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History and current value of ancient barley
(Hordeum vulgare L.) - a review

Ancient barley (Hordeum vulgare L.) varieties were not subjected to modern breeding. They were well adapted
to their environment but lost importance over time due to the development and cultivation of higher-yielding
varieties. This contributed to a loss of plant genetic resources. However, in the context of climate change and
a growing population, as well as increasing consumer interest in new and high-quality products, these ancient
barley varieties are receiving renewed attention. This review provides a history of ancient barley varieties,

as well as an overview of the available data regarding their suitability for malting and brewing. It also briefly
discusses the challenges and opportunities associated with integrating these ancient barley varieties into our
current food system, as well as their potential as plant genetic resources. Ancient barley varieties are mainly
considered a valuable pool of genetic resources for incorporating beneficial traits, such as resistance to dis-
eases and pests, into modern cultivars. Whereas limited data are available regarding their malting and brew-
ing performance and their potential to produce beers with specific sensory profiles. They currently play only a
minor role as a raw material in the modern malting and brewing industry.
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1 Introduction

The current malting and brewing industry relies heavily on modern
bred barleyvarieties. Over the last decades, breeding programmes
have mainly focused on improving yield, malt quality parameters
or disease resistance, rather than on positive or unique flavour at-
tributes of barley genotypes|[1, 2]. These modernvarietiesreplaced
and eliminated previously used and well-adapted varieties. As a
result, improved cultivars now draw on a relatively narrow gene
pool [3]. To avoid further loss of plant genetic resources, efforts
have been made to preserve the genetic diversity of barley and
other cereals in gene banks, making them accessible to various
stakeholders [4]. This review shows how and to what extent these
previously used barley varieties are currently studied. It will also
provide an overview of these varieties' potential value and ap-
plications in the malting and brewing industry. It also provides an
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overview of their malt quality and brewing performance compared
with modern barley varieties, and discusses the knowledge gaps
and challenges associated with their use and valorisation.

2 Plant genetic resources

Intensive breeding started with the so-called Green Revolution
during the 1940s to 1960s [5]. Prior to that, seed diversity was
maintained by farmers through so-called on-farm seed saving, in
which part of the harvest was used for food or feed, while another
part was used as seed for the next growing season. This resulted
in crop varieties which were well adapted to the respective local
growing conditions and maintained seed diversity [6, 7], because
the selection process of early farmers was based on phenotypic
selection of plant species and genotypes with favourable traits for
cultivation butalso for human nutrition[7, 3]. Butwith modernselec-
tive breeding programmes, which focused on highyyields, uniformity
and processing efficiency, together with a worldwide change in
agricultural practices in terms of higher levels of industrialisation,
monocultures, aswell as ultra-processed foods, these well-adapted
varieties lostimportance, resultingin aloss of genetic diversity [6, 8,
9]. The beginning of modern, intensive breeding programmes was
based on the findings of Gregor Mendel, who defined “heritable
characteristics”, which were the basis for a better understanding
of genetic principles of inheritance. The application of “Mendel's
Laws”[10] occurred after its rediscoveryin 1900, because Mendel's
research was not available to plant breeders and biologists during
the 19th century, and the concept of natural selection by Darwin
was the basis for modern plant breeding [11]. The application of
these concepts in plant breeding resulted in improved cultivars
[10]with high productivity and quality, as well as greater resistance
to diseases and pests [10, 12]. The productivity of modern barley
cultivars increased annually by approximately 1 -2 % over the last
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fewdecades, duetogenetic breeding progress combined with more
efficientdisease andinsectcontrol, aswell asimproved fertilisation
systems and agricultural production technologies. Modern barley
varieties are characterised by high yields and improved malting
quality, aswell as significantly enhanced agronomictraits like resist-
ance to lodging, resistance to virus diseases like soil-borne yellow
mosaicviruses, and fungal pathogens like powdery mildew (Bumeria
Graminis), leaf rust (Puccinia hordei) or scald (Rhynchosporium
secalis) [1]. These improved cultivars replaced and eliminated the
previously used well-adapted varieties [3]. But these positive traits
and high yields are mainly achieved when these varieties are pro-
vided with ideal growth conditions, including sufficient fertilisation
and adequate provision of pesticides and sufficient precipitation
[5]. But, human caused climate change and global warming will
increase the pressure of abiotic stress in every region across the
globe, like increased intensities and frequencies of drought, heat
waves, heavy precipitation, flooding/waterlogging or storms, soil
salinity and marginal soils. The severity of these events depends
on geographic location [13, 14, 15]. Under these less favourable
growing conditions, modern bred barley varieties are often not
able to cope with abiotic stress [12]. In a botanical sense, the term
“variety”is used to differentiate plants from the same species which
differ in some structural aspects, and these differences will persist
throughout succeeding generations. Varieties have, within some
measurable time, a common ancestry. Nevertheless, the term is
oftenusedinamuchbroadersense[16]. Modern breedingresulted
inthe cultivation of cultivars with a very narrow genetic base, which
made them more vulnerable to new diseases or pests [3, 17].
The loss of landrace diversity was primarily due to replacement
with modern cultivars, but other drivers, such as demographic or
environmental factors, were also reported [18]. As early as 1999,
the Food and Agriculture Organisation (FAO) stated that since the
1900s, around 75 % of plant genetic diversity has been lost because
farmers have started to rely on modern bred varieties [19]. But the
empirical basis for the reported value of 75 % is debated [18]. Van
de Wouw etal. (2010) reported only a significant reduction of 6 % of
crop diversity between 1950 and 1960, while overall no significant
reduction of genetic diversity was observed. But the meta analysis
only focused on modern cultivars released between 1900 and 2000
and did not include historical landraces and varieties released
before 1900 [20]. Genetically uniform and higher-yielding varieties
replaced local varieties and landraces over time. As a result, only
12 plants, together with five animal species, generate 75 % of the
world’s food. Around 60 % of the calories and proteins obtained by
humans derive from the three crops: rice, maize and wheat [19].
To avoid further loss of plant genetic resources, there is an urgent
need for conservation [21]. Therefore, an International Treaty on
Plant Genetic Resources for Food and Agriculture (ITPGRFA) was
developed, under which contracting parties agreed on conserving,
characterising, as well as evaluating plant genetic resources. This
treaty involves conserving genetic resources in nature (in situ),
in farmers' fields (on farm) as well as in gene banks (ex situ). This
binding international agreement entered into force in 2004 and
aims to promote the sustainable use of plant genetic resources
to ensure food security and appropriate adaptation to climate
change. This treaty should further ensure contracting parties’ ac-
cess to resources, as well as an equitable sharing of benefits [22].
The Kunming-Montreal Global Biodiversity Framework from 2022,
similarly incorporates these aspects. It will contribute to achieving

the 2030 Agenda for Sustainable Development. “It will place bio-
diversity, its conservation, the sustainable use of its components
and the fair and equitable sharing of the benefits arising out of
the utilization of genetic resources, at the heart of the sustainable
developmentagenda, recognizing the important linkages between
biologicaland cultural diversity”[23]. Geneticresources are defined
by the Convention on Biological Diversity (CBD) as “genetic mate-
rial of actual or potential value” [24]. According to the ITPGRFA the
terminsitu conservation refers to “the conservation of ecosystems
and natural habitats and the maintenance and recovery of viable
populations of speciesintheir natural surroundingsand, inthe case
of domesticated or cultivated plant species, in the surroundings
where they have developed their distinctive properties”. The term
ex situ conservation is defined as “the conservation of plant genetic
resources for food and agriculture outside their natural habitat”
[22]. The term habitat refers to “the place or type of site where an
organism or population naturally occurs” [24]. In situ and ex situ
conservation are the two mostimportant strategies for conserving
plantgenetic resources[7]. According to CBD (1992), itisimportant
thatin situ and ex situ conservation are not strategies that function
as alternatives or in opposition to each other. They should rather
work as two strategies which complement each other, both aim-
ing at conservation, and being a safety back-up for the other [25].

One option for ex situ conservation is to preserve seeds in so-called
gene banks that have been established around the world over the
last few years. So far, over 5.9 million accessions are conserved
under medium-and long-term storage conditions. These accessions
are mainly stored as seeds in over 850 national gene banks in 116
countries, as well as four regional and 13 international gene banks.
At the end of 2022, around 41 % of all ex situ conserved accessions
were duplicated for safety reasons. The majority of these safely
duplicated accessions - over one million - were brought to the
Svalbard Global Seed Vault in Norway, which opened in 2008, as
long-term safety storage for seeds[26].“Gene banks should promote
the availability of genetic resources for uses including research,
breeding, education, farming and repatriation” [4]. To ensure that
genetic resources, which are used for food as well as agriculture,
can be used in the future, it is necessary to put national legislation
in place which ensures the protection of these endangered genetic
resources. Suitable national legislation ensures that they can be
used and managed by local communities, but also indigenous
people. Appropriate nationallegislation willensure that these often
disadvantaged sections of the population will also receive their fair
share of the benefits from the use of genetic resources [19]. For
instance, the European Union (EU) Biodiversity Strategy for 2030
highlights the benefits of biodiversity conservation, noting that it
has “potential direct economic benefits for many sectors of the
economy” and that “biodiversity is also crucial for safeguarding EU
and global food security” [27].

Itisalsonecessarytosetsuitable agricultural policiesin place, which
will provide incentives for those who will use genetic resources in
a sustainable way. They will also ensure a better interlink between
in situ and ex situ conservation [19]. Also, Salgotra and Chauhan
(2023) highlightthe importance for national and international com-
munities to maintain genetic diversity, the conservation of plant
geneticresources aswell astheir sustainable use, by implementing
appropriate policies and frameworks [17].
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3 Terms and definitions

The use of ancient barley, but also other cereal varieties, in our
currentfood systemis challenging due tovarious factors. Animpor-
tant one is the inconsistent use of terminology for description and
classification. Termslike ancient, heirloom, heritage orlandrace are
often found in scientific literature [6, 28, 29]. Sometimes the term
underutilised crop or forgotten crops can also be found [6, 30].
These termsrefer tovarieties which have been of greatimportance
for humankind for a long time, but are now neglected by modern
agriculture. The term also includes former varieties that are not
well researched and undervalued in disciplines like education,
regulatory frameworks and trade systems. Despite this, they may
possess a valuable nutritional profile and beneficial traits in terms
of climateresilience[30]. Ancientcereals are defined by Giambanelli
et al., (2013), as “populations not subject to any modern breeding
or selection, and sometimes retaining characters of wild ancestors,
such as individual variability, height, brittle rachis, low harvest in-
dex and, in some taxa, hulled kernels” [31]. Up to now, there is no
clear scientific way to differentiate modern cereal varieties from
ancientones, butoftenancientcereal varieties are defined asthose
planted and processed before the start of the Green Revolution in
the 1960s [32]. Sometimes the term ancient cereals also includes
early domesticated cereals like einkorn (Triticum monococcum),
emmer (Triticum dicoccum), spelt (Triticum spelta), and Khorasan
wheat or even pseudocereals like quinoa (Chenopodium quinoa
Willd.) or buckwheat (Fagopyrum esculentum Moench.) [8, 33, 34].
The term heirloom cultivar also lacks a clear scientific definition.
The term covers old, non-hybrid cultivars with an open-pollinating
naturewhich are oftenhanded down from generation to generation.
These cultivars are often quite variable and therefore not used in
large-scale agriculture, where uniformity is desired [35]. The term
landrace has been defined in various ways: According to Schmidt
et al. (2023), landraces are defined as “genotypes of traditionally
domesticated crops thatare locally adapted, selected from diverse
environments, and maintained by farmers over generations” [12].
Following Camacho Villa et al. (2005), landraces have a historical
origin, a recognised identity, and high genetic diversity. Landraces
are well adapted to their environment and have not experienced
intentional or structured genetic selection. The authors used the
following definition: “dynamic population(s) of a cultivated plant
thathas historical origin, distinctidentity and, as well as often being
genetically diverse, locally adapted and associated with traditional
farming systems”. Landraces were well adapted to local conditions,
due to the fact that traditionally farmers kept seed quite diverse,
as on-farm seed saving was common practice. Accordingly, several
landraces were lost as modern breeding programs expanded,
resulting in an erosion of the crop gene pool [21]. While modern
bred barleyvarieties are characterised by higheryieldswhen grown
under ideal conditions, landraces are often quite well adapted to
local climatic conditions, for instance irregular rainfall, or their
resistance to specific pests and diseases makes these varieties still
interesting for farmers who do not solely focus on yield maximisa-
tion, but also on maintaining and enriching local culture [36]. Due
to their high-level adaptation to marginal soils, landraces are still
grown in some regions and for niche markets [21].

Wild relatives are defined by Choudhary et al. (2017) as an “organ-
ism which is taxonomically related to a domesticated organism”.

Wild relatives are further characterised by the authors as “the
progenitors of crops as well as other species which are more or
less closely related to them” [37]. The crop wild relative for barley
is Hordeum spontaneum (C. Koch) Thell. [38, 39]. In recent years,
interest in wild relatives has increased, as they are considered a
valuable source of traits such as disease and pest resistance that
can be incorporated into modern cultivar development [37].

According to Boukid et al. (2018), modern varieties are “the result
of the continued modern breeding progress, aiming to select ho-
mogeneous lines with stable and improved characters [...] these
varieties are cultivated worldwide ensuring higher productivity
than landraces” [34].

4  Barley history

Cereal-based food products are an important part of our diet, as
they serve as a valuable source of constituents such as protein,
dietary fibre and bioactive compounds [40]. Barley (Hordeum vul-
gare L.) is, after corn (Zea mays), wheat (Triticum aestivum) and rice
(Oryza sativa), the fourth most relevant cereal in the world. Around
142 million tons of barley were harvested in 2024 worldwide [41].

Barley belongs to the Poaceae family, the tribe Triticeae and the
genus Hordeum [42, 43]. It can be cultivated in high-elevation, high-
latitude regions with short growing seasons [44]. Due to its great
adaptability, cold and rainy climate zones with long daylight hours,
but also warmer and drier climate zones, are suitable [45]. Barley
is self-pollinating, but natural cross-pollination might occur, too
[43]. Compared with wheat, domesticated barley is characterised
by a shorter vegetative cycle and higher stress tolerance to salinity
and aridity. Due to a greater tillering ability and a below-ground
root system, barley is more competitive with weeds than wheat
species [42].

The majority of barley, i.e. more than two-thirds of today’s pro-
duction, is used as animal feed or a feed ingredient [46]. Barley
is also an important raw material for the malting and brewing
industries today. The same holds for distillers [44, 47]. Barley
serves as a main food source in extreme climates, for instance
in the Himalayan region or even in Ethiopia or Morocco nowa-
days, and it is very likely that barley was first utilised as human
food [48]. Newman and Newman (2008) stated that in ancient
times barley was one of the most important food grains. It can
be assumed that the kernels were eaten raw, with the hull still
attached to the grain. After discovering that removing the hull
of hulled barley and soaking and/or cooking improved texture
and flavour, early humans learned about fermentation and the
production of alcoholic beverages. Barley became an essential
dietary constituent of the working class in Europe. However, this
changed around the beginning of the 20th century due to the
growing wheat industry, which led to bread and breakfast cereal
products with a more appealing sensory profile than those from
barley [43]. Barley was a main ingredient for unleavened bread
and porridge eaten by the ancient Greek population [49]. Losch et
al. (2014) used stable isotope analysis and trace element studies
on remains of a gladiator cemetery discovered in Ephesus (Tur-
key), dating back to the 2nd or 3rd century before Christ (BC), to




BrewingScience

9/10 2026 (Vol. 79) 186

show that gladiators consumed C3 plants like wheat and barley
as staple foods [50].

Barley is considered one of the first domesticated plants. Its first
domestication most likely occurred in the Fertile Crescent about
10.000 years BC [48, 51-54]. But its exact domestication location
has been debated intensely [39, 53]. According to Lev-Yadun et
al. (2009), the first domestication of barley and other Neolithic
founder crops, such as einkorn wheat, took place in the Jordan
Valley and adjacent areas of the southern Levant, in present-day
Israeland]jordan. Butbased on genetic, botanical, and archaeologi-
cal evidence, a smaller core area within the Fertile Crescent can
be seen as the cradle of agriculture. This area covers the upper
reaches of the Tigris and Euphrates rivers in today's southeast
Turkey/northern Syria [54]. Badr et al. (2000) concluded that,
with a high probability, the southern part of the Fertile Crescent,
i.e. an area in Israel and Jordan, was the area where wild barley
was domesticated [38]. Mascher et al. (2016), who sequenced the
genome of 6.000-year-old barley grains retrieved from the Yoram
Cave in the Judean Desert in Israel, confirmed these findings. The
authors further showed that these 6.000-year-old grains differed
genetically from the wild forms found in that region today. But
genetic overlap with domesticated barley varieties used in that
region today is also evident. The authors further assumed that
immigrants arriving in that region did not bring crops from their
homelands but rather cultivated local, well-adapted varieties [55].
PopulationsfromwesternIran contributed germplasmto cultivated
barley on its way to the Himalayas as well [38]. Harlan and Zohray
(1996) stated that barley and wheat do not have their primary
habitats in the same region. As barley is more drought-tolerant,
it is expected that barley was also cultivated further down the arc
of the Fertile Crescent into the steppes, deserts, as well as along
the wadis [56]. Following Morell and Clegg (2007), wild barley from
the Fertile Crescent largely contributed to the genetic diversity of
nowadays European and American barley cultivars. In contrast,
wild barley from Central Asia contributed to some extent to the
genetic diversity of barley cultivated from Central Asia to the Far
East. The authors concluded that barley was not only domesticated
in the Fertile Crescent, instead domestication of barley must have
occurred outside of the Fertile Crescent, too. [57]. It is very likely
that Tibet is a second domestication centre for barley [58]. Recent
data from Guo et al. (2025) showed that the largest contribution of
wild barley populations to the gene pool of cultivated barley came
from the southern and northern Levant as well as Central Asia,
while those from the Syrian Desert and northern Mesopotamia
contributed to alower extent[9]. Modern, cultivated barley (hordeum
vulgare L. ssp. vulgare) originates from its wild ancestor Hordeum
spontaneum (C. Koch) Thell and is morphologically quite similar
to its wild progenitor [38, 39]. The cultivation of barley extends
back to 5.000 BC in Egypt, 3.500 BC in Mesopotamia, 3.000 BC in
north-western Europe, and 2.000 BC in China [59]. With increased
trade and the movement of civilisation towards Europe, barley was
cultivated there as well [43].

A very important trait in the domestication of barley was the non-
brittle rachis, because spikes remained longer on the plant after
maturation, enabling a more efficient harvest with lower grain loss
compared to barley with a brittle rachis [60]. In barley with a brittle
rachis, the spikelets of the ears fall apart at ripening, caused by

fragmentation of the rachis (shattering or disarticulation), while
in domesticated forms the seeds are held together by a tougher
rachis. The rachis is considered the backbone of the ear, which
bears lateral spikelets. The spikelet can be defined as the part of
the ear that contains 1-4 seeds and their surrounding glumes,
which can be seen as leaf-like structures [53]. Pourkheirandish et
al. (2015) identified two recessive alleles, btr1 and btr2, which are
responsible for suppressing the development of expanded cells in
the separation zones, which results in a non-brittle rachis. Based
on the results of their study, the authors conclude that btr1-type
barley emerged earlier and in the southern Levant, while btr2-type
barley appeared later and inthe northern part of the Levantregion.
So, they emerged independently in both time and location [61].

Another important trait for barley domestication was the devel-
opment of six-row spikes, which resulted in a three times higher
number of kernels compared to two-row barley [60]. Wild barley,
Hordeum spontaneum (C. Koch) Thell, the progenitor of cultivated
barley, was two-rowed [43, 62]. Six-row barley emerged as a result
of mutation duringdomestication[60]. Thevrs1 geneisresponsible
for the six-row spike in barley. Results of phylogenetic analysis
indicated that six-rowed barley had multiple independent origins
across different regions and time periods. This might be caused
by farmers, who selected the higher-yielding six-row barley for
further breeding [62].

The presence of awns, which contribute to photosynthesis [63],
was preserved during barley domestication. While wild barley was
characterised by long awns, domesticated barley has shorter awns
[39]. Wild forms are also characterised by smaller seeds [53], as
well as a higher level of dormancy [64]. Seed dormancy refersto a
physiological condition of the viable seed, which prevents germi-
nation in situations where favourable germination conditions are
given [53]. The application of fertilisers and pesticides led to heavy
spikes and large kernels, but the stalks of the ancient cultivars were
not strong enough to support them, resulting in lodging [65, 66].
Lodging results in a lower harvest index and a higher risk of fungal
infections and pre-harvest germination [66, 67], thereby reducing
grain and malt quality. Therefore, breeding for lodging resistance
was one of the main focuses of breeding programs. To avoid this
risk, breedingincorporated dwarfing mutantallelesto achieve more
robust and shorter stalks. Several semi-dwarfing genes are used in
barley breeding; one of them is the sdw1/denso locus, which leads
toadecreasein plant height but also anincreased time to heading,
late maturity, as well as decreased thousand-kernel weight [68].

5 Barley classification
There are various ways for barley classification and differentiation:

Based on spike morphology and number of fertile spikelets pre-
sent at each node of the rachis, two Hordeum subspecies can be
differentiated [69]:

Two-row barley (Hordeum vulgare subsp. distichum), where only
the central spikelet is fertile, and six-row barley (Hordeum vulgare
subsp. vulgare, also called Hordeum hexastichum), where also the
lateral spikelets are fertile [69, 70]. In two-rowed barley, all kernels
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are quite symmetrical. Avariation in size can be found between the
larger kernels in the middle of the spike and the smaller ones at the
base and tip of the spike. Two-rowed barley varieties usually have
higher numbers of tillers per plant and large, heavier seed than
that of six-rowed varieties, which have, in contrast, more seeds per
spike. One-third of the kernels in six-row barley are asymmetrical,
i.e. twisted. These twisted kernels are generally smaller and weigh
13-20 % less than the symmetrical kernels [43]. In Europe, two-row
barley is mainly used for malting and brewing [42, 45, 71]. Also, the
Bavarian Purity Law, which approved malted barley as the only cereal
source for beer brewing, increased the breeding of barley in terms
of starch content and enzymatic potential [45]. However, outside
of Europe, barley with multiple rows is used for malting because of
its higher protein content and enzymatic power, which will make
the use of larger quantities of adjuncts in brewing easier [71, 72].

Two-row barley can further be categorised into two different
groups: Frist, Hordeum vulgare ssp. distichum erectum barley varie-
ties where the spike stands erect while it is maturing. The spike
of these upright barley varieties is also dense and wide and the
individual kernels are arranged close together. Second, Hordeum
vulgare ssp. distichum nutans varieties, where the ear bends so that
it hangs during maturation. These varieties are also characterised
by long, narrow spikes and individual kernels that are arranged
less closely to each other [72]. In former times, also Hordeum ze-
ocriton L. varieties were also found, which were called “fan barley”
or “peacock barley”, due to their pyramidal-shaped ears. As early
as 1902, it was described as being out of general cultivation [16].

Two differenttypes of barley are available: winter barley and spring
barley. Winter barley is sawn in autumn, as it requires vernaliza-
tion, which refers to the need for a cold stimulus for initiating floral
development [42, 71], but this is not required for spring barley,
which is mainly used as a raw material for malting, brewing and
distilling. Nevertheless, modern breeding has resulted in two-row
winter barley varieties deemed suitable for malting, but how many
of these varieties will be available in the coming years also depends
on policy decisions [72, 73].

Springbarleyis characterised by a particularly wide ecological range
of adaptation to growing conditions [74], especially to northern
regions, where the conditions are too harsh for the cultivation of
winter barley varieties [69]. A high leaf formation rate and rapid
grain development, together with comparatively lowwater demand,
enabletherealisation ofacceptableyields evenunder shortgrowing
periods and restricted water availability. Spring barley is also able
to tolerate frost up to -6 °C during the tillering stage. The reduced
transpiration rate through the leaf surface, compared with other
cereal species, accounts for the low water requirement of spring
barley. The yield potential of spring barley is strongly determined
by the duration of the growing season [74]. Overall, spring barley
varieties have a shorter growth cycle than winter barley and they
provide lower yields than winter barley varieties [69]. Under a
vegetation period of 110 days, grain yields of approximately 6 tons
(t) per hectare (ha) are feasible, while a vegetation period of 140
days might result in grain yields of up to 8 t / ha. The length of the
growing season is determined by the sowing date. This means an
earlier sowing results in a longer vegetation period. Temperature,
water stress, and nutrientsupplywill alsoinfluence the length of the

growingseason. Temperatures of 35 °Cor above induce premature
ripening, which leads to a shorter growing season. Water stress
accelerates senescence, while nutrient deficiencies accelerate the
development process during the stem elongation and grain filling
phase [74]. According to Friedt (2011) modern spring barley varie-
ties in Europe trace back to European landraces from the south
of Germany i.e. Bavaria as well as Moravia (today Czech Republic),
Swedenand United Kingdom. First cycles of cross-breeding focused
on hybridisation among landraces, which resulted in early spring
barley varieties like “Isaria” in 1924 [1].

Barley can also be divided into two different forms: hulled barley
and hull-less (naked) barley. Hulled barley has an outer husk at-
tached to the grain, which is not the case for hull-less barley [70].
In naked barley varieties, the hull easily separates from the grain
kernel during harvest and further processing. Naked barley can be
used as a whole grain for human consumption with higher flavour
and nutritional value [75]. Both, two-row and the multiple-row
barley produce hulled and naked varieties [42]. Cultivation of hull-
less barley was common in Europe, but in the post-Roman period
the number of sites where naked barley was cultivated decreased
significantly. Naked barley varieties were replaced by hulled barley
andtodaythe cultivation of naked barley plays only avery minorrole
in Western Europe, while itis still quite common in the eastern part
of Eurasia [76]. On the Tibetan Plateau, predominantly in Bhutan,
Nepal, as well as China, naked barley is one of the most primary
crops used for human consumption in form of noodles, steamed
bread or beer, but it also plays an important role as animal feed
[77]. Whether hulled or naked barley was cultivated may depend
on ancient agricultural technology. While threshing naked barley
mightbe less labour-intensive, hulled barley may be moreresistant
to pests and damage during storage [42].

Barley canbe differentiated in terms of the composition of the grain,
which also determines its processing capabilities and areas of ap-
plication. Normal, waxy, high-amylose starch types, barley with high
lysine or B-glucan content [48, 70]. The term waxy barley refers to
the appearance of the endosperm, which can be described as soft,
white and mealy. Waxy barley has a low amylose content of less
than 10% and a high amylopectin content, while non-waxy barley
has an amylose content of 17 - 24 % [78, 79] containing starch with
the normal ratio of 3:1 of amylopectin to amylose, i.e. amylopectin
is 72-78 % of the major starch type, while amylose makes up the
remaining 22-28 % [43]. Waxy barley is further characterised by
higher B-glucan contentthan normal barley [80-82], as well as higher
levels of soluble fibre and protein. There are also differences in the
physicochemical properties of non-waxy barley starch and waxy
barley starch. The latter has a higher gelatinisation temperature
and swelling power, solubility and pasting viscosity [79].

B-glucans are a family of non-starch polysaccharides [83] which can
also be found in yeast, fungi and marine algae [84]. Barley has, on
average, a ten times higher B-glucan content compared to wheat
varieties [85]. p-glucans are partially soluble in aqueous solutions,
andthey consistof high-molecular-weightlinear chains of B-glucosyl
residues polymerised through both -(1,3)and B-(1,4) linkages. While
high B-glucan contents are not favoured when barley is used as a
raw material for brewing, as higher levels of 3-glucan in malt will
lead to lower malt extract values [43]. Higher B-glucan content in
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barley provides viscous extracts, which can lead to filtration prob-
lems [86]. However, high B-glucan content is desirable when using
barley as afoodingredient due toits health benefits. 3-glucan forms
aviscous solution within the human digestive tract, which slows the
absorption of glucose after a meal, and it helps to maintain a good
ratio of glucose to insulin in the blood [87]. Incorporating barley in
food products, especially baked goods, might be beneficial, as the
European Food Safety Authority (EFSA) and the U.S. Food and Drug
Administration (FDA) have approved health claims for 3-glucan and
soluble fibre from barley in terms of lowering blood cholesterol and
reducing the risk of coronary disease [88, 89].

B-glucan content in barley can be influenced by air temperature
and precipitation, where rain during the flowering and grain-filling
phase leads to a lower B-glucan content [90]. Also, Guler (2003)
reported that irrigation tends to reduce barley B-glucan content.
Lowertemperaturesduringthetilleringand stemelongation phases
and higher temperatures during the grain-filling phase resulted
in higher B-glucan content. 3-glucan content was not influenced
by higher mineral fertiliser rates. So, B-glucan can be obtained by
low-input or organic production and does not require intensive
conventional production systems [91]. Barley genotype has an
influence on B-glucan content, too [90]. In contrast, Guler (2003)
showed that high levels of nitrogen treatment resulted in higher
B-glucan content in barley [91].

Commercially grown barleyvarieties do not contain pigments other
than carotenoids [92], as a light-yellow grain colour is generally
preferred for malting, brewing, and food purposes [93]. But there
are also varieties with purple or blue colouring, caused by the ac-
cumulation of flavonoid compounds in the grain. These flavonoid
pigments accumulate in vacuoles of plant cells as well as tissues
[94]. Coloured ancient grains get their colour from two different
types of pigments: Red to bluish coloured anthocyanins and black
allomelanins. Accumulation of anthocyanins in the aleurone layer
of the grain results in a blue colour of the grain [95]. Anthocyanins
are among the most abundant secondary plant metabolites. They
areresponsibleforthe characteristic colour of numerous fruitsand
vegetables, as well as the autumn colour of numerous deciduous
tree species [96-99]. Anthocyanins play animportantrole primarily
in red wine production, but also in red juices [100].

Due to their antioxidant and presumably even anticarcinogenic
as well as anti-inflammatory effects, anthocyanins are considered
to be beneficial to health and have increasingly been the focus of
scientificand medical investigationsinrecentyears[101]. However,
anthocyanins may only be beneficial, if the food contains arelevant
amount. Their use as natural colourants for food is also a conceiv-
able way of replacing synthetic food colourings [101, 102]. Like all
known melanins, the allomelanin detected in barley is completely
insoluble in water and organic solvents [97, 103]. Due to that al-
lomelanin cannot be exploited in the beverage sector.

6 Ancient barley varieties for malting and
brewing

Miky3Ska et al. (2022) compared the malting and brewing charac-
teristics of Czech historic malting barley varieties with modern

varieties. Pilot malting and brewing trials (50 |) were conducted.
For brewing, a single-decoction protocol was used to produce
Czech (Pilsner) pale lager beer. Malt analysis showed that malt
from ancient Czech barley varieties had high nitrogen content
(12.45-13.89 %) and low extract(75.2-78.6 %). Based on the Kolbach
index(37.4-40.9 %) and friability value (46.2-57.7 %), proteolyticand
cytolytic modification were also lower than in modern bred barley
varieties [104]. A low protein modification may not provide yeast
with sufficient assimilable nitrogen compounds, which might lead
to low yeast propagation as well as the development of undesired
fermentation by-products, such as diacetyl. Low cytolytic modifi-
cation can slow lautering and filtration, reduce brewhouse yield,
and increase haze formation in beer [105]. Especially in modern
brewhouses where mashing in directly at temperatures above
60°C is common, a homogeneous and complete degradation of
cell walls and a suitable level of protein modification is required,
as in modern brewhouses, mashing often focuses on amylolysis.
Adjusting the mash program in terms of temperature and rests is
not practicable in large-scale industrialised breweries, as it makes
the brewing process less efficient and disrupts the original, often
very tight, production schedule [105, 106]. Because of their low
cytolytic and proteolytic modification, the ancient Czech barley
varieties studied were recommended for regional microbreweries
rather than large-scale industrial breweries [104]. OlSovska et al.
(2018)studied the maltingand brewing characteristics of the ancient
Czech spring barley variety Proskovcuv hanacky. Pilsner type malt
was produced using floor malting. The malt was characterised by
high protein content and very low cytolytic modification. Friability
value varied only around 48 %. Also, a higher proportion of partially
unmodified kernels (22.5 %) and glassy kernels (4.2 %) was found,
which mighthave been caused by alow germination rate and lower
cytolytic enzyme activity. A high content of B-glucans (500 mg/ )
in wort was found, too [107]. Finding higher B-glucan content in
ancient barley varieties is feasible, as breeding programs focused,
among others, on reducing B-glucan content in malting barley
[106]. High levels of B-glucan are problematic when available as a
gel, as it may cause filtration problems. Especially high mashing in
temperatures above 60 °C may cause the release of B-glucan still
bound in the cell walls due to the enzyme 3-glucan solubilase. This
high-molecular B-glucan cannot be further decomposed because
the responsible enzyme, endo-B-glucanase, is already inactivated
at temperatures above 52 °C, resulting in higher B-glucan content
in wort and beer [105]. The malt also showed low proteolytic
modification, as indicated by a low Kolbach index of 28.6 % [1071],
while the desired range lies between 38 and 42 % [105]. Malt from
the ancient Czech spring barley variety Proskovcuv hanacky had
a quite low relative extract at 45°C of 29.7 % and a low amylolytic
modification, shown by a final attenuation degree of only 74.6 %.
Starch degradation was clearly affected by the high content of
nitrogenous substances in malt [107]. Well-modified malt should
have a final attenuation degree above 81 % [105]. The wort was
described as opalescent, turbid and pale in colour, with a pH at the
upper limit for pale malt. The authors therefore concluded that in
terms of today's malt quality requirements and brewing process
efficiency, the ancient Proskovcuv hanacky variety cannot be con-
sidered as an ideal variety [107]. Tucker et al. (2024) assessed the
malt quality of two vintages of European-derived barley varieties.
Malt was produced using a micro-malting system. The ancient
varieties studied did not show malting quality profiles aligned
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with the standards of modern Canadian malting barley. Some
ancient barley varieties had (substantially) higher protein content,
while others showed lower or comparable values. Ancient varie-
ties generally had lower fine grind extract and a lower a-amylase
activity [108]. Because this study did not focus on malt quality and
brewing performance, no brewing trials were conducted. Yahiaoui
etal.(2014), who compared Spanish barley landraces with modern
bred varieties, reported higher thousand kernel weights for the
landraces tested, and comparable results for malt extract and
grain protein, which might also provide a rough indication of their
malting quality potential. But due to low replication of these meas-
urements, further research is needed to verify these results [109].
Likewise, to the previous study, no brewing trials were conducted.
Psota (2008) studied ancient Czech barley varieties with respect
to their malting quality. Varieties permitted in 1900-1977 were
characterised by significantly the lowest friability and homogene-
ity values compared to all other tested sets of varieties. They had
significantly higher levels of glassy and partly unmodified kernels
than the other tested sets. Wort from ancient barley varieties had
significantly the highest -glucan content, viscosityand haze at 15 °C
and 90 °C, compared to all other sets of varieties incorporated. The
ancient varieties studied had a significantly lower extract content
and final attenuation. Despite the fact that the set of ancient va-
rieties covered a time span from 1900 to 1977, i.e. also varieties
which underwent first breeding efforts, their malt quality can be
described asinferior, indicating a low cytolytic modification and wort
quality [110]. Despite analysing the malt quality of these varieties,
no brewing trials were conducted. Gothard et al. (1983) studied the
malting quality of barley varieties introduced in England and Wales
between 1880 and 1980. Chevalier barley, introduced in 1880, and
Plumage, introduced in 1889, had quite high nitrogen content and
low Kolbach indexes, which indicated a lower proteolytic activity
during modification, so less of the protein matrix surrounding the
starch granules in the endosperm will be degraded, which allows
the starch to be less easily degraded during mashing. The older
varieties also showed lower hot water extract rates than the varie-
ties introduced later. When combined with the greater yield that
was found in the later introduced varieties, the mean extract yield
of barley varieties introduced between 1953 and 1980 was 48.7 %
higher than that of earlier varieties [111].

Considering the brewing trial results, MikySka et al. (2022) found
lower extractyieldthaninmodernbred barleyvarieties. The extract
yield in the wort of the brewing trials corresponded to the extract
determined in malt. The low malt extract resulted in a lower extract
yield of the final beer. Mashing in at a lower temperature (37 °C, 10
min.) and a rest of the mash at 52 °C for 20 min., which is supposed
to promote proteolysis and degradation of non-starch polysac-
charides, did not improve the extractability of the under-modified
malt. During fermentation and maturation, ancient and modern
barley varieties showed no differences, but ancient varieties were
characterised by slower filtration rates. Beers from malt of ancient
Czech barley varieties did not differ significantly in foaming ability,
foam stability, or polyphenol content. The authors concluded that
brewing with these ancient barley varieties was possible without
further implications [104]. However, processability of barley and
barley malt became increasingly important for the modern, highly
industrialised maltingand brewingindustry to ensure efficient, cost-
effective processing [106]. Ancient barley varieties may often fail to

meet these requirements. Lager beer brewed with ancient spring
barley variety Proskovcuv hanacky, using a two-mash decoction
process, was characterised by a relatively low alcohol content, a
high content of dextrins, B-glucans, arabinoxylans and polyphenols.
Overall analytical characteristics of a beer from under-modified
malt. The beers also had a high iodine number of 2.5, indicating
low efficiency in enzymatic starch degradation [107]. High iodine
figures might also lead to turbidity in the filtered beer [105]. High
levels of non-starch carbohydrates such as 3-glucan, arabinoxylans,
and pentosans are a result of low cytolytic modification. The high
content of unfermented maltose was probably due to a slow main
fermentation[107]. Itmustalso be stated thatbeerswere produced
by two differentbreweries using different mashing methods, which
might also have influenced the quality of the final beer. According
to Miky3Ska et al. (2023), the mashing process, especially double or
triple decoction, significantly increases flavonoid content in beer,
which may affect the sensory stability of the final beer [112]. A
selection of malt and brewing analyses of ancient barley varieties
reported and discussed above is provided in Table ST and Table S2
in comparison to data from modern bred barley varieties. Based
on the data summarised above, it can be stated that ancient barley
varieties are rarely studied regarding their suitability for malting
and brewing. Comparing results is also challenging, as for malting
different methods such as floor malting [107] or laboratory small-
scale malting [104] were used. Sometimes the malting method is
not clearly specified [110]. To better understand an ancient barley
variety's performance in the malthouse, further studies using
standardised malting trials are required. In a subsequent step,
malting parameters such as steeping time and temperature, aera-
tion, and/or germination time have to be adjusted for each ancient
barley variety to ensure a sufficient level of modification and also
to reduce malting loss. As stated by MikySka et al. (2022), adjusting
malting parameters canimprove cytolytic, proteolyticand amylolytic
modification[104]. Higher malt quality willalsoimprove brewhouse
efficiency and flavour stability [106]. Results presented are mainly
based onbase malts fromancientbarleyvarieties. However, it might
also be relevant to study the suitability of ancient barley varieties
for the production of speciality malts, with the risk of losing their
variety-specific sensory profile.

Most studies on ancient barley varieties did not investigate dif-
ferent growing sites [104, 107] nor different harvests [104], which
also influence malt quality. This omission often reflects the limited
availability of seed from ancient barley varieties for multi-year tri-
als across different environments. Often a small sample of seeds
is obtained from a collection of genetic resources and has to be
propagated over several years until enough seed is available [107].
Thisalready requires substantial resources and financialinvestment.

It should also be noted that data on the brewing performance
of ancient barley varieties are very limited, as studies on ancient
barley varieties often do not include malting and brewing trials.
When brewing trials are conducted, researchers use different
process parameters, such asmashing methods[104, 107], making
comparisons more challenging. For future research, it is recom-
mended to use, in a first step, the same process parameters to
understand the brewing performance of each ancientvariety.Ina
subsequent research project, different mashing methods should
be tested, and the brewing process has to be adjusted for each
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ancient barley variety's needs. A well-adjusted brewing process
will increase processability, yield and even the sensory profile
of beer from ancient barley varieties. Based on the data given,
ancient barley varieties might not be suitable for modern, highly
efficient brewing processes, where high mashing in at tempera-
tures above 60 °C are common [105, 106]. If process parameters
are adjusted, and when promising results are obtained at the
laboratory scale, this could justify further investigation into scale-
up, as this may also change processability and quality of the final
product. Brewing trials with ancient barley varieties have mainly
used lager-type beers [104, 109], but no information is available
on their suitability for other beer styles. Future studies should
explore a broader range of beer styles, potentially extending be-
yond the German Purity Law, to broaden raw material selection
and to further investigate the potential of ancient barley varieties.
Brewing outside the German Purity Law might also allow ancient
barleyvarieties to be used as adjuncts. However, the feasibility will
require further investigation. It might also be worth to investigate
if dark-coloured ancient barley varieties might be exploited for
producing beer with a red hue.

Research on the sensory profile of beer brewed with ancient bar-
ley varieties is also quite limited: Czech (Pilsner) pale lager beers
brewed with ancient Czech barley varieties and beer brewed with
modern Czech barley varieties were characterised by descriptive
analysis of a trained panel. The panel also assessed the overall
impression of the beer. Beers from the ancient Czech barley va-
rieties Stupicky staroCesky and Diamant had a slightly lower, but
not significantly lower, overall sensory impression. Overall, beers
brewed with ancient Czech barley varieties had a comparable
sensory quality to beers brewed with modern bred barley varie-
ties. All beers were described as having medium bitterness and
palate fullness, weak sweetness and astringency. Beer brewed with
malt from ancient barley variety Stupicky starocesky was slightly
more astringent. A more intense perfume flavour was found in
beer brewed with the ancient barley varieties Chlumecky and
Opavsky Kneifel and a more intense grainy flavour was found in
beer brewed with malt from Opavsky Kneifel. Some, but not all,
assessorsreported amoreintense worty flavour for beers brewed
with ancient barley varieties. However, cluster analysis differenti-
ated their sensory profile from that of beer brewed with modern
barley varieties [104]. OlSovska et al. (2018) conducted sensory
analysis of the two pale lager beers brewed with malt from ancient
spring barley variety Proskovcuv hanacky. However, these beers
were not tasted in comparison to beer brewed with malt from a
modern Czech barley variety. Beers were described by a medium
palate fullness, medium bitterness and medium bitter aftertaste.
A weak astringency, despite a high polyphenolic content of 288
mg / |, as well as a weak sweetness were attributed. Both had a
medium sourness, with slightly higher values for beer brewed at
Brevnov brewery. Both beers showed a fruity and yeasty aroma.
The authors described perfume notes for the aroma and flavour
of the beers. All notes were characteristic of a bottom-fermented
pale lager beer. However, both beers showed a specific off-flavour
thatthe authors did notfurther describe. The overallimpression of
both beers was described as medium (5) on a 9-point scale [1071].
Sensory results of this study must be interpreted with caution,
as beers were brewed at two different breweries using different
brewing processes. For better comparison, a standardised brew-

ing process should be applied. This would help attribute sensory
differences to variety rather than brewing-process differences. In
contrast, a brewing process not well adjusted to the respective
variety might also negatively affect the sensory profile of the final
beer. For better comparability, future research should alsoinclude
modern barley varieties.

It is often stated, that ancient barley varieties like Maris Otter,
Schooner or Golden Promise have a specific sensory profile [113,
114]. Herb et al. (2018) even stated that the influence has a genetic
basis. However, these results are based on micro-malting and
nano-brewing trials, resulting in beer with low quality, as malting
was not adjusted to each variety [113]. Some research focused on
Maris Otter, awinter two-row barleyvariety selected from the cross
of Proctor and Pioneer and released in the United Kingdom (U.K.)
in 1966, but is nowadays rarely grown due to its poor agronomic
performance [2]. While it occupied most of the English winter bar-
ley crop area well into the 1970s, it was suitable for cultivation in
continental Europe, due toits lower winter hardiness[71]. Stewart
et al. (2023), who tested the sensory profile on unboiled wort pro-
duced with pale maltfrom heritage barleyvarieties Maris Otter and
Schooner in comparison to modern barley varieties, showed that
the two heritage varieties were described as having higher overall
flavour complexity, nutty/biscuit aroma, and sweetness intensity
compared to the other varieties tested [114]. However, this study
did not include brewing trials to assess whether these beneficial
attributes transfer to the final beer. Further research is needed to
determinewhether these aromaand flavour characteristics transfer
to the final beer. Also, Windes et al. (2021) identified some influ-
ence of barley genotype on beer flavour, using hot steep extracts
and lager beer [115]. If further research data verifies that ancient
barley varieties can bring in a unique and specific flavour profile,
it may help maltsters and brewers to consistently target desired
flavours in the final beer or even in whisk(e)y [114]. For studying
the flavour profile of ancient barley varieties, hot steep extracts
seem quite helpful [115]. Further research is also needed to de-
termine whether the flavour profiles found in hot steep extracts
transfer to the final product, or whether brewing parameters like
hop addition or fermentation might mask the influence of barley
variety. Scientific verification of a unique sensory profile will help
brewers to differentiate beer brewed with ancient barley varieties
from standardised, mainstream beers. An objective description of
thefinalbeer'ssensory characteristics will be helpful tounderstand
the influence of barley genotype. Descriptive analysis data can
also be linked with consumer acceptance data to identify which
attributes contribute to beer liking. The current literature also
shows a lack of consumer studies on beer brewed with ancient
barley varieties. Further research should therefore address how
consumers respond to beer brewed with ancient barley varieties.
Incorporating ancientbarleyvarieties as araw material for brewing
or even distilling may become more relevant as consumers today
seek new flavours in beer and higher-quality products [116]. It is
also relevant to understand their willingness to buy and whether
theywould pay higher prices for these beers. Ahigher willingnessto
buy might offset the likely higher production costs of beer brewed
with ancient barley varieties. It may also be relevant to research
consumers' interest in beer brewed with ancient barley varieties
and which attributes they associate with it; attributes that might
help brewers to market their products successfully.
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Yeast dough bread with
20 % coloured barley flour
Schwarze Criewen

Sour dough bread with coloured
naked barley Weihenstephaner
Schwarze Nackte whole grain
flour

Fig. 1

Yeast Bread with 20 % barley flour of coloured ancient barley variety Schwarze Criewen (left), and sourdough bread with hull-less

coloured barley variety Weihenstephaner Schwarze Nackte (right)

7 Ancient barley varieties for baking

In the past, flatbread made with barley flour was a staple food in
Scandinavian countries, especially in rural areas [43]. Nowadays,
barley plays a minor role in the food industry, especially in indus-
trialised countries. Barley has lower gluten and higher dietary fibre
contentthanwheat, resultinginlower-quality bread and other baked
goods[117]. However, the EFSAandthe FDA approved health claims
for barley glucan and soluble fibre from barley for lowering blood
cholesterol and reducing the risk of coronary disease [88, 89]. As
a result, interest has increased in using barley as an ingredient in
healthy food products with nutritional benefits [117], especially in
baked goods, because of its beneficial constituents [88, 89, 118].
Shape and pore structure of bread with 10 % barley flour addition
were comparable to bread made with 100 % wheat flour. Higher
percentages decreased water absorption and stability, resulting in
a denser crumb and larger, more non-uniform pores [119]. Gill et
al. (2002) reported that substituting wheat flour with barley flour
reduced loaf volume and changed bread colour as well as texture
[120]. Results of a one-year field trial with heirloom hull-less barley
varieties showed a wide protein content (11.5 - 16.8 %), making
these varieties more suitable for the baking industry rather than
for brewing. But for more consistent results, long-term trials are
required [75]. Black-coloured heirloom barley varieties had higher
protein contents and mightbe more suitable for the bakingindustry,
where higher protein contents are desired, than for animal feed,
as the authors recommended [121].

Barley flour as a substitute for wheat flour in bread mightincrease
the final product's antioxidant potential, depending on barley
variety and the baking process [118]. Flour from ancient blue or
black coloured barley varieties might also increase the antioxidant
potential of the products, as the blue colour of the grain is caused
by an accumulation of anthocyanins in the aleurone layer of the
grain [95]. Ancient coloured barley varieties can be used as a
colouring agent, too. Small-scale baking trials with standardised
tin-loaf bread showed that adding 20% of flour from coloured

barley variety Schwarze Criewen resulted in grey-coloured bread
(see fig. 1 left). The baking process did not reduce the colour. The
addition of whole-grain flour from the ancient hull-less barley va-
riety Weihenstephaner Schwarze Nackte resulted in a sourdough
bread with an intense brown/grey colour (see fig. 1, right). Further
researchis neededto exploitthe potential ofancientbarleyvarieties
as a colouring agent, possibly replacing vegetable carbon (E153),
an insoluble black pigment produced by carbonising vegetable
materials at high temperatures [122]. This could offer a clean-label
option. Consumers'’increased awareness of health and well-being
drives their preference for clean-label products [123].

In the Mediterranean region, cuttlefish (Sepia officinalis) melanin
has been used to colour bread and pasta specialities for centuries
[124]; its use as a food colourant requires molluscs to be labelled
as an allergen [125]. This can be avoided with coloured ancient
barley varieties. Valorising ancient barley varieties not solely for
brewing, but also as a raw material for the baking industry will give
producers an additional sales channel, thereby minimising their
risk. As ancient barley varieties are a more expensive raw material
for brewers, due to lower yields [104, 121, 126] and lower malt
quality [104, 107], it might be worth exploring the potential of their
by-products such as barley rootlets and brewers’ spent grain (BSG)
for the baking industry. BSG, the largest and nutritionally valuable
by-product generated in the brewingindustry, is characterised by a
high fibre and protein content [127]. Rootlets are rich in essential
amino acids, especially lysine, the typically limiting essential amino
acid of cereals. This makes them avaluable raw material by increas-
ing a product’s protein and 3-glucan content. Adding up to 10 % of
dried rootlets did not significantly compromise on bread texture
andsensory profile [128]. Valorising by-products provides maltsters
and breweries with an opportunity to generate additional revenue
[127, 128] and contribute to overall sustainability by reducing
resource consumption and environmental impact. However, BSG
has to be preserved, typically by drying. Currently, no regulatory
guidelines exist regarding the preservation of BSG for application
in human food [127].
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8 Ancient barley varieties agronomic
performance

Ancient barley varieties often inherit specific agronomic traits that
are not found in modern bred barley varieties. For instance, some
areresistantto fungal diseases or are able to tolerate low tempera-
tures or drought [107]. Mareckova et al. (2011) reported barley
landraces having a richer root system for more efficient nutrient
uptake, predominantly nitrogen, and higher stressresistance. Barley
landraces have the ability to tiller, which helps to suppress weeds
and are characterised by a shorter vegetation period [126]. Stglen
and Andersen (1978) showed that the Scottish Landrace Bere had
higher tolerance to soils with high acidity, due to a single major
gene Pht mapped on chromosome 4H [129]. Martin et al. (2023)
further reported the ability of some Bere accessions to grow on
marginal soils deficient in manganese, while they grow poorly on
well-fertilised soil. Bere is also characterised by a higher tolerance
to salinity stress [28]. The six-row barley also has an early heading
date, reflecting a short growth cycle. Also, for the Scottish landrace
Bere, aplantheightofupto 120 cmhasbeenreported, which makes
this variety prone to lodging, limiting the feasibility of mechanical
harvesting, potentially to the point of impracticability. This might
have been one factor contributing to its decline in importance
over time [36]. A high plant height which in turn resulted in lodging
were reported for ancient Czech barley varieties, too [104]. Brown
et al. (2017) studied the Scottish barley variety Bere to determine
whetherithasenhanced micronutrientefficienciesinthefield. Bere
is considered as one of the most ancient landraces in Scotland,
which is still cultivated. Based on the results of their study, Bere
genotypes have a superior ability to accumulate manganese, zinc
and copper compared to elite and other heritage lines when they
were planted on marginal soils with limited plant-available micro-
nutrients. This might have resulted in a selection pressure for traits
involved in micronutrient efficiency. The identification and use of
those genes and phenotypes from ancient germplasms would be
beneficial for breeders in developing barley varieties with greater
micronutrient efficiency [29]. Cope et al. (2022) reported that some
landraces showed higher salinity tolerance compared to modern
bredbarleyvarieties. The authors showed differencesinrootgrowth,
where Bere was characterised by quicker and larger root growth
at all salinity levels tested. Nevertheless, studies along the whole
cropping lifecycle are still necessary to get a better understanding
of how tolerant these varieties are. Salinity tolerance will be a trait
relevantin the future as higher salinity levels are expected due to
higher salt levels in groundwater caused by higher sea levels and
an increased application of brackish water for irrigation [130].
Chapagain et al. (2014) studied the root architecture of heirloom
barley cultivarsincomparisontomodernbredvarieties. Their results
indicated that heirloom barley varieties are better adapted to low
phosphorus and/or drought conditions which are often found in
low input or organic production, as some heirloom varieties have
finer and longer roots as well as a higher shoot to root ratio. If
these traits could be integrated into modern barley varieties, this
might improve their suitability for droughter conditions and also
might improve nutrient uptake efficiency [131]. Chapagain and
Riseman (2012), who compared the agronomic performance of
commercial and heirloom barley cultivars in Canada, concluded
that there were significant differences in terms of plant height,
spike length, and seed weightto volumeratio. However, there were

significant differences in terms of yield (2.9 to 5.8 t / ha) between
the heirloom cultivars. The authors further concluded that overall
heirloomvarieties performed wellunder organicfarming conditions
and referred to the potential value of heirloom barley cultivars in
terms of yield and disease resistance [121]. Dwivedi et al. (2019)
pointed out that ancient varieties often perform better under
organic and more sustainable farming practices [35]. Yahiaoui et
al. (2014) assessed the agronomic performance of Spanish barley
landraces in ten field trials in typical barley growing regions over
threeyears. The authors showed thatlandraces were characterised
by later flowering date, higher plant height, and a greater tendency
to lodging. The most relevant trait of some landraces was higher
grain yield at low-production sites, which might reflect their abil-
ity to fill grain under stressful conditions [109]. The grain yield of
ancient Czech barley varieties was on average 1.2 t/ha lower com-
pared to current varieties [104]. Mareckova et al. (2010) reported
a substantially lower yield of landraces and older varieties (2.96 to
4.84t/ha) compared to modern breeding lines (5.98 to 7.14 t/ha),
and they had a pronounced tendency to accumulate nitrogenous
substances in the grain (12.5-16.7 %) compared to standard and
modern breeding lines (10.5-11.6 %). In terms of agronomic pa-
rameters [126]. Tucker et al. (2024) stated later heading dates for
the majority of ancient barley varieties compared to the modern
varieties. The ancient varieties also showed lower yield compared
to the modern varieties, which might also be caused by the poor
adaptation to the Canadian environment. On average the ancient
barley varieties showed lower thousand kernel weights than the
modern varieties [108]. Bahrman et al. (1999) studied twenty-six
old French six-rowwinter barleyvarieties regarding their resistance
to barley mild mosaic virus. Results of mechanical inoculation tests
showed full resistance of seven old varieties. The authors used
molecular, biochemical and morphological data. DNA molecular
markers were more suitable to differentiate and discriminate
between varieties than biochemical or morphological ones [132].
Aikasalo (1988)showed thatFinnishlandraces were well adapted to
the short growing season, especially with Olli, a very early landrace
[133].Riggstetal.(1981)showed infield trials thatincorporated most
of the important spring barley varieties grown in Britain between
1880 and 1980, that grain yield was higher in most modern barley
varieties. While the ancientbarleyvariety Chevalier, introduced prior
to 1900, was characterised by a grain yield of 4.61 t/ha, varieties
introduced in 1980, such as Triumph, already had a grain yield of
6.68 t/ha. The genetic gain in yield was 0.39% per year over the
100-year period. Between 1953 and 1980 the genetic gain in yield
was higher, representing 0.84% per year. The authors further
found longer straw in the older variants. While Chevalier was 98.1
cm, Triumph was characterised by much shorter plant height, i.e.
69.8 cm. Also, fewer of the tillers they produced survived to give
ears. Further, the time from sowing to ear emergence was almost
ten days longer [134].

9 Ancient barley varieties for breeding

While little dataare available regarding the use of ancientbarley vari-
etiesfor maltingand brewing, ancientbarleyvarieties are considered
as avaluable pool of genetic resources which have to be preserved
and exploited, as they might be a valuable source for incorporat-
ing their beneficial traits like resistance against diseases and pests
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into modern cultivars [17, 21, 37, 133]. Advances in genomics and
recombinant DNAtechnology makethis considerable pool of genetic
resources more accessible. While itis easier to transfer single gene
traits from landraces germplasm to modern cultivars, most of the
desirable traits characteristic of landraces are complex and there-
fore more complicated to express in different genetic backgrounds
[135]. By transferring the large genetic and phenotypic diversity of
wild relatives and barley landraces into elite germplasm, modern
agriculture might be able to ensure food security on increasingly
marginal soils and among the progressively noticeable impacts of
climate change [12]. Tucker et al. (2024) studied European-derived
ancient barley varieties regarding their suitability as a germplasm
source to achieve greater resistance against Fusarium Head Blight,
caused by Fusarium graminearum, a global pathogen found not
onlyin barley butalsoin other cereals, resulting in lower grain yield
[108]. Most Fusarium species causing Fusarium Head Blight produce
mycotoxins like Deoxynivalenol (DON)in the infected grains, which
is toxic to humans [136]. Tucker et al. (2024) identified several re-
sistantvarieties like ‘Chevallier Chile’,'Domen’,'Hannchen’, or ‘Heils
Franken’, which could function as parents in breeding programs
to develop Fusarium Head Blight resistant malting barley varieties
[108]. Mamo and Steffenson (2015) studied Ethiopian and Eritrean
barley landraces using whole-genome association mapping for
resistance to Fusarium Head Blight. The authors identified one
common resistance quantitative trait locus on one barley chro-
mosome, significantly associated with both Fusarium Head Blight
severity and DON concentration, and on another chromosome, a
quantitative trait locus associated with DON concentration, which
might be integrated into breeding programs [136]. D'Souza et al.
(2025)screenedbarleylandraces for their resistance, to netformnet
blotch, a fungal disease in barley that reduces the photosynthetic
area of leaves, which leads to significant yield loss. Resistance was
investigated at different Zadok's stages, i.e. at approximately Z17
(seedling, encompassing early tillering), Z30 (stem elongation), and
Z70(heading, encompassing floweringto early seed development).
The authorsidentified keyregions onsix of the seven chromosomes
with different expression profiles and levels of resistance [137].
Daba et al. (2019) screened, amongst others, Ethiopian landraces
for resistance to scald, a fungal disease caused by Rhynchosporium
secali,and found thatalarge proportion were resistant [138]. While
substantial research has been done to determine the genetic basis
of agronomic and malt quality traits, research on which genes
contribute to beer flavour remains scarce [47, 2, 114]. This aspect
should be investigated further. If empirical evidence supports the
contribution of barley genotype to beer flavour, this factor should
be considered in further breeding programs, too.

10 Challenges and opportunities for ancient
barley varieties

Itisworth noting thatvalorising ancientbarleyvarieties can be chal-
lenging, but also offers opportunities. As shown above, research in
this area, especially regarding their exploitation as a raw material
formaltingand brewing, remainslimited. Cultivatingancientbarley
varieties can be challenging for several reasons: before barley and
other cereal varieties can be placed on the market, they must be
registered in the common catalogue of varieties of agricultural
plantspecies. For thisregistration, a variety mustshow distinctness,

uniformity and stability, the so-called DUS criteria. Approval of a
variety will be granted by the Community PlantVariety Office (CPVO)
after fulfilling the test protocol. The approval remains valid for ten
years following its issuance [139, 140]. However, several ancient
cereals typically lack the traits needed to meet the DUS criteria.
Selling seeds from a variety not approved by the CPVO and not
listed on the national list is not permitted. However, it is common
for farmers to exchange their farm-reproduced seeds. In Europe,
several seed exchange networks like Garden Organic, Irish Seed
Savers or ProSpecieRara are trying to conserve ancient varieties,
but focus on fruit and vegetables, rather than field crops [7]. Since
2008, the EU has provided some exceptions. With Commission
Directive 2008/62/EC, a legal framework was created, which per-
mits EU member states to provide exceptions from standard seed
marketinglegislationin ordertosupportthelegal conservationand
cultivation of threatened, naturally adapted landraces and varie-
ties. EU member states must officially identify the region(s) where
eachvariety was historically grown and adapted. Afterwards, seeds
of a conservation variety may be produced only in the previously
identified region of origin. To maintain the emphasis on genetic
resource conservation, the directive restricts the quantities of each
conservation variety that may be marketed [141]. "However, being
mainly concerned with seed trading, it is unlikely that the Directive
will be of great help in preserving all the diversity maintained up
to now in Europe [...] and the ‘loose’ wording of the Directive may
result in quite different national interpretations” [7].

It is important to work with ancient barley varieties that are well
adapted to the conditions of their respective regions [142]. The
selection of suitable varieties should be based on severalfield trials
in various locations to rule out environmental effects. Agronomic
parameters such as disease tolerance, yield potential, as well as
their compatibility with modern machinery and production meth-
ods should be examined [33]. Using ancient barley varieties might
also be challenging, as farmers have lost knowledge of how to
grow them. Low-input or organic farming may be an option when
cultivating ancient barley varieties, as some ancient varieties seem
to grow well under these conditions [131]. It is also important to
ensure that farmers receive guaranteed purchase prices through
cultivation contracts [33] between farmers and maltsters. Higher
yield variability may compromise continuous supply of grain from
ancient barley varieties in the required quantity and quality, com-
pared to modern bred barley varieties. Overall, the availability of
smaller quantities of grain from ancient barley, especially when
crop failure occurs, may also limit the use of alternative suppli-
ers, as they may be unavailable. This reduces the predictability
and reliability of raw-material supply for all stakeholders along
the value chain. Working with ancient barley varieties might open
niche markets for farmers, maltsters and brewers. It might help
to diversify their product portfolio [36]. Another central aspect of
a long-term, successful production chain is ensuring farmers are
supplied with high-quality seed. As smaller quantities are needed,
large-scale breeding companies are not interested. So, integrating
small, family-owned breeding companies into the value chain is
relevant. These small-scale breeders might see potential in sup-
plying a niche market [33]. The same holds for seed multipliers.
Seed multiplication seems to be a bottleneck for production chains
with ancient barley varieties. It is important to ensure that enough
high-quality seed is available. Using seed multipliers from different
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Fig. 2

Condensed overview: challenges and opportunities when using ancient barley (Hordeum vulgare L.) varieties for malting and

brewing (integration and extension from Halland et al. (2020) [142], Lara (2025) [6], Longin and Wiirschum (2016) [33])

regions might balance the risk of crop failure, which can lead to
insufficient seed supply. Sourcing seeds of ancient barley from an
alternative seed multiplier, as itis feasible for modern bred barley,
is often not possible. In modern, highly industrialised agricultural
systems, notmany seed multipliers are able to provide farmerswith
such small quantities and varieties that are not easy to cultivate.

Another relevant aspect is the strongly industrialised, large-scale
malting and brewing industry, which is not adapted to these small-
scale processes. There is a strong need to set up small-scale value
chains with maltsters who are capable of malting smaller batches.
Ideally, malthouses should be capable of processing a delivered
batch of ancient barley into malt, while maintaining batch identity
throughoutthe malting process. To overcomethisissue, itmightbe
anoptionto use floor malting, which is more labour-intensive but of-
fersthe opportunity to maltonamuchsmallerscale[142]. On-farm
malting allows farmersto capture alarger share of the value added
within their own agricultural operations. However, malting ancient
barley varieties requires highly skilled and experienced maltsters
who are able to adjust the malting process to each variety. Further
researchisneededto getabetter understanding of how the malting
process can be adjusted to improve malt quality of each ancient
barley variety. Better modified malts from ancient barley varieties
will reduce malting loss and improve processability and the quality
of the final beer. It also requires small-scale breweries who are
able to brew in smaller batches and with processes well-adjusted
to each ancient barley variety. How the brewing process can be
adjusted to each ancient barley variety should be investigated in
furtherresearch studies. The same applies to testing the suitability
of ancient barley varieties for different beer styles, maybe also for
brewing outside of the German Purity Law. Brewing with ancient

barley varieties requires experience and dedication of the team
working in the brewhouse. Further research should aim to exploit
the sensory potential of each variety. Little information is available
on the sensory profile of beer brewed with ancient barley varieties
and consumers’perception and response towards those products.
This indicates another research gap. As some of the ancient barley
varieties are coloured, and their colour can be used for baked
goods (fig. 1), it should be explored whether these varieties can
be used for brewing beer with ared hue. Producing red-hued beer
from dark-coloured ancient barley varieties will give brewers an
opportunity to differentiate themselves from competitors. Using
ancientbarleyvarieties for maltingand brewingrequires consumers
willing to pay higher prices for beers brewed with these varieties,
as production costs are often higher due to lower grainyields [109,
126,134, 143]. Longinand Wirschum (2016) recommend analysing
whether an ancient variety has health-promoting effects, which
might also be exploited and advertised. However, it must be taken
into consideration, that health benefits of alcoholic beverages may
not be advertised in most countries. According to Regulation (EC)
No. 1924/2006, beverages containing more than 1.2 % by volume
alcohol are not allowed to bear health claims within the EU [144].
Consequently, ancient barley varieties’ potential health benefits
may be better exploited in non-alcoholic applications, given the
legal restrictions on health claims for alcoholic beverages. Some
consumers increasingly seek new, healthy food alternatives with
aninteresting sensory profile; reintroducing ancient cereals might
meet these needs. Researchers should also examine traditional
recipes and production methods, as they might attract consumers
and increase their willingness to pay higher prices for these artisa-
nal products [33]. Consumers are willing to pay higher prices for
craft beer, which is often perceived as being of higher quality than
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commercial beer, especially if organicraw materials are used. Craft
beer consumers also prefer beer brewed locally by independent
breweries [145-147]. Marketing beer brewed with ancient barley
varieties as craft beer is an interesting option to explore in further
studies, as craft beer consumers have higher purchasing power
[116], which can help cover higher production costs and smaller
margins. Hempel et al. (2025) conducted an online survey on
bread made from heritage cereals, highlighting the importance of
implementing target-specific communication strategies. For bread
made with heritage cereals, some consumers were motivated by
hedonic values when purchasing, so aspects such as taste and
well-being should be prioritised. The other consumer group,
mainly older people, associates heritage cereals with supporting
the local economy [148]. Also, Dwivedi et al. (2019) referred to the
potential of using ancient varieties for promoting local and more
sustainable food systems [35] and a country’s history in malting
and brewing [107]. Another important aspect is the education of
the brewery'ssalesforce, as they are responsible for conveying the
brewery’s and the product’s story to buyers and customers [149].
This may be especially important for beer brewed with ancient
barley varieties, as their characteristics may need clear commu-
nication to consumers. Using direct sales or online commerce can
alsoensure personalinteraction with consumers and easier access
to the final product [146]. It might also be beneficial to sell beer
brewed with ancientbarleyvarieties as premium products to cover
higher production costs. Beer brewed with ancient barley varieties
may also extend and diversify a (craft) brewery’s existing product
portfolio [107]. MikySka et al. (2022) did not recommend ancient
barley varieties for large-scale industrial breweries [104]. Using
malt derived exclusively from ancient barley varieties may pose
risks for brewers, forinstance, insufficient resource availability and
lower, more inconsistent malt quality. A brief overview regarding
the challenges and opportunities along the whole value chain,
when ancient barley varieties are used for malting and brewing,
is given in figure 2. It also shows that reintroducing and exploiting
ancientbarley varieties “must go beyond isolated efforts and must
be embedded within broader, cross-sectoral strategies” [6]. Such
an approach requires dedicated stakeholders along the whole
value chain. It will also require

magnesium and phosphorus. However, results must be verified
with data from different growing sites and vintages [150]. Because
Bere has a very high plant height, its straw is often sold as an ad-
ditional by-product. Intense collaboration and cross-disciplinary
activities led to increased interest in Bere and the development of
a regional long-term value chain [28]. Alignment and knowledge
acrossdisciplinessuch asagronomy, plant physiology, food science,
innovation, marketing, and economics are relevant when reintro-
ducing an ancient barley variety and exploiting its potential in our
modern food system. Emphasis should be placed on knowledge
transfer among the partners involved [142].

Overall, it can be stated that reducing ancient cereal varieties to
a mere gene pool for the enhancement of modern breeding lines
is an overly simplistic interpretation of their potential value, be-
cause “the loss of these crops is not only a nutritional or ecological
issue, but it also represents a gradual erosion of food cultures,
farming practices, knowledge systems [...] that have evolved over
generations” [6]. Also, Dwivedi et al. (2019) refer to the culinary
quality and unique flavour profile associated with ancient varie-
ties and may “represent an important aspect of heritage” [35]. It
might also be worth assessing potential alternative applications
for ancient barley varieties (fig. 3). For instance, coloured ancient
barley varieties could be used as a food colouring agent for bread
or pasta, or as a raw material for the extraction of anthocyanins,
allomelanin, or B-glucan. But further research is needed to exploit
the technological possibilities of extracting anthocyanins, allomel-
lanin or B-glucan from these dark coloured barley varieties. Adding
barley flour, by-products from the malting and brewing industry,
or extracted B-glucan from ancient barley varieties could be an
important opportunity to develop products with an approved
health claim. Especially as these varieties are often characterised
by a higher B-glucan content compared to modern barley varieties
[107]. But further studies are required to see how they might func-
tion as a raw material for the baking industry. Additional research
is needed to determine whether they have the same composition
or even more beneficial ingredients than modern barley varieties.
Ancient barley varieties might also be used in the production of

close cooperation with political
stakeholders and academia, as
well as marketing agencies, to help
access, inform, and educate con-
sumers [142]. Developing market
infrastructure and networks will
be crucial to conserve and valorise
ancient barley varieties [36].
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Alternative applications and areas of use for ancient barley (Hordeum vulgare L.) varieties
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grain-based spirits like whisk(e)y, as they can easily be marketed
as (local) premium products, resulting in higher profit margins, as
donewiththe Scottish ancientbarleyvariety Bere, “especially when
a'grain to glas’ approach has been adopted [28]. Exploring alterna-
tive uses, such as cereal-based coffee alternatives or barley tea,
is also an interesting topic for further research. As ancient barley
varieties are characterised by greater plant height than modern
varieties [36, 104], their straw might be an interesting by-product.
It can be used as livestock bedding [28] or as thermal insulation
material, where barley straw tends to be more favourable than
wheat straw, especially when treated with boric acid to improve
mould resistance, too [151]. The application of straw mulch for
instance in vineyards, seems to be very effective in reducing soil
erodibility and surface runoff [152]. Another option is to valorise
by-products like BSG or rootlets from ancient barley varieties as an
ingredient in the baking industry for natural product fortification.
BSG has been studied as a growth medium for microorganisms
like lactic acid bacteria. By selling BSG, brewers could gain an ad-
ditional source ofincome, compensating for the higher production
costs of brewing with ancient barley varieties. It may also be worth
studying whether BSG composition differs and is more valuable
than BSG from modern barley varieties, for instance, as ancient
barley varieties are often characterised by a higher B-glucan and
protein content [104, 107].

However, extensive research is needed to successfully reintroduce
and exploit ancient cereal varieties. They might remain only a valu-
able genetic resource for modern breeding and a raw material for
a niche market, but they might also, as Mahon et al. (2016) stated,
maintain and enrich local culture [36].

Acknowledgements

The author is grateful to B. Sc. Joshua Vogel for developing tarte
flambée recipes with the coloured ancient barley variety Schwarze
Criewen and assisting with baking trials. The author is also grateful
to B. Sc. Moritz Wieber for conducting baking trials with ancient
barley varieties.

The author would also like to thank the North Rhine-Westphalia
Chamber of Agriculture, Plant Genetic Resources for providing the
seeds of the spring barley of ancient origin.

Conflicts of interest

The author declares no conflict of interest.

Funding

The work was supported by the EU-funded project “Sustainable
croprotation expansionthrough summer cereals in water-sensitive
areasusingthe example of old cereal varieties for baking and brew-
ing” (Korn B). This involves funding from the European Agricultural
Fund for Rural Development.

CRediT Authorship contribution

Doris Hage: conceptualisation, writing (draft and review), visuali-
sation

1

10.

1.

12.

13.

14.

15.

References

Friedt, W.: Barley Breeding History, Progress, Objectives, and
Technologyin: Barley: Production, Improvement, and Uses, edited
by Ullrich, E., Blackwell Publishing, Ltd, 2011.

Morrissy, C. P.; Féchir, M.; Bettenhausen, H. M.; Van Simaeys, K.
R.; Fisk, S.; Hernandez, J.; Kyle, M.; Benson, A.; Shellhammer, T.
H. and Hayes, P. M.: Continued Exploration of Barley Genotype
Contribution to Base Malt and Beer Flavor Through the Evaluation
of Lines Sharing Maris Otter® Parentage. Journal of the American
Society of Brewing Chemists, 80 (2022), no. 3, pp. 201-214.
Ebert, A. W. and Engels, J. M. M.: Plant Biodiversity and Genetic
Resources Matter! Plants, 9 (2020), no. 12, pp. 1-10.

Food Agricultural Organisation of the United Nations: Genebank
standards for plant genetic resources for food and agriculture,
2014.

Lopes, M. S.; El-Basyoni, I.; Baenziger, P. S.; Singh, S.; Royo, C,;
Ozbek, K.; Aktas, H.; Ozer, E.; Ozdemir, F.; Manickavelu, A.; Ban, T.
andVikram, P.: Exploiting genetic diversity fromlandracesinwheat
breeding for adaptationto climate change.Journal of Experimental
Botany, 66 (2015), no. 12, pp. 3477-3486.

Lara, S.W.: Forgotten crops, future crops? Perspectives and poten-
tial of minor varieties and underutilised crops in diversified food
systems. Translational Food Sciences, 1 (2025), no. 1, pp. 1-8.
Negri, V.; Maxted, N. and Veteldinen, M.: European Landrace
Conservation: An Introduction, in: European landraces: on-farm
conservation, management and use, edited by Veteldinen, M.;
Negri, V. and Maxted, N.: Biodiversity Technical Bulletin, (2009),
no. 15, pp. 1-22.

Aweya, J. J.; Sharma, D.; Bajwa, R. K.; Earnest, B.; Krache, H. and
Moghadasian, M. H.: Ancient Grains as Functional Foods: Integrat-
ing Traditional Knowledge with Contemporary Nutritional Science.
Foods, 14 (2025), no. 14, pp. 1-17.

Guo, Y.; Jayakodi, M.; Himmelbach, A.; Ben-Yosef, E.; Davidovich,
U.; David, M.; Hartmann-Shenkman, A.; Kislev, M.; Fahima, T.;
Schuenemann, V.J.; Reiter, E.; Krause, J.; Steffenson, B. ].; Stein, N.;
Weiss, E. and Mascher M.: A haplotype-based evolutionary history
of barley domestication. Nature, 647 (2025), pp. 680-688.

Friedt, W. and Ordon, F.: Mendel's Laws and their impact on
plant breeding - Zur Bedeutung der Mendel'schen Regeln fur die
Pflanzenzichtung.Journal fur Kulturpflanzen, 74(2022),no.11-12,
pp. 223-232.

Hallauer, A. R.: Evolution of Plant Breeding. Crop Breeding and
Applied Biotechnology, 11 (2011), no. 3, pp. 197-206.

Schmidt, S. B.; Brown, L. K.; Booth, A.; Wishart, J.; Hedley, P. E.;
Martin, P.; Husted, S.; George, T.S.and Russell, ).: Heritage genetics
for adaptation to marginal soils in barley. Trends in Plant Science,
28 (2023), no. 5, pp. 544-551.

IPCC: Sections. In: Climate Change 2023: Synthesis Report. Con-
tribution of Working Groups |, Il and Ill to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change, edited
by Lee, H. and Romero, J., IPCC, 2023, pp. 35-115.

Pareek, N.: Climate Change Impact on Soils: Adaptation and Mitiga-
tion. MOJ Ecology and Environmental Science, 2 (2017), no. 3, pp.
136-139.

Mittler, R.; Karlova, R.; Bassham, D. C. and Lawson, T.: Crops under
stress:canwe mitigate theimpacts of climate change on agriculture
and launch the‘Resilience Revolution? Philosophical Transactions
B, Royal Society Publishing, 380 (2025), no. 1927, pp. 1-6.




197

9/10 2026 (Vol. 79)

BrewingScience

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Beaven, E.S.: Varieties of Barley. Journal of the Federated Institutes
of Brewing, 8 (1902), no. 5, pp. 542-600.

Salgotra, R. K. and Chauhan, B.S.: Genetic Diversity, Conservation,
and Utilization of Plant Genetic Resources. Genes, 14 (2023), no.
1,p.174.

Khoury, C. K; Brush, S.; Costich, D. E.; Curry, H. A;; de Haan, S,;
Engels, J. M. M.; Guarino, L.; Hoban, S.; Mercer, K. L.; Miller, A. J.;
Nabhan, G.P.; Perales, H.R.; Richards, C.; Riggins, C.and Thormann,
I.: Crop genetic erosion: understanding and responding to loss of
crop diversity. New Phytologist, 233 (2022), no. 1, pp. 84-118.
Food and Agriculture Organization of the United Nations: Women:
users, preservers and managers of agrobiodiversity, 1999. https://
www.fao.org/4/x0171e/x0171e03.htm, last access: 2026-05-07.
vande Wouw, M.;vanHintum, T.; Kik, C.; van Treuren, R.and Visser,
B.: Genetic diversity trends in twentieth century crop cultivars: a
meta analysis. Theoretical and applied genetics. Theoretische und
angewandte Genetik, 120 (2010), no. 6, pp. 1241-1252.
Camacho Villa, T. C.; Maxted, N.; Scholten, M. and Ford-Lloyd, B.:
Defining and identifying crop landraces. Plant Genetic Resources,
3(2005), no. 3, pp. 373-384.

Food and Agriculture Organization of the United Nations: Interna-
tional Treaty on Plant Genetic Resources for Food and Agriculture,
aglobal treaty for food security and sustainable agriculture, 2009.
https://www.genres.de/fileadmin/SITE_MASTER/content/Publika-
tionen/ITPGRFA_en.pdf, last access: 2025-04-15.

United Nations: Kunming-Montreal Global Diversity Framework,
15/4, Conference of the Parties of the Convention on Biological
Diversity, Fifteenth Meeting- Partll,07.- 12. December 2022,2022.
Convention on Biological Diversity: Convention on Biological Diver-
sity - Text and Annexes. Montreal: Secretariat of the Convention
on Biological Diversity, 2011.

Convention on Biological Diversity: Text and Annexes. Secretariat
of the Convention on Biological Diversity, 1992.

Food and Agricultural Organisation of the United Nations: The
Third Report on The State of the World's Plant Genetic Resources
for Food and Agriculture. FAO Commission on Genetic Resources
for Food and Agriculture Assessments, 2025.

European Commission: Communication from the Commission to
the European Parliament, the Council, the European Economic
and Social Committee and the Committee of the Regions; EU
Biodiversity Strategy for 2030 Bringing nature back into our lives,
2020.

Martin, P.; Russell, J.; Wishart, J.; Brown, L. K.; Wallace, M.; lannetta,
P. P. M. and George, T. S.: Back to the future: Using ancient Bere
barley landraces for a sustainable future. Plants, People, Planet,
7 (2023), no. 3, pp. 546-561.

Brown, L. K.; Birkelund Schmidt, S.; Wishart, J.; Booth, A.; Russell,
J.; Husted, S.; Martin, P. and George, T. S.: Back to the future:
identifying micronutrient efficiencies in Heritage barley lines for
improved agricultural sustainability, XVIIl International Plant Nutri-
tion Colloquium, 2017.

Azam-Ali, S. N.; Gregory, P.J. and Jahanshiri, E.: Diversifying the UK
Agrifood System: A Role for Neglected and Underutilised Crops.
Agronomy, 14 (2024), no. 14, p. 853.

Giambanelli, E.; Ferioli, F.; Kocaoglu, B.; Jorjadze, M.; Alexieva, |.;
Darbinyan, N. and D’Antuono, L. F.: A comparative study of bioac-
tive compounds in primitive wheat populations from Italy, Turkey,
Georgia, Bulgaria and Armenia. Journal of the science of food and
agriculture, 93 (2013), no. 14, pp. 3490-3501.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Perrino, E.V.: Ancientand modern grains, effects on human health:
Afirstshortreview. ResearchJournal of Ecology and Environmental
Sciences, 2 (2022), no. 1, pp. 21-25.

Longin, C. F. H. and Wirschum, T.: Back to the Future - Tapping
into Ancient Grains for Food Diversity. Trends in Plant Science, 21
(2016), no. 9, pp. 731-737.

Boukid, F.; Folloni, S.; Sforza, S.; Vittadini, E. and Prandi, B.: Current
Trendsin Ancient Grains-Based Foodstuffs: Insightsinto Nutritional
Aspects and Technological Applications. Comprehensive Reviews
in Food Science and Food Safety, 17 (2018), no. 1, pp. 123-136.
Dwivedi, S.; Goldman, I. and Ortiz, R.: Pursuing the Potential of
Heirloom Cultivarsto Improve Adaptation, Nutritional,and Culinary
Features of Food Crops. Agronomy, 9 (2019), no. 8, pp. 1-21.
Mahon, N.; McGuire, S. and Islam, M. M.: Why bother with Bere?
Aninvestigation into the drivers behind the cultivation of landrace
barley. Journal of Rural Studies, 45 (2016), pp. 54-65.
Choudhary, M.; Singh, V.; Muthusamy, V.and Wani, S. H.: Harness-
ing crop wild relatives for crop improvement. LS - International
Journal of Life Science, 6 (2017), no. 73, pp. 2319-1198.

Badr, A.; Miller, K.; Schafer-Pregl, R.; El Rabey, H.; Effgen, S.; Ibra-
him, H. H.; Pozzi, C.; Rohde, W. and Salamini, F.: On the Origin and
Domestication History of Barley (Hordeum vulgare). Molecular
Biology and Evolution, 17 (2000), no. 4, pp. 499-510.

Haas, M.; Schreiber, M. and Mascher, M.: Domestication and
crop evolution of wheat and barley: Genes, genomics, and future
directions. Journal of Integrative Plant Biology, 61 (2019), no. 3,
pp. 204-225.

McKevith, B.: Nutritional aspects of cereals. Nutrition Bulletin, 29
(2004), no. 2, pp. 111-142.

FAOSTAT (2026): https://www.fao.org/faostat., last access: 2026-
10-04.

Riehl, S.:Barleyin Archaeology and Early History, edited by Shugart,
H.: Oxford Research Encyclopedia of Environmental Science, Oxford
Academic, 2019.

Newman, R. K. and Newman C. W.: Barley for food and health:
science, technology and products, John Wiley & Sons, Inc. Publica-
tions, 2008.

Rogers, C. W.; Adams, C. B.; Tarkalson, D. D.; Marshall, J. M.;
Hatzenbuehler, P.; Thurgood, G.; Dari, B.and Loomis, G.: Improving
Estimates for Barley Residue Biomass, Nutrients, and Economic
Value. Crops & Soils Magazine, 57 (2024), pp. 25-29.
Meussdoerfer, F. and Zarnkow, M.: Major Brewing Cereals, in
Handbook of Brewing, Processes, Technology, Markets, edited
by ERlinger, M. H., Wiley-VCH Verlag GmbH & Co. KGaA, 2009.
Yildiz, D.: Global Barley Supply and Demand & 2024 Expectations,
Feed Additive, International Magazine for Animal Feed and Additives
Industry, 2024. https://www.feedandadditive.com/global-barley-
supply-and-demand-2024-expectations/, lastaccess: 2025-04-06.
Sayre-Chavez, B.; Bettenhausen, H.; Windes, S.; Aron, P.; Cistué,
L.; Fisk, S.; Helgerson, L.; Heuberger, A. L.; Tynan, S.; Hayes, P. and
Mufioz-Amatriain, M.: Genetic basis of barley contributions to beer
flavor. Journal of Cereal Science, 104 (2022), pp. 1-13.

Baik, B. - K. and Ullrich, S. E.: Barley for food: Characteristics, im-
provement, and renewed interest. Journal of Cereal Science, 48
(2008), pp. 233-242.

Newman C. W. and Newman R. K.: A brief history of barley foods.
Cereal Foods World, 51 (2006), no. 1, pp. 1-7.

Losch, S.; Moghaddam, N.; Grossschmidt, K.; Risser, D. U. and
Kanz, F.: Stable Isotope and Trace Element Studies on Gladiators




BrewingScience

9/10 2026 (Vol. 79) 198

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

and Contemporary Romans from Ephesus (Turkey, 2nd and 3rd
Ct. AD) - Implications for Differences in Diet. PLoS ONE, 9 (2014),
no. 10, pp. 1-17.

Martinez-Moreno, F.; Igartua, E. and Solis, I.: Barley Types and
Varieties in Spain: An Historical Overview. Ciencia e Investigacion
Agraria, 44 (2017), no. 1, pp. 12-23.

Zohary, D.; Hopf, M. and Weiss, E.: Domestication of Plants in the
Old World, 4th edition, Oxford University Press Inc., 2012.
Salamini, F.; Ozkan, H.; Brandolini, A.; Schifer-Pregl, R. and Martin,
W.: Genetics and geography of wild cereals domestication in the
near east. Nature Reviews Genetics, 3 (2002), no. 6, pp. 429-441.
Lev-Yadun, S.; Gopher, A. and Abbo, S.: The Cradle of Agriculture.
Science, 288 (2000), pp. 1602-1603.

Mascher, M.; Schuenemann, V.; Davidovich, U.; Marom, N.; Him-
melbach, A.; Hubner, S.; Korol, A.; David, M.; Reiter, E.; Riehl, S.;
Schreiber, M.; Vohr, S. H.; Green, R. E.; Dawson, |. K.; Russell, J.;
Kilian, B.; Muehlbauer, G.J.; Waugh, R.; Fahima, T.; Krause, J.; Weiss,
E.and Stein, N.: Genomic analysis of 6,000-year-old cultivated grain
illuminates the domestication history of barley. Nature Genetics,
48 (2016), no. 9, pp. 1089-1093.

Harlan, J. R. and Zohary, D.: Distribution of wild wheats and barley.
Science, 153 (1966), no. 3740, pp. 1074-1080.

Morell, P.L.and Clegg, M. T.: Genetic evidence for asecond domes-
tication of barley (Hordeum vulgare) east of the Fertile Crescent.
Proceedings of the National Academy of Sciences, 104 (2007), no.
9, pp. 3289-3294.

Dai, F.; Nevo, E.; Wu, D.; Comadran, J.; Zhou, M.; Qiu, L.; Chen, Z.;
Beiles, A.; Chen, G. and Zhang, G.: Tibet is one of the centers of
domestication of cultivated barley. Proceedings of the National
Academy of Sciences, 109 (2012), no. 42, pp. 16969-16973.
Zhou, M. X.: Barley Production and Consumption, edited by Zhang,
G. and Li, C.: Genetics and Improvement of Barley Malt Quality.
Advanced Topics in Science and Technology in China. Springer,
2009.

Pourkheirandish, M. and Komatsuda, T.: The importance of barley
genetics and domestication in a global perspective. Annals of
botany, 100 (2007), no. 5, pp. 999-1008.

Pourkheirandish, M.; Hensel, G.; Kilian, B.; Senthil, N.; Chen, G.;
Sameri, M.; Azhaguvel, P.; Sakuma, S.; Dhanagond, S.; Sharma, R.;
Mascher, M.; Himmelbach, A.; Gottwald, S.; Nair, S. K.; Tagiri, A.;
Yukuhiro, F.; Nagamura, Y.; Kanamori, H.; Matsumoto, T.; Willcox,
G.; Middleton, C. P.; Wicker, T.; Walther, A.; Waugh, R.; Fincher, G.
B.; Stein, N.; Kumlehn, J.; Sato, K. and Komatsuda, T.: Evolution of
the Grain Dispersal System in Barley. Cell, 162 (2015), no. 3, pp.
527-539.

Komatsuda, T.; Pourkheirandish, M.; He, C.; Azhaguvel, P.; Kan-
amori, H.; Perovic, D.; Stein, N.; Graner, A.; Wicker, T.; Tagiri, A.;
Lundqvist, U.; Fujimura, T.; Matsuoka, M.; Matsumoto, T.and Yano,
M.: Six-rowed barley originated from a mutationinahomeodomain-
leucinezipperI-classhomeobox gene. Proceedings of the National
Academy of Sciences of the United States of America, 104 (2007),
no. 4, pp. 1424-1429.

Kjack,).L.and Witters, R. E.: Physiological Activity of Awnsin Isolines
of Atlas Barley. Crop Science, 14 (1974), no. 2, pp. 243-248.
Vanhala, T. K. and Stam, P.: Quantitative Trait Loci for Seed Dor-
mancy in Wild Barley (Hordeum spontaneum C. Koch). Genetic
Resources and Crop Evolution, 53 (2006), no. 5, pp. 1013-1019.
Dockter, C.and Hansson, M.: Improving barley culm robustness for
secured crop yield in a changing climate. Journal of Experimental

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Botany, 66 (2015), no. 12, pp. 3499-3509.

Hedden, P.:The genes of the Green Revolution. Trends in Genetics,
19 (2003), no. 1, pp. 5-9.

Rajkumara, S.: Lodging in cereals - a review. Agricultural Reviews,
29 (2008), no. 1, pp. 55-60.

Kuczyniska, A.; Surma, M.; Adamski, T.; Mikotajczak, K.; Krystkowiak,
K. and Ogrodowicz, P.: Effects of the semi-dwarfing sdw1/denso
gene in barley. Journal of Applied Genetics, 54 (2013), no. 4, pp.
381-390.

Jeanty, A.; Bouby, L.; Bonhomme, V.; Balfourier, F.; Debiton, C,;
Dham, C,; Ivorra, S.; Ros, J. and Evin, A.: Barley systematics and
taxonomy foreseen by seed morphometric variation. PLoS ONE,
18 (2023), no. 5, pp. 1-17.

Sullivan, P.; Arendt, E. and Gallagher, E.: The increasing use of
barley and barley by-productsin the production of healthier baked
goods. Trends in Food Science & Technology, 29 (2013), no. 2, pp.
124-134.

Schildbach, R.: Barley worldwide. Journal of the Institute of Brew-
ing, 92 (1986), no. 1, pp. 11-20.

Narzif3, L.; Back, W.; Gastl, M. and Zarnkow, M.: Applied Malting
and Brewing Science, A Weihenstephan Compendium, Frist Edi-
tion, WILEY-VCH GmbH, 2024.

Stockinger, E. J.: The Breeding of Winter-Hardy Malting Barley.
Plants, 10 (2021), no. 7, pp. 1-38.

Narzif3, L. and Back, W.: Die Braugerste. Die Bierbrauer Band 1:
Technologie der Malzbereitung. 8. Auflage: WILEY-VCH Verlag
GmbH & Co. KGaA, 2012.

Darby, H.; Blair, H. and Emick, H.: Heirloom Hulless Spring Barley
Variety Trial, (2020). Northwest Crops & Soils Program, 2021.
Brata, H. O.:The Naked Barley Thorebygg and Norwegian Farmer's
Ale. Global Food History, 8 (2022), no. 2, pp. 85-105.

Ge, X.,;Jing, L.; Zhao, K;; Su, C.; Zhang, B.; Zhang, Q.; Han, L.; Yu, X.
and Li, W.: The phenolic compounds profile, quantitative analysis
and antioxidant activity of four naked barley grains with different
color. Food Chemistry, 335 (2021), pp. 1-11.

Washington,]. M.; Box, A.; Karakousis, A.and Barr, A.R.: Developing
Waxy Barley Cultivars for Food, Feed and Malt. Conference Paper:
International Barley Genetics, 8 (2000).

Chen, X.; Shao, S.; Chen, M.; Hou, C.; Yu, X. and Xiong, F.: Morphol-
ogy and Physicochemical Properties of Starch from Waxy and
Non-Waxy Barley. Starch - Starke, 72 (2020), no. 5-6, pp. 1-10.
Ullrich S. E.; ClancyJ.; Eslick, R. F. and Lance R. C. M.: B-glucan con-
tent and viscosity of extracts from waxy barley. Journal of Cereal
Science, 4 (1986), pp. 279-285.

Messia, M. C.; De Arcangelis, E.; Candigliota, T.; Trivisonno, M. C.
and Marconi, E.: Production of 3-glucan enriched flour from waxy
barley. Journal of Cereal Science, 93 (2020), pp. 1-6.
Ehrenbergerova, J.; Vaculova, K.; Psota, V.; Havlova, P. and
Serhantova, V.: Effects of cropping system and genotype on vari-
ability in important phytonutrients content of the barley grain for
direct food use. Plant Soil Environment, 49 (2003), no. 10, pp.
443-450.

Marconi, O.; Tomasi, |.; Dionisio, L.; Perretti, G. and Fantozzi, P.:
Effects of malting on molecular weight distribution and content of
water-extractable B-glucansinbarley. Food Research International,
64 (2014), pp. 677-682.

Lam, K. - L. and Chi-Keung Cheung, P.: Non-digestible long chain
beta-glucans as novel prebiotics. Bioactive Carbohydrates and
Dietary Fibre, 2 (2013), no. 1, pp. 45-64.




199

9/10 2026 (Vol. 79)

BrewingScience

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.
100.

101.

102.

Havrlentovd, M. and Kraic, J.: Content of B-D -glucan in cereal
grains. Journal of Food and Nutrition Research, 45 (2006), no. 3,
pp. 97-103.

Kunze, W.: Technologie der Brauer und Malzer, 12th revised edi-
tion, VLB Berlin, 2023.

Lukinac, J. and Juki¢, M.: Barley in the Production of Cereal-Based
Products. Plants, 11 (2022), no. 24, pp. 1-27.

Food and Drug Administration: Health Claim for Barley Products.
FDA Consumer magazine, 40 (2006), no. 4, p. 5.

European Food Safety Authority: Scientific Opinion onthe substan-
tiation of health claimsrelated to beta-glucansfrom oatsand barley
and maintenance of normalblood LDL-cholesterol concentrations
(ID 1236, 1299), increase in satiety leading to a reduction in energy
intake (ID 851, 852), reduction of post-prandial glycaemicresponses
(ID 821, 824), and “digestive function” (ID 850) pursuant to Article
13(1) of Regulation (EC) No 1924/2006, 2011. https://www.efsa.
europa.eu/en/efsajournal/pub/2207, last access: 2025-04-04.
Khaleghdoust, B.; Esmaeilzadeh-Salestani, K.; Korge, M.; Alaru,
M.; Méll, K.; Varnik, R.; Koppel, R.; Tamm, U.; Kurg, M.; Altosaar, I.
and Loit, E.: Barley and wheat beta-glucan content influenced by
weather, fertilization, and genotype. Frontiers in Sustainable Food
Systems, 7 (2024), pp. 1-9.

Guler, M.: Barley grain B-glucan content as affected by nitrogen
and irrigation. Field Crops Research, 84 (2003), no. 3, pp. 335-340.
Aufhammer, G.: Barley varieties - EBC: Variétés d’ Orges - Brauger-
stensorten, Elsevier, 1968.

Gupta, M.; Abu-Ghannam, N. and Gallaghar, E.: Barley for Brewing:
Characteristic Changes during Malting, Brewing and Applications
of its By-Products. Comprehensive Reviews in Food Science and
Food Safety, 9 (2010), no. 3, pp. 318-328.

Gordeeva, E. |.; Glagoleva, A.Y.; Kukoeva, T.V.; Khlestkina, E. K. and
Shoeva, O.Y.: Purple-grained barley (Hordeum vulgare L.): marker-
assisted development of NILs for investigating peculiarities of the
anthocyanin biosynthesis regulatory network. BMC Plant Biology,
19 (2019), no. 52, pp. 49-57.

Strygina, K. V.; Borner, A. and Khlestkina, E. K.: Identification and
characterization of regulatory network components for anthocya-
nin synthesis in barley aleurone. BMC plant biology, 17 (2017), no.
184, pp. 110-117.

Mazza, G. and Miniati, E.: Anthocyanins in fruits, vegetables, and
grains, 1st ed., CRC Press, 1993.

Shoeva, O.Y.; Mursalimoy, S. R.; Gracheva, N. V.; Glagoleva, A.Y.;
Borner, A. and Khlestkina, E. K.: Melanin formation in barley grain
occurswithin plastids of pericarp and husk cells. Scientific reports,
10 (2020), no. 1, p. 179.

Robinson, R.and Smith, H.: Anthocyanins of the Leaf of the Copper
Beech (Fagus sylvatica) and the Fruit of the Cultivated Strawberry
(Fragaria virginiana). Nature, 175 (1955), no. 4458, p. 634.
Hamatschek, J.: Technologie des Weines, Ulmer, 2015.

He, J. and Giusti, M. M.: Anthocyanins: natural colorants with
health-promoting properties. Annual review of food science and
technology, 1 (2010), pp. 163-187.

Khoo, H. E.; Azlan, A.; Tang, S. T. and Lim, S. M.: Anthocyanidins
and anthocyanins: colored pigments as food, pharmaceutical
ingredients, and the potential health benefits. Food and Nutrition
Research, 61 (2017), no. 1, pp. 1-21.

Abdel-Aal, E. - S. M. and Hucl, P.: A Rapid Method for Quantifying
Total Anthocyanins in Blue Aleurone and Purple Pericarp Wheats.
Cereal Chemistry, 76 (1999), no. 3, pp. 350-354.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Guo, L.; Li, W.; Gu, Z.; Wang, L.; Guo, L.; Ma, S.; Li, C.; Sun, J.; Han,
B. and Chang, ).: Recent Advances and Progress on Melanin: From
Source to Application. International journal of molecular sciences,
24 (2023), no. 5, pp. 1-26.

Mikyska, A.; Psota, V.; Bojnanska, K.; Ondrejovi¢, M.; Musilova, M.;
Bezdickova, A. and Zavrelova, M.: Old but still good-Comparison
of malting and brewing characteristics of current and historical
malting barleyvarieties. Research Institute of Brewing and Malting,
68 (2022), no. 6, pp. 663-673.

Kreisz, S.: Malting, in Handbook of Brewing, Processes, Technology,
Markets, edited by ERlinger, M. H., Wiley-VCH Verlag GmbH & Co.
KGaA, 20009.

Gastl, M.; Kupetz, M. and Becker, T.: Determination of Cytolytic
Malt Modification - Part I: Influence of Variety Characteristics.
Journal of the American Society of Brewing Chemists, 79 (2021),
no. 1, pp. 53-65.

Ol$ovska, J.; Mikyska, A.; Cejka, P.; Slaby, M. and Psota, V.: Study of
technological properties of the historical barleyvariety, Proskovcuv
hanacky. Kvasny Prum, 64 (2018), no. 4, pp. 167-172.

Tucker, J. R.; Badea, A.; Blackwell, B. A.; MacEachern, D. and Mills,
A.: Bringing Barley Back: Analysis of Heritage Varieties for Use
as Germplasm Sources to Improve Resistance against the Most
Devastating, Contemporary Disease in Canada, Fusarium Head
Blight (Fusarium graminearum). Plants, 13 (2024), no. 6, pp. 1-20.
Yahiaoui, S.; Cuesta-Marcos, A.; Gracia, M. P.; Medina, B.; Lasa, J.
M.; Casas, A. M,; Ciudad, F. J.; Montoya, J. L.; Moralejo, M.; Molina-
Cano, J. L. and Igartua, E.: Spanish barley landraces outperform
modern cultivars at low-productivity sites. Plant Breed, 133 (2014),
no. 2, pp. 218-226.

Psota, V.: Historical and current varieties of spring barley varieties
suitable for “Ceské pivo”. Kvasny Prum, 54 (2008), no. 11-12, pp.
326-331.

Gothard, P. G; Riggs, T.J. and Smith, D. B.: The malting quality of
some spring barley varieties grownin England and Wales between
1880 and 1980. Journal of the Institute of Brewing, 89 (1983), no.
5, pp. 344-348.

Mikyska, A.; DuSek, M. and Slaby, M.: Effects of the mashing process
on polyphenols and antiradical activity of beer. European Food
Research and Technology, 249 (2023), pp. 71-80.

Herb, D.; Filichkin, T.; Fisk, S.; Helgerson, L.; Hayes, P.; Meints, B.;
Jennings, R.; Monsour, R.; Tynan, S.; Vinkemeier, K.; Romagosa, |.;
Moscou, M.; Carey, D.; Thiel, R; Cistue, L.; Martens, C.and Thomas,
W.: Effects of Barley (Hordeum Vuligare L.) Variety and Growing
Environment on Beer Flavor. Journal of the American Society of
Brewing Chemists, 75 (2017), no. 4, pp. 345-353.

Stewart, S.; Sanders, R.; Ivanova, N.; Wilkinson, K. L.; Stewart, D. C.;
Dong, J.; Evans D. E. and Able, J. A.: The Influence of Malt Variety
and Origin on Wort Flavor. Journal of the American Society of
Brewing Chemists, 81 (2023), no. 2, pp. 282-298.

Windes, S.; Bettenhausen, H. M.; Simaeys, K. R. V.; Clawson, J.; Fisk,
S.;Heuberger, A. L.; Lim,]J.; Queisser, S. H.; Shellhammer, T. H. and
Hayes, P. M.: Comprehensive Analysis of Different Contemporary
Barley Genotypes Enhances and Expands the Scope of Barley
Contributions to Beer Flavor. Journal of the American Society of
Brewing Chemists, 79 (2021), no. 3, pp. 281-305.

Carvalho, N. B.; Minim, L. A.; Nascimento, M.; Ferreira, G. H. D.
C. and Minim, V. P. R.: Characterization of the consumer market
and motivations for the consumption of craft beer. British Food
Journal, 120 (2018), no. 2, pp. 378-391.




BrewingScience

9/10 2026 (Vol. 79) 200

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Friero, I.; Martinez-Subira, M.; Macia, A.; Romero, M. - P. and Mo-
ralejo, M.: Exploring the nutritional and techno-functional benefits
of purple hull-less barley in extruded ready-to-eat cereals. LWT,
212 (2024), pp. 1-10.

Holtekjalen, A. K.; Baevre, A. B.; Redbotten, M.; Berg, H. and Knut-
sen, S. H.: Antioxidant properties and sensory profiles of breads
containing barley flour. Food Chemistry, 110 (2008), no. 2, pp.
414-421.

Al-Attabi, Z. H.; Merghani, T. M.; Ali, A. and Rahman M. S.: Effect of
barley flour addition on the physico-chemical properties of dough
and structure of bread. Journal of Cereal Science, 75 (2017), pp.
61-68.

Gill, S.; Vasanthan, T.; Ooraikul, B. and Rossnagel, B.: Wheat Bread
Quality as Influenced by the Substitution of Waxy and Regular
Barley Floursin Their Native and Extruded Forms. Journal of Cereal
Science, 36 (2002), pp. 219-237.

Chapagain, T. and Riseman, A.: Evaluation of Heirloom and Com-
mercial Cultivars of Small Grains under Low Input Organic Systems.
American Journal of Plant Sciences, 3 (2012), no. 5, pp. 655-669.
European Commission: Commission Regulation (EU)No.231/2012
of 9 March 2012 laying down specifications for food additives
listed in Annexes Il and Il to Regulation (EC) No 1333/2008 of the
European Parliament and of the Council, 2012.

Urugo, M. M.; Getachew, P.; Finsa, M. M.; Teka, T. A. and Kebede,
B. T.: Clean-Label Trends in Processed Foods: Challenges in For-
mulation and Consumer Expectations. Comprehensive Reviews
in Food Science and Food Safety, 25 (2026), no. 3, pp. 1-36.
Mouritsen, O. G. and Styrbaek, K.: Cephalopod Gastronomy - A
Promise for the Future. Frontiers in Communication, 3 (2018), pp.
1-11.

European Commission Regulation (EU) No. 1169/2011 of the Eu-
ropean Parliament and of the Council of 25 October 2011 on the
provision of food information to consumers, amending Regula-
tions (EC) No 1924/2006 and (EC) No 1925/2006 of the European
Parliamentand of the Council, and repealing Commission Directive
87/250/EEC, Council Directive 90/496/EEC, Commission Directive
1999/10/EC, Directive 2000/13/EC of the European Parliamentand
of the Council, Commission Directives 2002/67/EC and 2008/5/
EC and Commission Regulation (EC) No 608/2004 Text with EEA
relevance, 2011.

Mareckova, J.; Psota, V. and Sachambula, L.: Agronomical pa-
rameters and characteristics of barley genetic resources under
the conditions of the forage production area, crop 2010. Kvasny
Prumysl, 57 (2011), no. 6, pp. 155-160.

Lynch, K. M.; Steffen, E. J. and Arendt, E. K.: Brewers' spent grain:
a review with an emphasis on food and health. Journal of the
Institute of Brewing, 122 (2016), no. 4, pp. 553-568.

Waters, D. M.; Kingston, W.; Jacob, F.; Titze, J.; Arendt, E. K. and
Zannini, E.: Wheat bread biofortification with rootlets, a malting
by-product. Journal of the Science of Food and Agriculture, 93
(2013), no. 10, pp. 2372-2383.

Stelen, O. and Andersen, S.: Inheritance of tolerance to low soil
pH in barley. Hereditas, 88 (1978), pp. 101-105.

Cope, J. E.; Norton, G. J.; George, T. S. and Newton, A. C.: Evaluat-
ing Variation in Germination and Growth of Landraces of Barley
(Hordeumvulgare L.)Under Salinity Stress. Frontiersin plantscience,
13 (2022), pp. 1-16.

Chapagain, T.; Super, L.and Risman, A.: Root Architecture Variation
in Wheat and Barley Cultivars. American Journal of Experimental

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Agriculture, 4 (2014), no. 7, pp. 849-856.

Bahrman, N.; Le Gouis, J.; Hariri, D.; Guilbaud, L. and Jestin, L.
Genetic diversity of old French six-rowed winter barley varieties
assessed with molecular, biochemical and morphological mark-
ers and its relation to BaMMV resistance. Heredity, 83 (1999), pp.
568-574.

Aikasalo, R.: The results of six-row barley breeding and the genetic
origin of varieties released. Agriculturaland Food Science, 60(1988),
no. 4, pp. 293-305.

Riggst, T.J.; Hanson, P. R,; Start, N. D.; Miles, D. M.; Morgan, C. L.
and Ford, M. A.: Comparison of spring barley varieties grown in
England and Wales between 1880 and 1980. The Journal of Agri-
cultural Science, 97 (1981), no. 3, pp. 599-610.

Newton, A. C.; Akar, T.; Baresel, J. P.; Bebeli, P. J.; Bettencourt, E.;
Bladenopoulos, K. V.; Czembor, J. H.; Fasoula, D. A.; Katsiotis, A.;
Koutis, K.; Koutsika-Sotiriou, M.; Kovacs, G.; Larsson, H.; Pinheiro
de Carvalho, M. A. A,; Rubiales, D.; Russell, J.; Dos Santos, T. M. M.
and Vaz Patto, M. C.: Cereal landraces for sustainable agriculture.
A review. Agronomy for Sustainable Development, 30 (2010), no.
2, pp. 237-269.

Mamo, B. E. and Steffenson, B.J.: Genome-wide Association Map-
ping of Fusarium Head Blight Resistance and Agromorphological
Traitsin Barley Landraces from Ethiopia and Eritrea. Crop Science,
55 (2015), no. 4, pp. 1494-1512.

D'Souza, N.K,; Dinh, H.; Lawrence,]. A.; Palmiero, E.; Muria-Gonzalez,
M. J.; Gupta, S.; Forrest, K. and Ellwood, S. R.: Exploiting barley
landraces to reintroduce lost genetic diversity: Resistance to net
form net blotch. Crop Science, 65 (2025), no. 3, pp. 1-14.

Daba, S. D.; Horsley, R.; Brueggeman, R.; Chao, S. and Moham-
madi, M.: Genome-wide Association Studies and Candidate Gene
Identification for Leaf Scald and Net Blotch in Barley (Hordeum
vulgare L.). Plant disease, 103 (2019), no. 5, pp. 880-889.
European Commission: Council Directive 2002/53/EC of 13 June
2002 on the common catalogue of varieties of agricultural plant
species, 2002.

European Commission: Council Regulation (EC) No 2100/94 of 27
July 1994 on Community plant variety rights, 1994.

European Commission: Commission Directive 2008/62/EC of 20
June 2008 providing for certain derogations for acceptance of
agricultural landraces and varieties which are naturally adapted
to the local and regional conditions and threatened by genetic
erosion and for marketing of seed and seed potatoes of those
landraces and varieties, 2008.

Halland, H.; Martin, P.; Dalmannsdéttir, S.; Sveinsson, S.; Djurhuus,
R.;Thomsen, M.; Wishart, J. and Reykdal, O.: Transnational coopera-
tionto develop local barley to beer value chains. Open Agriculture,
5(2020), no. 1, pp. 138-149.

Martin, P.; Wishart, J.; Cromarty, A.and Chang, X.: New markets and
supply chains for Scottish Bere barley, edited by Veteldinen, M.;
Negri, V. and Maxted, N.: European landraces: On-farm conserva-
tion, management and use. Bioversity Technical Bulletin, (2009),
no. 15, pp. 251-263.

European Commission: Council Regulation (EC) No 1924/2006 of
the European Parliament and of the Council of 20 December 2006
on nutrition and health claims made on foods, 2006.

Hart, J.: Drink Beer for Science: An Experiment on Consumer
Preferences for Local Craft Beer. Journal of Wine Economics, 13
(2018), no. 4, pp. 429-441.

Faganel, A. and RiZnar, I.: The Growth in Demand for Craft Beer




201

9/10 2026 (Vol. 79)

BrewingScience

147.

148.

149.

150.

151.

152.

and the Proliferation of Microbreweries in Slovenia. Beverages, 9
(2023), no. 86, pp. 1-22.

Aquilani, B.; Laureti, T.; Poponi, S. and Secondi, L.: Beer choice
and consumption determinants when craft beers are tasted: An
exploratory study of consumer preferences. Food Quality and
Preference, 41 (2015), pp. 214-224.

Hempel, C.; GeiB, R. and Roosen, J.: Linking means-end chains
and latent classes: Results from a Germany-wide online survey on
heritage cereals. Journal of International Food and Agribusiness
Marketing, (2025), pp. 1-25.

Williams, C. A. and Barretta, P. G.: Beer Purchase Decisions and
Consumption Behavior. BRC Journal of Advances in Business, 3
(2018), no. 1, pp. 51-72.

Theobald, H. E.; Wishart, J. E.; Martin, P.].; Buttriss, J. L. and French,
J.H.:Thenutritional properties of flours derived from Orkney grown
Bere barley (Hordeum vulgare L.). Nutrition Bulletin, 31 (2006), no.
1, pp. 8-14.

Koh, C. H.; Gauvin, F.; Schollbach, K. and Brouwers, H.J. H.: Upcy-
clingwheat and barley straws into sustainable thermal insulation:
Assessmentand treatmentfor durability. Resources, Conservation
and Recycling, 198 (2023), pp. 1-10.

Prosdocimi, M.; Jordan, A,; Tarolli, P.; Keesstra, S.; Novara, A. and
Cerda, A.: The immediate effectiveness of barley straw mulch in

reducing soil erodibility and surface runoff generation in Mediter-
ranean vineyards. Science of The Total Environment, 547 (2016),
pp. 323-330.

153. Gunkel,].;Voetz, M. and Rath, F.: Effect of the Malting Barley Variety

(Hordeum vulgare L) on Fermentability. Journal of the Institute of
Brewing, 108 (2002), no. 3, pp. 355-361.

154. Zavrelova, M.; Psota, V.; Matusinsky, P.; Musilova, M. and Néme-

thova, M.: Evaluation of malting quality of spring barley genetic
resources from different regions of origin. Kvasny prumysl, 67
(2021), no. 1, pp. 392-402.

Received 1 September 2026, accepted 19 Oktober 2026




BrewingScience 9/10 2026 (Vol. 79) 202
Supplementary materials
Table S1: Summary table key malt quality parameters of ancient vs more recent barley varieties
Introduction/ | Raw PrOtSi” Sorting1st | Friability | Glassiness | Diastatic | Total nitrogen Kolbach Sacchari-
registration | content (%) grade (%) (%) (%) power of malt (%) index fication
(WK) time (min.)
Proskovcuv - - 76.1007 | 48.1 1107 4.200m 205 17 - 28.6 1071 23007
hanacky
Chlumecky 1902 14.9 104 - 48.80104 @5 306004 2.21004 39.8 o4l 10 o4
10.7 Mo 69 (1101 0.4 1o 36),33 e
" Stupicky 1919 13.4 0104 - 57.7 oal 0.1 foa 410 bos 1.99 (o4l 37.4 04 10 (oa
2| staroCesky
()
| opavsky 1926 14,7 0041 - 462004 | Q3104 194 11041 2.22 104 38.0 1041 10 1041
> .
<, Kneifel
o
5[ Chevalier 1880 - - - - - - 29.7/31.5 * 0111 -
o barley
5
S [ Plumage 1900 - - - - - - 26.6 28.7 * 1" -
<
Dregerv 1900 11.3 000 - 62 Mol 0.6 00 - - 39.4 11101 -
Imperial
Hanacky 1919 11.1 0101 - 73 1110) 0.4 1110 - - 42.4 00 -
Kargyn
Bere - 12.8 11081 - - - 247 108) - - -
" Barke 1996 10.2 01531 94 11531 91 01531 - - - 44,5 11531 -
()
B | Scarlett 1996 10.3 015 95 0153 g7 113 0.3 | 299110 - 47.9 U531 -
5 10.9 1101 41.8 010
@ Malz 2002 10.7 1 - 85 1ol 0.3 1 272/11% 50.314 40.7 010 -
o 10.8 [154 286.5 [154 50.3 (154
o}
E Marthe 2006 11.7 Mo - 90 (Mo 0.2t 442 ol - 47.4 010 -
|9}
£ Quench 2006 10.3 10 - 95 (10! 0.2t B9 il - 45.4 110 -
()
g Petrus 2013 12.9 (o4l - 80.0 (104 0.0 t1o4 445 1104 1.91 (o4l 45.2 104 10 (o4l
Francin 2014 12.0 104l - 77.1 004 0.5 o4 356 (104 1.84 1104 41.2 o4l 10 (o4l
* two different growing sites, WK= Windisch-Kolbach, - no data available
Table S2: Summary table of beer quality parameters of ancient vs more recent barley varieties
. Apparent Apparent Bitterness
I?;;?g;:;g 82/ extract Real (tg/;()tra | attenuation Al\/chE?Tllsy pH units C(Elaog)r
(%) (%) (IBU)
Proskovcuv ) 3.88/3.96 5.53/5.54 67.4/68.9 4.37/4.59 453/ 28.4/31.5 11.9/13.2
5 hanacky * [107] * [107] * [107] * [107] 475 * [107] * [107] * [107]
58 Chlumecky 1902 2.83 104 4.62 1104 76.7004 4.95 [1o4 4.87 o4 28 1104 9.2 to4]
Q5
~ QO
= Stupicky
(3] [104] [104] [104] [104] [104] [104] [104]
g o starocesky 1919 1.99 3.88 83.1 5.20 4.64 28 7.1
<<
Opavsky 1926 2.20 1104 3.95 1104 80.4 1104 4.79 104 4,62 11041 27 104l 7.3 104
Kneifel ’ ’ ’ ’ ’ ’
g Petrus 2013 1.90 [1o4 3.97 o4 85.0 04 5.73 o4 30 o4 30 o4 9.6 104
[}
352
gg § Francin 2014 2.84 104 4.73 o4 77.5 o4 5.23(104 30 o4 30 o4 7.8 104l
=

* two different breweries, - no data available




