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ARTICLE INFO ABSTRACT

Keywords: Barley (Hordeum vulgare) is one of the oldest known domesticated crops and the fourth most widely grown cereal
Barley crop in the world. Barley has three principal end-uses: feed, food, and malt. Each end-use of barley requires
Naked barley different characteristics, but hull adherence and beta-glucan content are important for each of the three classes.
FMOI:)I:;'HSE Naked (hull-less) barley, which threshes freely from the hull, makes up a very small percentage of overall barley
Feed production and is mainly grown for food end-uses. However, naked barley shows potential as a crop that can be
Malt used for multiple end-uses. This review will describe the progression of naked barley in the US as well as ongoing

research at Oregon State University. With the genetic resources from around the world that are available in
germplasm repositories and continued research on end-use quality, advances can be made to create a new
frontier of naked barley for multiple end-uses that will benefit growers, processors, and consumers.

1. Introduction

Barley (Hordeum vulgare) is one of the oldest known domesticated
crops and the fourth most widely grown cereal crop in the world
(FAOSTAT, 2019). Barley is a versatile crop with three principal
end-uses: feed, food, and malt. In 2019, 51M hectares were harvested
globally to produce a total of 159M tonnes; in the United States, 0.9M
hectares were harvested to produce 3.7M tonnes (FAOSTAT, 2019).
Although there are no statistics available, it is safe to assume that the
overwhelming majority of this is covered (hulled) barley with an
adhering husk. Feed barley and malting barley, which account for the
majority of production are predominantly covered types. Naked (hull--
less) barley, which threshes freely from the hull, makes up a very small
percentage of overall barley production and is mainly grown for food
end-uses. Although there are areas of the world where barley is
consumed widely, barley grown for food in the United States only ac-
counts for 4% of total barley production (AMBA, 2020). Because a
portion of the food barley produced is a covered type that has been
pearled (a physical abrasion process to remove the hull), naked barley
accounts for <4% or fewer than 35,000 ha of production in the US- the
exact area is unknown due to the minority status of the crop.

Given the changing climate, where complete crop failure or more
minor yield and quality reductions will become an annual reality,
breeding new varieties for growers that can be sold into a range of
markets became a target of the Oregon State University (OSU) program.
Because the decision had already been made to focus on breeding whole
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grain naked food barley and naked feed barley can be beneficial for non-
ruminants, researchers chose to target breeding naked barley for mul-
tiple end-uses, including food, feed, and malt. Meints and Hayes (2019)
have previously published a review on the topic; this paper will describe
the progression of naked barley in the US as well as ongoing research at
Oregon State University.

2. A history of naked barley in the US

There are several reasons for the current state of naked barley pro-
duction in the United States. The first is that barley is a relatively minor
food crop compared to other cereals. The lack of functional gluten as
compared to wheat for baking and the predominance of oats for flaking
and rice as a cooked grain have left barley in the dust as an ingredient in
most consumers’ pantries. For malting, which is the major end-use in the
US at 67% of production, none of the American Malting Barley Associ-
ation (AMBA) recommended varieties are naked. Feed barley produc-
tion in the US has declined (currently 27% of total production) as
cheaper feed sources have dominated the market (Blake et al., 2010),
and a portion of the barley that moves into the feed industry is covered
malting barley that didn’t meet the quality requirements. Another
reason for the lack of naked barley production is that as a result of the
market stratification, barley breeders in the US have focused their efforts
on releasing covered varieties over the last century. Several breeding
programs have devoted a small portion of their research to developing
naked varieties for the food market, but over the last 100 years, only 22
naked barley varieties developed in the US have been entered into the
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Abbreviations

AMBA  American Malting Barley Association

DE Digestible Energy
DON Deoxynivalenol
ERF Ethylene Response Factor

FAN Free Amino Nitrogen

GBBSI  Granule-bound Starch Synthase I
GWAS  Genome Wide Association Studies
OSsuU Oregon State University

QTL Quantitative Trait Locus
RDF Real Degree of Fermentation
SNP Single Nucleotide Polymorphism

USDA-GRIN United States Department of Agriculture,
Germplasm Resources Information Network

United States Department of Agriculture, Germplasm Resources Infor-
mation Network (USDA-GRIN) system at the National Small Grains
Germplasm Collection in Aberdeen, ID (Table 1).

In order to get an idea of the current naked barley germplasm that
exists around the world, all barley accessions that have been entered
into this germplasm repository were sorted based on hull adhesion. Out
of the 36,734 barley lines entered into GRIN, 3003 are classified as
“hulless” (naked). While this does not account for nearly all of the naked
germplasm that exists globally, it provides a snapshot of how naked
barley is distributed around the world. Compared to the global pro-
duction share of barley from 1994 to 2019 as reported by FAOSTAT
(2019) (Fig. 1), the distribution of naked barley looks very different
(Fig. 2). Whereas most of the world’s barley is produced in Europe, a
relatively small percentage of the naked barley in GRIN was collected in
Europe. Asia represents the region with the most naked barley acces-
sions, which were primarily collected in China, Japan, Nepal, and India.
Additionally, the percentage of naked barley originating from Africa
represents a much larger percentage compared to overall production.
Barley is an important food crop in these areas of the world, particularly
the Himalayan and Andean regions, Japan, Ethiopia, and Morocco,
which explains the greater numbers and more diverse germplasm
collected from these countries (Grando and Gomez Macpherson, 2005).
From the United States, 124 naked barley lines have been entered into
GRIN, with 22 released as varieties (Table 1). The earliest lines

Table 1
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(improvement status designated as ‘uncertain’) were collected in the
early 1900s, and were imports from other countries (‘Nepal’ in 1904,
‘Himalaya’ in 1918, ‘Purple Nepal’ in 1919, and ‘Tibetan’ in 1919)
(Michels, 1936). This germplasm is found in the pedigrees of the early
varieties developed in the United States. Although there is little docu-
mentation on the earliest varieties, it is likely that these were developed
for food end-uses, which is the primary end-use of almost all naked
barley varieties developed in the US, with only a handful being bred for
feed or biofuel end-uses. In the US there have been no naked barley
varieties released with a primary end-use of malt.

Although the earliest entered varieties are poorly described, several
of the lines (7 of 22) were bred during the last 35 years for the food
market and have waxy starch with higher than normal and/or high
levels of beta-glucan. If naked barley production has increased in the last
few decades, it is a result of dedicated research and human nutrition
studies on beta-glucan. However, these waxy starch, high beta-glucan
varieties have been developed for a food system that favors processed
health foods, rather than whole grain diets, and the beta-glucan is
extracted from the barley and added to functional foods (Goudar et al.,
2020). While this process may appeal to the mass consumer, after con-
ducting preliminary agronomic and food quality research on a small
panel of winter food breeding lines, the Oregon State University (OSU)
barley breeding program has chosen to focus on breeding varieties for
whole grain baking and cooking (Meints et al., 2015a). From this panel,
two winter naked barley lines with normal starch were released,
#STRKR (a germplasm) and ‘Buck’ (a variety) (Meints et al., 2015b,
2018).

3. Multi-use naked barley

Currently, end-use in barley is determined by several factors. Malt
barley bred for brewing or distilling must meet a number of specifica-
tions to be considered a high-quality variety, including protein content,
percentage of plump kernels, and almost always an adhering hull. Post-
malting, lines must exhibit certain levels of malt extract, free amino
nitrogen (FAN), wort beta-glucan, alpha-amylase and several other traits
to perform well in the brewing and distilling process (AMBA 2020). Food
barley is poorly defined in the US; however, protein content, grain
beta-glucan, starch type, and kernel hardness can affect the functionality
of the grain in baked or cooked products. However, of these traits,
breeders most often target naked lines with high levels of beta-glucan
and/or waxy starch type (Meints and Hayes, 2019). Often barley

Naked Barley varieties originating in the US entered into the USDA-GRIN germplasm repository. USDA-GRIN (2021).

Accession Name Origin Received End-use Row type Growth habit
CIho 4579 "Faust’ Montana 1925 Unknown Six Spring
CIho 5108 "New Era’ South Dakota 1930 Unknown Six Spring
Clho 5109 "Burbank Hull-less’ California 1930 Unknown Six Spring
CIho 6030 "Trapmar’ Alaska 1934 Unknown Six Spring
CIho 10641 ’Godiva’ Utah 1959 Unknown Six Spring
Clho 13887 *Jaybel’ Maryland 1969 Unknown Six Spring
PI 608763 "Washonupana’ Montana 1976 Food Two Spring
CIho 15843 "Belonee’ Montana 1980 Unknown Six Spring
PI 601510 "Westbred Waxbar’ Montana 1988 Food Two Spring
PI 538761 *Shonkin’ Montana 1990 Food Two Spring
PI 560053 *Azhul’ Arizona 1991 Food Six Spring
PI 562645 "Thual’ Alaska 1992 Unknown Six Spring
PI 586965 "Merlin® Montana 1995 Food Two Spring
PI 614008 "Bear’ Washington 2000 Feed/food Two spring
PI 645477 *Tamalpais’ California 2007 Food Six Spring
PI 647080 *Clearwater’ Idaho 2007 Feed Two Spring
PI 660128 "Transit’ Idaho 2010 Food Two Spring
PI 659067 "Eve’ Virginia 2010 Feed/Biofuel Six Winter
PI 659066 'Dan’ Virginia 2011 Feed/Biofuel Six Winter
PI 665006 *Julie’ Idaho 2012 Food Two Spring
PI 674325 #STRKR Oregon 2015 Food Six Winter
PI 682744 "Buck’ Oregon 2018 Food Six Winter
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Fig. 1. Total production share of barley by world region including covered and naked barley. FAOSTAT (2019).
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Fig. 2. Total naked barley accessions in USDA-GRIN by region of origin. USDA-GRIN (2021).

varieties that are grown for the feed market are lines that failed to meet
malt specifications. However, breeding targets can include protein,
digestible energy (DE), high starch levels, and low levels of non-starch
polysaccharides (Rossnagel, 1999). Most feed types are bred with a
hull, but occasionally naked types are selected for monogastric feed. The
common traits that breeders target for all three end-uses include hull
type and beta-glucan content. Malt barleys are nearly always covered
and low beta-glucan; food barleys are typically naked with mid-high
levels of beta-glucan; feed varieties can be either covered or naked
with low beta-glucan levels.

Given the different end-use quality traits targeted in breeding work
up until now, it is very unlikely that currently available varieties will
perform well for all three end-uses. This means that growers have
limited options for marketing their crop. Typically malt barley is grown
on contract, but if it fails to meet spec, it is diverted into the feed market
at a substantially lower price point (Baker et al., 2020). Food barley is
also often grown on contract and depending on the variety may be able
to be diverted to the feed market if the quality is poor. Due to climate
change and increasingly unpredictable growing conditions, growers will
benefit from varieties bred to have quality for multiple end-uses. A
recent survey of organic barley growers in the United States showed that
most would be interested in growing a multi-use naked barley (Baker
et al.,, 2020). The OSU program has chosen to focus on breeding

multi-use naked barley with moderate beta-glucan levels that growers
can sell into the malt, food, or feed markets depending on post-harvest
quality and price points. However, due to the lack of breeding effort
put into breeding naked barley in the United States and the complexity
of malt and food quality traits, this is not a simple task, but rather one
that will take years of characterization and selection. The following
sections describe traits of interest for breeding multi-use naked barley.

4. The Nud gene

Hull adherence is controlled by a single gene at the Nud locus on the
long arm of chromosome 7H (Taketa et al., 2008). It is believed that the
naked phenotype arose by spontaneous mutation approximately 2000
years after the domestication of barley (Yu et al., 2016). The Nud gene
encodes an Ethylene Response Factor (ERF) family transcription factor
(Taketa et al., 2008). In covered barley, the Nud allele results in pro-
duction of a lipid based ‘cement’ secreted from the pericarp which
causes the lemma and palea to adhere to the caryopsis (Swanston et al.,
2011). Around 16 days after pollination, this cement begins to appear,
but the pericarp and hull do not touch until grain filling (Newman and
Newman, 2008). The nud allele prevents this from occurring, allowing
the grain to thresh freely from the hull during harvest. Nud is an ortholog
of WIN1/SHN1 in Arabidopsis and it is believed that the function of this
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gene is to regulate a lipid biosynthesis pathway (Taketa et al., 2013).
While the chemical composition of these lipids has not been fully
characterized, they have been deemed integral in the adhesion of the
caryopsis and hull (Taketa et al., 2013).

Consisting of two exons and one intron, the Nud gene codes for 227
amino acids (Taketa et al., 2013). There are currently two known natural
mutations conferring the naked phenotype. The first is a 17-kb deletion
at the nud locus (Taketa et al., 2008). This is the most common allele
associated with the naked phenotype and is referred to as nud or nudl.a
(Yu et al.,, 2016). The second is a single nucleotide polymorphism in the
Nud gene. This SNP is a T to A substitution at position 643 with the
resulting amino acid sequence having a conversion of Valine to Aspartic
Acid at position 148 (Yu et al., 2016). This SNP results in a completely
different allele than the primary nud allele and has been designated
nudl.g (Taketa et al., 2008). Mutations induced via radiation methods
have also led to the development of artificial alleles conferring the same
naked phenotype; four of these five artificial alleles are SNPs within the
Nud gene while one is a 1bp deletion causing a frameshift (Taketa et al.,
2008, 2013).

The nud allele has not been found to have pleiotropic effects on
agronomic traits such as grain yield, grain weight, plant height, or
heading date (Barabaschi et al., 2012; Gerasimova et al., 2020). Ger-
asimova et al. (2020) used an RNA-guided Cas9 endonuclease to
knock-out the Nud gene in the covered variety ‘Golden Promise’ to
develop a naked isogenic line to further study pleiotropic effects of the
Nud gene. A QTL relating to grain yield and thousand grain weight has
been mapped to chromosome 7H near the Nud locus, but it is believed
that this effect is most likely due to linkage (Barabaschi et al., 2012).
This indicates that breeding efforts to improve yields in naked barley to
the level of covered barley are possible. Currently, due to fewer breeding
efforts for naked barley, yields are lower, which can be partially
explained by the adhering hull on covered barley, which itself accounts
for approximately 10-13% of the weight and volume of the harvested
barley grain (Rey et al., 2009). Because the hull is made up primarily of
cellulose, lignin, and silica; naked barley generally contains greater
levels of protein, starch, and total and soluble beta-glucan than covered
barley due to the dilution effect the hull has on these components
(Meints and Hayes, 2019). It has been found that naked barley lines do
have lower kernel weight and percent plump kernels than covered
barley, which is a result of the lack of hull and therefore the Nud gene
(Xue et al., 1997). Other traits related to the Nud gene have been
reviewed in Meints and Hayes (2019).

5. Beta-glucan

Beta-glucan is a soluble dietary fiber found primarily in barley and
oats (as reviewed in Meints and Hayes, 2019). Beta-glucan is naturally
produced in barley, but higher levels can be achieved via chemically
induced mutation (Newman and Newman, 2008). Beta-glucan accounts
for approximately 2-10% of the dry mass of the kernel (Martin et al.,
2018), and naked barley generally has higher starch and beta-glucan
levels than covered barley because of the lack of hull (Yangcheng
et al., 2016). Beta-glucan content is a quantitative trait with several
associated QTLs; one QTL is located on chromosome 7H and is within 5
cM of the Nud gene (Swanston, 2014) indicating a possible linkage ef-
fect. It is known that there is a pleiotropic effect between beta-glucan
and the recessive allele at the Waxy (WX) locus (Meints et al., 2015a).
The Waxy gene codes for a granule-bound starch synthase I (GBSSI) (Li
et al., 2021). Additionally, Li et al. (2021) performed a genome wide
association study (GWAS) and found several new QTLs correlated with
starch-related traits; these candidate genes and alleles can be used in
future breeding work to specifically target amylose and amylopectin
content. Additionally, mutations at the Lys3 and Lys5 loci can affect
beta-glucan content, as well as other health-promoting compounds.
These mutants have shrunken endosperms, but contain increased
amounts of beta-glucans, fructans, arabinoxylans, and resistant starch
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(Christensen et al., 2012; Nakata et al., 2018). Lines with waxy starch
have higher beta-glucan levels as well as reduced starch content
compared to varieties with normal starch (Meints and Hayes, 2019;
Fastnaught et al., 1996). Starch content is a determined by the relative
levels of amylopectin to amylose in the grain and there are different
starch types depending on concentrations: high amylose (35-45%
amylose, 55-65% amylopectin), normal (25-30% amylose, 70-75%
amylopectin), waxy (1-5% amylose, 95-99% amylopectin), and
zero-amylose (100% amylopectin) (Yangcheng et al., 2016). While most
barley varieties have normal starch, waxy types are more commonly
found among naked barley lines due to the correlation between
beta-glucan and dietary benefits (Li et al., 2021).

Depending on the intended end-use, beta-glucans can be favorable or
problematic. Beta-glucan can be beneficial for food end-uses. Waxy
starch barley also tends to have a more “uniform endosperm texture”
making it a better product for some culinary applications (Meints and
Hayes, 2019). As reviewed in Meints and Hayes (2019), there is a
negative correlation between beta-glucans and malt extract levels, and
beta-glucans can ultimately lead to lower quality beer. While the rela-
tionship between beta-glucan and malt quality has been relatively well
characterized, the relationship between starch traits has not (Li et al.,
2021). Future studies are necessary to fully determine the relationship
between starch, beta-glucan, and malt quality.

The environment can also impact beta-glucan levels. Management
practices such as increasing soil nitrogen can increase beta-glucan
levels, while increased irrigation has shown to decrease beta-glucan
content (Choi et al., 2020). Drier, hotter weather can also lead to
increased beta-glucan levels while cooler, wetter conditions have
generally shown decreased beta-glucan content (Meints et al., 2015a). A
recent study by Martin et al. (2018) determined that varieties with
higher levels of beta-glucan have shown lower levels of deoxynivalenol
(DON), a mycotoxin that affects both humans and animals. In vitro,
beta-glucan has been shown to bind to various Fusarium toxins (Yian-
nikouris et al., 2006). This trait can be potentially exploited for feed and
food barley to reduce the risk and levels of infected grain (Martin et al.,
2018).

6. Food quality

Barley can be processed into a number of different forms for human
consumption. It can be milled into flour, ground into grits, rolled into
flakes, or prepared as a whole grain (Bhatty, 1999). Because of the
multitude of ways it can be processed, there are many different products
that can be made from barley, including risen and flat breads, pastries
and cookies, noodles and pasta, pancakes, tortillas, porridges, granola,
whole grain salads, and fermented products including tempeh, miso, and
shoyu (as reviewed by Meints et al., 2016). In the United States, food
barley is consumed perhaps most notably in its pearled form in “beef and
barley soup”. At supermarkets in the US, the most common (and often
only) option for barley is a generic pearled barley (Newman and New-
man, 2008). In other areas of the world, barley has an important culi-
nary history and culture and is prepared in many forms, including
Tsangpa (also, spelled Tsampa, a roasted barley flour) in Tibet, as an
ingredient in injera (a flatbread) in Ethiopia, couscous in Morocco, and
as Machica or cracked barley in Ecuador (Grando and Gomez Mac-
pherson, 2005). In the United States, barley is slowly being incorporated
into more food products due to potential health benefits. Because of the
barley’s capacity to high levels of beta-glucan, a soluble dietary fiber,
numerous clinical studies have been conducted demonstrating that
beta-glucan can have many positive health benefits, including lowering
post-prandial blood glucose levels, modulating gut microbiota (Tosh and
Bordenave, 2020), and lowering of plasma LDL cholesterol concentra-
tions (Joyce et al., 2019). These health benefits resulted in the approval
of the FDA health claim for barley in 2006 (21CFR101.81) and similar
claims in Europe (2011) and Canada (2012) (Ames and Rhymer, 2008).
Despite the positive health benefits, beta-glucan and starch type impact
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the functionality and properties of grain processing and food products
(Kinner et al., 2011; Meints et al., 2015a). Because of this, barley flour is
infrequently included in commercially available bread products.
Selecting for multi-use varieties with moderate levels of beta-glucan
may result in a slightly less nutritionally-dense loaf, but one that may
have better consumer acceptance (Kinner et al., 2011).

Recent research on whole-grain applications of food barley include
several studies that incorporate naked barley into wheat sourdough
breads. Previous studies have shown that incorporation of naked barley
flour can reduce loaf volume and consumer acceptability when added to
yeasted wheat breads, but because of the extended fermentation time of
sourdough breads, the addition of naked barley flour doesn’t have the
same negative effects (Kinner et al., 2011). Pejcz et al. (2017), and
Sterna et al. (2019) both demonstrated that adding barley flour or grains
to wheat sourdough breads improved the bread nutritional quality, and
that barley sourdough fermentation improved quality compared to
wholemeal flour incorporation. Other research using up to 40% barley
flour whole grain barley flour with moderate levels of $-glucan (4-5%),
resulted in successfully risen sourdough loaves that received positive
sensory reviews (Ross et al., 2017).

Naked barley is preferred for food end-uses because covered varieties
must be pearled prior to human consumption to remove the unpalatable
hull. This involves a mechanical abrasion process to remove the hull,
which also removes part or all of the bran and germ, resulting in the
grain being ineligible for whole grain status and losing valuable minerals
and micronutrients that are located in the bran layer. Naked barley will
occasionally be pearled if the threshability (ease of hull removal) is poor.
Threshability is an important trait to select for in naked barley because
end-use quality can decline if the percentage of grains with undetached
hulls is over 5% for food and 15% for feed (Rossnagel, 1999). The ge-
netic control of this trait is currently poorly defined, but new research
conducted by the OSU breeding program and collaborators using GWAS
to look at threshability on 384 naked barley lines grown at three loca-
tions over three years and two seasons, will help researchers better
understand how many QTLs control the trait and aid in marker-assisted
or genomic selection for the trait.

Due to the current lack of definition of quality traits in naked barley
and the capacity for varieties to perform very differently in baking and
cooking applications, bakers and chefs may be more hesitant to incor-
porate barley into recipes By measuring a host of grain quality and
functionality traits researchers can develop a better lexicon for under-
standing how different innate characteristics can affect varietal perfor-
mance in different applications. For example, water absorption capacity
can predict how varieties may perform in risen breads, hardness can
affect flaking quality, batter flow can affect performance in pancakes,
and pasting viscosity and starch gel strength can impact the production
of noodles (Ross et al., 2017).

7. Malt quality

In general, covered barley is used for malting because the hull pro-
tects the growing acrospires during the malting process and provides
natural filtration during mashing. However, there has been growing
interest in using naked varieties for malting, especially with the
increased use of mash filters and centrifuges in the lautering step of
brewing. Mash filters do not require the hull for filtration purposes
during wort separation, making them a more ideal technology for naked
barley (Krstanovic et al., 2016). Naked barley can have potentially sig-
nificant increases in malt extract due to the lack of hull (Li et al., 2006),
as the hull accounts for 10-13% of the dry weight. It has also been
shown that the hull can contribute to “off flavors” in the beer due to
small hull particles fermenting (Bathgate, 2016). Tannins and poly-
phenols from the hull can also contribute to lower quality beer including
unwanted haze formation (Edney and Rossnagel, 2000). Poly-
saccharides can also cause premature yeast flocculation during
fermentation (Li et al., 2006). Naked barley has also shown to have less
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spent grain compared to its covered counterpart (Krstanovic et al.,
2016), making it more efficient during the brewing process which is a
considerable incentive for brewers.

Since naked barley is relatively new to the malting world, not much
breeding work has been done to develop varieties well-suited for malt-
ing. There are a number of issues that need to be addressed through
breeding or cultural techniques to improve naked barley for this end-
use. Naked types are more susceptible to embryo damage during har-
vest and malting, and in covered varieties the hull acts as protection for
the embryo. Naked barley also tends to have a harder endosperm than
covered barley (Bhatty, 1996). Kernel hardness is associated with
beta-glucan content; low beta-glucan lines have thinner cell walls within
the endosperm and therefore softer textures (Gamlath et al., 2008).
Kernel hardness plays a role in water uptake during the steeping process.
Gamlath et al. (2008) found a highly significant negative correlation
between water absorption and kernel hardness, which affects modifi-
cation and in turn leads to lower friability (Swanston, 2014) but is a
quantitative trait not associated with the Nud gene, so directed breeding
efforts for softer kernels in naked barley are possible, both with the use
of breeding technology such as marker assisted selection (Meints and
Hayes, 2019) and selecting for lower beta-glucan lines.

Because naked barley has mainly been bred for food or feed, many
naked barley varieties have higher beta-glucan levels (Swanston, 2014).
Beta-glucan can cause various issues in malting including haze and
precipitates (Meints and Hayes, 2019). It has been shown that modified
steeping and germination protocols can reduce un-degraded beta-glu-
cans (Edney and Rossnagel, 2000). Preliminary data from OSU has
found that a modified protocol consisting of 5 days of germination can
dramatically decrease beta-glucan by ~200 mg/L (Table 2) in certain
varieties. This is shown in Table 2, where the same variety, Buck, was
malted with the same steeping and kilning protocol, but one batch was
given 4 days of germination and the other was given 5 days of germi-
nation. The lots were grown in 2019 and 2020, respectively, in the
Willamette Valley area in Oregon and had similar grain parameters,
including grain protein content (Table 2). The difference in friability
(70.6% with four days and 96.4% with five days) is also an important
indicator of modification and is related to beta-glucan levels (Lewis and
Young, 2004). With these preliminary data, it was determined that
calibrating both the steeping and germination protocols is necessary and
will ultimately lead to higher quality naked barley malt, regardless of
wort separation equipment in the brewing process. The OSU barley
breeding program is currently testing multiple different steeping and
germination regimes to better understand the functionality and quality

Table 2

Malt quality of two different batches of Buck naked barley with the same malting
protocol except for days of germination. Quality analysis measured at Hartwick
College, Center for Craft Food and Beverage.

Parameters Buck (4 days germination) Buck (5 days germination)
Moisture (%) 3.9 5
Extract (%) 87.6 89.3
Color (SRM) 1.68 1.35
Beta-glucan (mg/L) 365 102
Soluble protein (%) 4.1 3.92
Protein (%) 9.2 8.8
S/T (%) 44.6 44.5
FAN (%) 154 140

DP (°L) 84 77
Alpha amylase 48.7 45
Filtration time Normal Normal
Clarity Hazy Hazy
pH 5.99 5.78
Friability” (%) 70.6 96.4

FAN = Free amino nitrogen.
DP = Diastatic power.
S/T = Soluble/total protein.

# Friability measured at OSU.
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of malt produced from naked barley.

As reviewed by Meints and Hayes (2019), only a few studies have
been conducted on brewing with naked barley malt. These initial studies
were conducted using malts with various ratios of naked to covered
barley and the resulting beer was acceptable under sensory evaluations.
In order to better understand how naked barley performs under different
lautering methods, malt from Buck was evaluated using two systems, a
mash filter and a lauter tun in collaboration with the OSU Fermentation
Science Program. Both systems used 32.2 kg of malt and 10% rice hulls
by dry weight were added as an adjunct. The ultimate goal of this pre-
liminary experiment was to determine the functionality of naked barley
malt using these two different brewing systems. Neither system showed
any issues with filtration, and it was found that the beers were very
similar in most aspects with the biggest difference in the degrees of
fermentation and original gravity (Table 3). The degree of fermentation
indicates the attenuation, or the degree of which sugar has been fer-
mented by the yeast and converted into alcohol (Holle and Klimovitz,
2003). The lauter tun beer had a higher original gravity (fermentable
and non-fermentable materials prior to fermentation) as well as a higher
real degree of fermentation (RDF). These differences did not substan-
tially impact the end quality of either beer. Based on a triangle test
sensory analysis with 12 panelists replicated three times, no significant
aromatic differences were observed between the two beers (p-value =
0.45, Z = 0.12). These observational data show that while brewing with
naked barley is possible using current lautering technologies, variety
improvement and analysis is necessary to reach high quality standards
set by beers brewed using covered barley malts. Two follow-up studies
will be conducted at Oregon State University with collaboration be-
tween the Barley Breeding Program and the Fermentation Science Pro-
gram to look at differences in functionality and flavor both between
varieties and brewing systems and using five blends of naked and
covered malt.

As reviewed by Meints and Hayes (2019), distilleries have also
become increasing interested in the use of naked barley for whiskey
production. It has been found that malt modification may play a more
crucial role than the hull for rapid filtration (Swanston and
Middlefell-Williams, 2012). Naked barley with a modified malting
regime was found to have acceptable levels of amyloytic enzymes and
higher predicted spirit yield than the covered barley check (Agu et al.,
2009). A recent study conducted by The Family Jones distillery (https://
thefamilyjones.co/) in collaboration with the OSU barley breeding
program compared the production of grain-on malt whiskey made with
naked (Buck) vs. covered (‘Lightning’) barley malt. Sensory panelists
were able to perceive a difference in flavor with a triangle test; the
whiskey made from naked barley malt was determined to have reduced
cereal, feinty, and pungent characters. It was established that an

Table 3
Beer quality analysis from two beers made with 100% naked barley malt.
Brewing and analysis done with OSU Fermentation Science.

Parameters Mash Filter Lauter Tun
ABV (%) 5.1 5.

ABW (%) 4.0 4.3

RE (%) 4.1 4.0

AE (%) 2.2 2.0

0G (%) 11.9 12.3

RDF (%) 67.2 69.1

ADF (%) 81.5 83.8
Calories 156 161

Color (L) 2.8 3.1

ABV = Alcohol by volume.

ABW = Alcohol by weight.

RE = Realized extract.

AE = Actual extract.

OG = Original gravity.

RDF = Real degree of fermentation.
ADF = Actual degree of fermentation.
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acceptable whiskey can be made from naked malt using this method.
While more research needs to be conducted on malt protocols for both
brewing and distilling end uses, naked barley seems to be a satisfactory
alternative to covered barley.

8. Feed and biofuel quality

Although most feed barley has been bred with an adhering hull, this
is a consequence of the fact that many feed varieties are lines that didn’t
meet the malting profile. However, the hull is primarily made up of
insoluble fiber, which provides no nutritional benefit for animals with
monogastric digestive systems and can be supplemented in ruminant
diets. As a result, in the 1970s, Canadian researchers began breeding
naked feed barley for monogastric animals, specifically swine. They saw
great success and at its height, naked barley production in western
Canada reached 303,514 ha by 1997 with 24 varieties released (Ross-
nagel, 1999). Naked barley has several advantages as a feed over corn or
covered barley; it contains higher levels of protein and has higher levels
of digestible energy (up to 15% more) because the crude fiber content in
the hull creates a dilution effect (Bhatty, 1999).

Naked barley has shown to be a superior feed to covered barley for
pigs, but it can also be a successful feed for poultry and cattle as well
(Thacker et al., 1988; Fellner et al., 2008). A recent study conducted by
the OSU Poultry Extension team in collaboration with the OSU Barley
Breeding program looked at effects of including naked barley with
moderate beta-glucan levels as a part of a diet fed to layer and broiler
chickens. Feeding barley to poultry can be problematic because poultry
lack enzymes to properly digest beta-glucans and other forms of fiber.
Because the beta-glucan is highly water soluble, this can increase the
viscosity of intestinal fluids, leading to a condition known as ‘sticky
droppings’ (Classen et al., 1985). However, with the lack of the hull,
which contains insoluble fiber, it was hypothesized that the chickens
would respond more positively to a diet containing naked barley. Pre-
liminary analysis of a layer feeding trial conducted at OSU found that
layer performance and egg quality was not affected by the inclusion of
#STRKR naked barley up to 50% in the diet formulation. Other recent
feeding studies have shown that a naked barley diet in lactating cattle
did not result in milk fat depression or a decrease in milk yield, indi-
cating that naked barley can be a sufficient energy source for
high-producing lactating cows when the feeding diets contain 30%
barley or less (Yang et al., 2018).

Fuel ethanol is another end-use for naked barley that has been
explored by researchers in the US and elsewhere. There has been pre-
vious interest in using corn as a biofuel, but increased demand resulted
in other grains, including barley, being considered for ethanol produc-
tion (Griffey et al., 2010). Because naked barley has higher starch con-
tent and a higher nutritional feed value, with 8-14% more digestible
energy than covered barley (Bhatty, 1979), which is important for
efficient production of ethanol, it was investigated as a potential alter-
native to corn and wheat for fuel alcohol production. Griffey et al.
(2010) concluded that the ideal naked barley for ethanol production
would have high starch and protein and low beta-glucan and fiber
concentration. Ingledew et al. (1995) concluded that naked barley could
successfully be used for fuel alcohol production and observed no prob-
lems with the fermentation process. However, despite this research, fuel
ethanol production did not end up becoming a major end-use for naked
barley as a result of corn subsidies.

9. Conclusions

Although Buck and #STRKR were initially bred for food-end-uses
(Meints et al., 2015b, 2018), they have been shown to have decent
malt quality and produced satisfactory beers. Additionally, in initial
feeding studies, they perform well as part of a poultry diet, resulting in
no undesirable effects. These lines are examples of naked germplasm
with moderate beta-glucan levels that can be classified as “multi-use”


https://thefamilyjones.co/
https://thefamilyjones.co/

B. Meints et al.

even though they were initially selected for only one end-use. However
with more targeted breeding and patience, varieties can be developed
that show excellent quality for all three end-uses. With the genetic re-
sources from around the world that are available in USDA-GRIN and
other germplasm repositories and using breeding tools such as
marker-assisted selection (Meints et al., 2015), genomic selection
(ongoing research), and potentially CRISPR-Cas9 (Gerasimova et al.,
2020) and continued research on end-use quality, advances can be made
to create a new frontier of naked barley for multiple end-uses that will
benefit growers, processors, and consumers.

Author statement

Brigid Meints: Conceptualization, Writing- Original Draft Cristiana
Vallejos: Writing-Original Draft Patrick Hayes: Conceptualization,
Writing- Reviewing and Editing.

Funding sources

Funding for this review was provided by the USDA-NIFA OREI
[2017-51300-26809 and 2020-51300-32179].

Declaration of competing interest

The authors declare no conflict of interest.

Acknowledgements

Thanks to members of the OSU Fermentation Science program, Jeff
Clawson for brewing the Buck beers, and Lindsey Rubottom for con-
ducting the triangle test. This article is dedicated to the memory of Dr.
Rosemary Newman, a pioneer of barley foods research.

References

Agu, R.C., Bringhurst, T.A., Brosnan, J.M., Pearson, S., 2009. Potential of hull-less barley
malt for use in malt and grain whisky production. J. Inst. Brew. (JIB) 115, 128-133.
https://doi.org/10.1002/j.2050-0416.2009.tb00357.x.

AMBA, 2020. American malting brewing association. https://ambainc.org/wp-content/
uploads/2020/02/NBIC-FY2021-Goals.pdf.

Ames, N.P., Rhymer, C.R., 2008. Issues surrounding health claims for barley. J. Nutr.
138, 12375-12438S.

Baker, B.P., Meints, B.M., Hayes, P.M., 2020. Organic barley producers’ desired qualities
for crop improvement. Org. Agr. 10, 35-42. https://doi.org/10.1007/s13165-020-
00299-y.

Barabaschi, D., Francia, E., Tondelli, A., Gianinetti, A., Stanca, A.M., Pecchioni, N., 2012.
Effect of the nud gene on grain yield in barley. Czech J. Genet. Plant Breed. 48,
10-22. https://doi.org/10.17221/117/2011-CJGPB.

Bathgate, G.N., 2016. A review of malting and malt processing for whisky distillation:
malting and malt processing for whisky distillation. J. Inst. Brew. (JIB) 122,
197-211. https://doi.org/10.1002/jib.332.

Bhatty, R.S., 1999. The potential of hull-less barley. Cereal Chem. 76, 589-599. https://
doi.org/10.1094/CCHEM.1999.76.5.589.

Bhatty, R.S., 1996. Production of food malt from hull-less barley. Cereal Chem. 73,
75-80.

Bhatty, R.S., Rossnagel, B.G., Christison, G.I., 1979. Energy and protein digestibilities of
hulled and hulless barley determined by swine-feeding. Can. J. Anim. Sci. https://
doi.org/10.4141/cjas79-073.

Blake, T., Blake, V.C., Bowman, J.G.P., Haleem, H.A.-, 2010. Barley feed uses and quality
improvement. In: Barley. John Wiley & Sons, Ltd, pp. 522-531. https://doi.org/
10.1002/9780470958636.ch16.

Christensen, U., Scheller, H.V., 2012. Regulation of (1, 3; 1, 4)-f-d-glucan synthesis in
developing endosperm of barley lys mutants. J. Cereal. Sci. 55, 69-76.

Choi, H., Esser, A., Murphy, K.M., 2020. Genotype x environment interaction and
stability of p-glucan content in barley in the Palouse region of eastern Washington.
Crop Sci. 60, 2500-2510. https://doi.org/10.1002/csc2.20181.

Classen, H.L., Campbell, G.L., Rossnagel, B.G., Bhatty, R., Reichert, R.D., 1985. Studies
on the use of hulless barley in chick diets: deleterious effects and methods of
alleviation. Can. J. Anim. Sci. 65, 725-733.

Edney, M.J., Rossnagel, B.G., 2000. Producing a quality malt from hulless barley.
Canadian Grain Commission.

FAOSTAT, 2019. Production and Trade. FAO, Rome, Italy. http://faostat3.fao.org/ho
me/E.

Journal of Cereal Science 102 (2021) 103370

Fastnaught, C.E., Berglund, P.T., Holm, E.T., Fox, G.J., 1996. Genetic and environmental
variation in f-glucan content and quality parameters of barley for. Food. Crop Sci.
36, 941-946. https://doi.org/10.2135/cropscil996.0011183X003600040021x.

Fellner, V., Burns, J., Marshall, D.S., 2008. Effect of feeding corn, hull-less or hulled
barley on fermentation by mixed cultures of ruminal microorganisms. J. Dairy Sci.
91, 1936-1941. https://doi.org/10.3168/jds.2007-0078.

Gamlath, J., Aldred, G.P., Panozzo, J.F., 2008. Barley (1— 3; 1— 4)-p-glucan and
arabinoxylan content are related to kernel hardness and water uptake. J. Cereal. Sci.
47, 365-371.

Gerasimova, S.V., Hertig, C., Korotkova, A.M., Kolosovskaya, E.V., Otto, ., Hiekel, S.,
Kochetov, A.V., Khlestkina, E.K., Kumlehn, J., 2020. Conversion of hulled into naked
barley by Cas endonuclease-mediated knockout of the NUD gene. BMC Plant Biol.
20, 255. https://doi.org/10.1186/512870-020-02454-9.

Goudar, G., Sharma, P., Janghu, S., Longvah, T., 2020. Effect of processing on barley
B-glucan content, its molecular weight and extractability. Int. J. Biol. Macromol.
162, 1204-1216. https://doi.org/10.1016/j.ijbiomac.2020.06.208.

Grando, S., Gomez Macpherson, H., 2005. Food barley importance, uses and local
knowledge. In: International Center for Agricultural Research in the Dry Areas
(ICARDA), Aleppo.

Griffey, C., Brooks, W., Kurantz, M., Thomason, W., Taylor, F., Obert, D., Moreau, R.,
Flores, R., Sohn, M., Hicks, K., 2010. Grain composition of Virginia winter barley and
implications for use in feed, food, and biofuels production. J. Cereal. Sci. 51, 41-49.
https://doi.org/10.1016/j.jcs.2009.09.004.

Holle, S.R., Klimovitz, R., 2003. A Handbook of Basic Brewing Calculations. Master
Brewers Association of the Americas, St. Paul, Minn.

Ingledew, W.M., Jones, A.M., Bhatty, R.S., Rossnagel, B.G., 1995. Fuel alcohol
production from hull-less barley. Cereal Chem. 72, 147-150.

Joyce, S.A., Kamil, A., Fleige, L., Gahan, C.G.M., 2019. The cholesterol-lowering effect of
oats and oat beta glucan: modes of action and potential role of bile acids and the
microbiome. Front. Nutr. 6 https://doi.org/10.3389/fnut.2019.00171.

Kinner, M., Nitschko, S., Sommeregger, J., Petrasch, A., Linsberger-Martin, G.,
Grausgruber, H., Berghofer, E., Siebenhandl-Ehn, S., 2011. Naked barley—optimized
recipe for pure barley bread with sufficient beta-glucan according to the EFSA health
claims. J. Cereal. Sci. 53, 225-230. https://doi.org/10.1016/j.jcs.2011.01.001.

Krstanovi¢, V., Mastanjevi¢, Kresimir, Veli¢, N., Slacanac, V., Vacek, K., Gagula, G., 2016.
Influence of malting procedure on the quality of hulless barley malt. In: Proc. Of the
8th International Congress Flour-Bread. Faculty of Food Technology Osijek. Josip
Juraj Strossmayer University.

Lewis, M.J., Young, T.W., 2004. Brewing. Kluwer Academic/Plenum Publishers, New
York.

Li, Y., McCaig, R., Egi, A., Edney, M., Rossnagel, B., Sawatzky, K., Izydorczyk, M., 2006.
Malting characteristics of three Canadian hulless barley varieties, CDC freedom, CDC
McGwire, and CDC gainer. J. Am. Soc. Brew. Chem. 64, 111-117. https://doi.org/
10.1094/ASBCJ-64-0111.

Li, M., Geng, L., Xie, S., Wu, D., Ye, L., Zhang, G., 2021. Genome-wide association study
on total starch, amylose and amylopectin in barley grain reveals novel putative
alleles. Int. J. Mol. Sci. 22, 553. https://doi.org/10.3390/1jms22020553.

Martin, C., Schoneberg, T., Vogelgsang, S., Morisoli, R., Bertossa, M., Mauch-Mani, B.,
Mascher, F., 2018. Resistance against Fusarium graminearum and the relationship to
B-glucan content in barley grains. Eur. J. Plant Pathol. 152, 621-634. https://doi.
org/10.1007/5s10658-018-1506-8.

Meints, B., Brouwer, B.O., Brown, B., Cuesta-Marcos, A., Jones, S.S., Kolding, M., Fisk, S.,
Marshall, J.M., Murphy, K., Petrie, S., Rhinhart, K., Ross, A.S., Hayes, P.M., 2015a.
Registration of #STRKR barley germplasm. J. Plant Registrations 9, 388-392.
https://doi.org/10.3198/jpr2014.09.0066crg.

Meints, B., Cuesta-Marcos, A., Ross, A.S., Fisk, S., Kongraksawech, T., Marshall, J.M.,
Murphy, K., Hayes, P.M., 2015b. Developing winter food barley for the Pacific
Northwest of the US. Crop Sci. 55, 1563-1573. https://doi.org/10.2135/
cropsci2014.10.0710.

Meints, B., Cuesta-Marcos, A., Fisk, S., Ross, A., Hayes, P., 2016. 3 - food barley quality
improvement and germplasm utilization. In: Zhang, G., Li, C. (Eds.), Exploration,
Identification and Utilization of Barley Germplasm. Academic Press, pp. 41-73.
https://doi.org/10.1016/B978-0-12-802922-0.00003-0.

Meints, B., Corey, A., Evans, C., Filichkin, T., Fisk, S., Helgerson, L., Ross, A.S., Hayes, P.
M., 2018. Registration of ‘Buck’ naked barley. J. Plant Registrations 12, 1-6. https://
doi.org/10.3198/jpr2017.04.0020crc.

Meints, B., Hayes, P.M., 2019. Breeding naked barley for food, feed, and malt. In:
Goldman, I. (Ed.), Plant Breeding Reviews. Wiley, pp. 95-119. https://doi.org/
10.1002/9781119616801.ch4.

Michels, C.A., 1936. A study of the appearance of awn characters in a cross between
meloy and faust barley. Am. Nat. 70, 13-18.

Nakata, M., Ikeda, T.M., Ichinose, Y., Nogata, Y., Seki, M., Aoki, H., Kato, T., Komae, K.,
Nagamine, T., 2018. A novel allele of the ADP-glucose transporter gene in’Tanikei
QM-1"markedly increases health-promoting compounds in barley grains. Breed Res.
20, 124-132.

Newman, R.K., Newman, C.W., 2008. Barley for Food and Health. John Wiley & Sons,
Inc., Hoboken, NJ, USA https://doi.org/10.1002/9780470369333.

Pejcz, E., Czaja, A., Wojciechowicz-Budzisz, A., Gil, Z., Spychaj, R., 2017. The potential
of naked barley sourdough to improve the quality and dietary fibre content of barley
enriched wheat bread. J. Cereal. Sci. 77, 97-101. https://doi.org/10.1016/j.
jcs.2017.08.007.

Rey, J.I, Hayes, P.M., Petrie, S.E., Corey, A., Flowers, M., Ohm, J.B., Ong, C.,
Rhinhart, K., Ross, A.S., 2009. Production of dryland barley for human food: quality
and agronomic performance. Crop Sci. 49, 347-355. https://doi.org/10.2135/
cropsci2008.03.0184.


https://doi.org/10.1002/j.2050-0416.2009.tb00357.x
https://ambainc.org/wp-content/uploads/2020/02/NBIC-FY2021-Goals.pdf
https://ambainc.org/wp-content/uploads/2020/02/NBIC-FY2021-Goals.pdf
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref3
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref3
https://doi.org/10.1007/s13165-020-00299-y
https://doi.org/10.1007/s13165-020-00299-y
https://doi.org/10.17221/117/2011-CJGPB
https://doi.org/10.1002/jib.332
https://doi.org/10.1094/CCHEM.1999.76.5.589
https://doi.org/10.1094/CCHEM.1999.76.5.589
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref8
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref8
https://doi.org/10.4141/cjas79-073
https://doi.org/10.4141/cjas79-073
https://doi.org/10.1002/9780470958636.ch16
https://doi.org/10.1002/9780470958636.ch16
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref11
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref11
https://doi.org/10.1002/csc2.20181
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref13
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref13
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref13
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref14
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref14
http://faostat3.fao.org/home/E
http://faostat3.fao.org/home/E
https://doi.org/10.2135/cropsci1996.0011183X003600040021x
https://doi.org/10.3168/jds.2007-0078
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref18
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref18
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref18
https://doi.org/10.1186/s12870-020-02454-9
https://doi.org/10.1016/j.ijbiomac.2020.06.208
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref21
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref21
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref21
https://doi.org/10.1016/j.jcs.2009.09.004
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref23
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref23
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref24
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref24
https://doi.org/10.3389/fnut.2019.00171
https://doi.org/10.1016/j.jcs.2011.01.001
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref27
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref27
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref27
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref27
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref28
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref28
https://doi.org/10.1094/ASBCJ-64-0111
https://doi.org/10.1094/ASBCJ-64-0111
https://doi.org/10.3390/ijms22020553
https://doi.org/10.1007/s10658-018-1506-8
https://doi.org/10.1007/s10658-018-1506-8
https://doi.org/10.3198/jpr2014.09.0066crg
https://doi.org/10.2135/cropsci2014.10.0710
https://doi.org/10.2135/cropsci2014.10.0710
https://doi.org/10.1016/B978-0-12-802922-0.00003-0
https://doi.org/10.3198/jpr2017.04.0020crc
https://doi.org/10.3198/jpr2017.04.0020crc
https://doi.org/10.1002/9781119616801.ch4
https://doi.org/10.1002/9781119616801.ch4
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref37
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref37
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref38
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref38
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref38
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref38
https://doi.org/10.1002/9780470369333
https://doi.org/10.1016/j.jcs.2017.08.007
https://doi.org/10.1016/j.jcs.2017.08.007
https://doi.org/10.2135/cropsci2008.03.0184
https://doi.org/10.2135/cropsci2008.03.0184

B. Meints et al.

Ross, A., Meints, B., Murphy, K., Hayes, P.M., 2017. Functionality testing of multi-
function naked-barleys for food uses. In: Poster session presented at the Whole Grain
Summit (Vienna, Austria).

Rossnagel, B., 1999. Hulless barley-the barley of the future. Tech. Q. - Master Brew.
Assoc. Am. 36, 365-368.

Sterna, V., Kunkulberga, D., Straumite, E., Bernande, K., 2019. Naked barley influence on
wheat bread quality. In: Presented at the 13th baltic conference on food science and
technology “Food. Nutr. Well-Being”, pp. 98-102. https://doi.org/10.22616/
FoodBalt.2019.016.

Swanston, J.S., 2014. The barley husk: a potential barrier to future success. In: Barley:
Physical Properties, Genetic Factors and Environmental Impacts on Growth,
Agricultural Research Updates. Nova Science Publishers, inc, New York, pp. 81-106.

Swanston, J.S., Middlefell-Williams, J.E., 2012. The influence of steep regime and
germination period on the malting properties of some hull-less barley lines: influence
of steep regime and germination period on the malting properties. J. Inst. Brew. (JIB)
118, 186-191. https://doi.org/10.1002/jib.21.

Swanston, J.S., Middlefell-Williams, J.E., Forster, B.P., Thomas, W.T.B., 2011. Effects of
grain and malt B-glucan on distilling quality in a population of hull-less barley.

J. Inst. Brew. (JIB) 117, 389-393. https://doi.org/10.1002/j.2050-0416.2011.
tb00484.x.

Taketa, S., Amano, S., Tsujino, Y., Sato, T., Saisho, D., Kakeda, K., Nomura, M.,
Suzuki, T., Matsumoto, T., Sato, K., Kanamori, H., Kawasaki, S., Takeda, K., 2008.
Barley grain with adhering hulls is controlled by an ERF family transcription factor
gene regulating a lipid biosynthesis pathway. Proc. Natl. Acad. Sci. Unit. States Am.
105, 4062-4067. https://doi.org/10.1073/pnas.0711034105.

Taketa, S., Yuo, T., Yamashita, Y., Ozeki, M., Haruyama, N., Hidekazu, M., Kanamori, H.,
Matsumoto, T., Kakeda, K., Sato, K., 2013. Molecular mechanisms for covered vs.

Journal of Cereal Science 102 (2021) 103370

Naked caryopsis in barley. In: Zhang, G., Li, C., Liu, X. (Eds.), Advance in Barley
Sciences. Springer Netherlands, Dordrecht, pp. 453-460. https://doi.org/10.1007/
978-94-007-4682-4_39.

Thacker, P.A., Bell, J.M., Classen, H.L., Campbell, G.L., Rossnagel, B.G., 1988. The
nutritive value of hulless barley for swine. Anim. Feed Sci. Technol. 19, 191-196.
https://doi.org/10.1016,/0377-8401(88)90067-3.

Tosh, S.M., Bordenave, N., 2020. Emerging science on benefits of whole grain oat and
barley and their soluble dietary fibers for heart health, glycemic response, and gut
microbiota. Nutr. Rev. 78, 13-20.

Xue, Q., Wang, L., Newman, R.K., Newman, C.W., Graham, H., 1997. Influence of the
hulless, waxy starch and short-awn genes on the composition of barleys. J. Cereal.
Sci. 26, 251-257. https://doi.org/10.1006/jcrs.1996.0114.

Yang, Y., Ferreira, G., Teets, C.L., Corl, B.A., Thomason, W.E., Griffey, C.A., 2018. Effects
of feeding hulled and hull-less barley with low- and high-forage diets on lactation
performance, nutrient digestibility, and milk fatty acid composition of lactating
dairy cows. J. Dairy Sci. 101, 3036-3043. https://doi.org/10.3168/jds.2017-14082.

Yangcheng, H., Gong, L., Zhang, Y., Jane, J., 2016. Physicochemical properties of
Tibetan hull-less barley starch. Carbohydr. Polym. 137, 525-531. https://doi.org/
10.1016/j.carbpol.2015.10.061.

Yiannikouris, A., André, G., Poughon, L., Francois, J., Dussap, C.-G., Jeminet, G.,
Bertin, G., Jouany, J.-P., 2006. Chemical and conformational study of the
interactions involved in mycotoxin complexation with p- d -glucans.
Biomacromolecules 7, 1147-1155. https://doi.org/10.1021/bm050968t.

Yu, S., Long, H., Deng, G., Pan, Z., Liang, J., Zeng, X., Tang, Y., Tashi, N., Yu, M., 2016.
A single nucleotide polymorphism of nud converts the caryopsis type of barley
(Hordeum vulgare L.). Plant Mol. Biol. Rep. 34, 242-248. https://doi.org/10.1007/
$11105-015-0911-9.


http://refhub.elsevier.com/S0733-5210(21)00211-3/sref42
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref42
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref42
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref43
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref43
https://doi.org/10.22616/FoodBalt.2019.016
https://doi.org/10.22616/FoodBalt.2019.016
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref45
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref45
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref45
https://doi.org/10.1002/jib.21
https://doi.org/10.1002/j.2050-0416.2011.tb00484.x
https://doi.org/10.1002/j.2050-0416.2011.tb00484.x
https://doi.org/10.1073/pnas.0711034105
https://doi.org/10.1007/978-94-007-4682-4_39
https://doi.org/10.1007/978-94-007-4682-4_39
https://doi.org/10.1016/0377-8401(88)90067-3
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref51
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref51
http://refhub.elsevier.com/S0733-5210(21)00211-3/sref51
https://doi.org/10.1006/jcrs.1996.0114
https://doi.org/10.3168/jds.2017-14082
https://doi.org/10.1016/j.carbpol.2015.10.061
https://doi.org/10.1016/j.carbpol.2015.10.061
https://doi.org/10.1021/bm050968t
https://doi.org/10.1007/s11105-015-0911-9
https://doi.org/10.1007/s11105-015-0911-9

	Multi-use naked barley: A new frontier
	1 Introduction
	2 A history of naked barley in the US
	3 Multi-use naked barley
	4 The Nud gene
	5 Beta-glucan
	6 Food quality
	7 Malt quality
	8 Feed and biofuel quality
	9 Conclusions
	Author statement
	Funding sources
	Declaration of competing interest
	Acknowledgements
	References


