding process could also mitigate the risk of rancidity by
reducing the fat content.

4.5. Vitamins and Minerals

The analytes measured (Table 6) represent essential nutrients for human diets. They
play important roles in physiological processes and are important for maintaining optimal
health overall [48]. While the exact reason for the relatively higher mineral content of IWG
samples is not clear, there are certain factors that may have contributed to the differences
seen. Environmental conditions can influence the vitamin content in wheat, as evidenced by
low heritability values (<40%) for B vitamins, betaine, and choline [22,53]. Mineral content
variation in wheat has been shown to be influenced by both the genotype and environmental
conditions, especially soil properties such as pH [54–58]. In general, differences may also
be attributed to differences in bran and aleurone layers between IWG and wheat, where
vitamins and minerals are typically concentrated in cereals [13]. Furthermore, a dilution
effect has been seen in high-yielding cereal grain varieties, which are characterized by a
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lower mineral concentration as the starchy endosperm fraction has increased [59]. Genetic
differences between IWG samples and wheat samples may also have contributed to these
differences [60–63]. Finally, the relationships between soil properties, rooting depths, and
IWG grain mineral concentrations have yet to be explored. It may be possible for IWG
to accumulate minerals in response to a greater rooting depth as a perennial grain crop.
Particularly in the case of calcium, soils in the test region are known for accumulating a
layer of minerals that will mostly lie below the rooting depth of wheat but well within the
root system of the deeper-rooted IWG. Certain compounds (e.g., fibers, tannins, phytic acid)
can reduce the bioavailability of minerals from plant sources [64–66]. Therefore, additional
research is required to determine the bioavailability of minerals in IWG and assess the
potential impacts on human health.

4.6. Carotenoids, Phenolics, and Antioxidant Activity

Two graduate student theses and one published study have quantified the antioxidant
content and assessed antioxidant activity in IWG. Their results are summarized by [14].
Our results fall within the range reported for lutein (3.7–25.0 µg g−1 flour, dry basis) and
zeaxanthin (0.74–4.0 µg g−1 flour, dry basis), and we found a substantially lower ferulic acid
content than was reported (850–1325 µg g−1 flour, dry basis). The reason for this difference
is not clear but is perhaps a result of different analytical methods (e.g., LC-MS versus high-
performance liquid chromatography). Mathiowetz (2018) identified IWG samples that had
a significantly higher antioxidant content and activity than hard red wheat by comparing
diverse breeding populations of IWG to hard red wheat and measuring antioxidants,
including carotenoids (e.g., lutein and zeaxanthin) and hydroxycinnamic acids (e.g., ferulic
acid), paired with two different antioxidant assays (2,2-diphenyl-1-picrylhydrazyl and
Folin–Ciocalteu) [44].

As previously discussed, exploring the impact of processing and storage conditions on
the stability and quality of IWG is essential for successful integration into the marketplace.
Mathiowetz (2018) and Hayek (2020) provide insights into this topic [44,52]. Both found a
positive correlation between the antioxidant content (i.e., carotenoid and hydroxycinnamic
acid concentrations) and in vitro antioxidant activity. Mathiowetz (2018) reported several
relevant findings. Throughout storage, IWG had a significantly higher antioxidant content
and antioxidant activity and lower hydroperoxide content than hard red wheat; however,
IWG had a higher lipase activity and free fatty acid concentration than hard red wheat, an
indication of hydrolytic rancidity. Steam treatment (100 ◦C and 95% relative humidity for
60 min in a proofing oven) did not inactivate lipase or lipoxygenase, significantly reduced
the carotenoid content, and had a minimal but positive impact on the hydroxycinnamic
acid content. Moreover, the carotenoid content decreased during storage, while the hy-
droxycinnamic acid content increased. Mathiowetz (2018) suggests that the carotenoids
were reduced over storage by lipoxygenase activity and sacrificially via prooxidants’ reduc-
tion and free radicals’ scavenging, while an increase in phenolics like hydroxycinnamic
acids can be explained by several different mechanisms related to post-harvest stress re-
sponses. Compared to the findings of Mathiowetz (2018), the steam treatment utilized
by Hayek (2020) (suspended over a 100 ◦C water bath for 120 s) successfully reduced
enzymatic activities, resulting in lower contents of rancidity products over storage, while
preserving the antioxidant content and activity over storage. Additionally, flours stored
at a 43% RH had a slower progression of rancidity compared to those stored at a 65% RH;
dry storage conditions may preserve the antioxidant content in IWG [20]. Ultimately, these
studies provide storage and processing strategies to maintain the nutritional quality from
carotenoids and antioxidants during storage, to prolong the shelf life and mitigate the risk
of associated rancidity.

Further research is needed to determine the factors and the extent of variation that
contribute to the wide range in IWG carotenoid and antioxidant contents. With regards to
domestication and breeding, genetic diversity for these traits may support selection strategies
to increase the content of phytochemicals that confer human health benefits [67–71].
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5. Conclusions

Two studies were performed to characterize the nutritional quality of early-generation
Kernza (Thinopyrum intermedium, IWG) breeding program material. The results were
compared to previously published values for whole wheat flour and wheat samples of
diverse origins. The IWG chemical composition significantly differed from whole wheat
flour in its key properties. IWG had 50% higher protein, 129% higher dietary fiber, and
65% higher ash contents than the reference whole wheat flour. Calcium and selenium were
267% and 492% higher, respectively, in IWG than whole wheat flour. Riboflavin and folate
were 43% and 447% higher, respectively, and niacin was 74% lower in IWG versus whole
wheat flour. Like wheat and other cereals, the IWG samples had a limiting lysine content.
However, due to the higher total protein, IWG had 33% more lysine than whole wheat
flour. The antioxidant capacity of IWG appeared to be higher than that of wheat and was
associated with greater carotenoid and antioxidant contents. These studies evaluated IWG
samples produced in Kansas, a notably hotter and drier environment compared to the
upper Midwest, which has been the focus of most previous studies. The evaluated material
represents the basis from which other Kernza breeding programs have been initiated,
providing a baseline for comparisons of nutritional quality while providing novel insights
into vitamin and amino acid contents.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/agriculture14060919/s1, Table S1: Method name and
method reference for each compound analyzed in Kernza samples.
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