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Abstract

Background Mutants have had a fundamental impact upon scientific and applied genetics. They have paved
the way for the molecular and genomic era, and most of today’s crop plants are derived from breeding programs
involving mutagenic treatments.

Results Barley (Hordeum vulgare L.) is one of the most widely grown cereals in the world and has a long his-

tory as a crop plant. Barley breeding started more than 100 years ago and large breeding programs have col-

lected and generated a wide range of natural and induced mutants, which often were deposited in genebanks
around the world. In recent years, an increased interest in genetic diversity has brought many historic mutants

into focus because the collections are regarded as valuable resources for understanding the genetic control of barley
biology and barley breeding. The increased interest has been fueled also by recent advances in genomic research,
which provided new tools and possibilities to analyze and reveal the genetic diversity of mutant collections.

Conclusion Since detailed knowledge about phenotypic characters of the mutants is the key to success of genetic
and genomic studies, we here provide a comprehensive description of mostly morphological barley mutants. The
review is closely linked to the International Database for Barley Genes and Barley Genetic Stocks (bgs.nordgen.org)
where further details and additional images of each mutant described in this review can be found.
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Background

The molecular era started with mutants. In their more
drastic forms, mutants display a clear observable charac-
ter, i.e. they show a phenotype, distinct from the so-called
wild type. At the same time, they carry genetic material
that contains a modification in the DNA sequence that
causes the mutant phenotype. By studying the mutant,
it is possible to find the causal mutation underlying the
observable character, thus revealing the original function
of the gene. Following this approach, major biochemi-
cal pathways were revealed from studies of bacterial
mutants. More recently, mutants in more complex organ-
isms such as plants have been used to address questions
related to diverse aspects of plant biology including dif-
ferentiation, development and the interaction with the
environment. This has been fueled by tremendous pro-
gress in genome sequencing of organisms with large
genomes. In barley (Hordeum vulgare L.), the availabil-
ity of a reference genome sequence [1] and thousands of
mutants is a good match with high potential. The access
to a reference genome facilitates all aspects of gene
identification in mutants from comparative genomic
approaches to map-based cloning and direct genome
sequencing [2].

In barley, mutants have been known for over 100 years.
The extant chlorophyll mutants xan-m.3 (from the Xan-
tha mutant group) and alb-c.7 (Albina mutant group)
were used by early geneticists to investigate the basic
concepts of Mendelian inheritance [3-7]. The yellow
Xantha and white Albina mutants were used because
their clear and obvious phenotype could be scored
already at the seedling stage. While the chlorophyll
mutants were of theoretical rather than applied use, the
short-culm mutant uzul.a is an example of a mutant that
was identified very early but in contrast to the chloro-
phyll mutations became widespread in cultivars [8]. In
the 1930s, 70% of barley grown in Japan was of the uzu-
type and seventy years later, the uzul.a mutant allele was
found in most Japanese hull-less barley cultivars [9].

Shortly after the discovery that ionizing irradiation
could increase mutation frequency in fruit fly [10], bar-
ley researchers applied this technique [4, 11, 12]. Soon
after, mutations were also induced by chemicals [13,
14]. The efforts resulted in large numbers of mutations
of which most had unfavorable effects from a practi-
cal point of view. Initially, it was not understood that
original mutants should be regarded as raw breed-
ing material, which had to be refined by backcrosses
into non-mutated plant material. In the early days, this
sometimes resulted in a pessimistic view regarding the
usefulness of induced mutagenesis for breeding [15].
However, soon mutants were obtained that could be
used in breeding programs. These mutants had changed
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properties in quantitative traits related to, for example,
straw-length, straw-stiffness, seed size, number of till-
ers and early maturity. One of the most common groups
were the Erectoides mutants, characterized by an erect
spike, which is compact or dense, as well as a culm that
is often short and stiff. The Erectoides mutant erz-k.32
was induced by X-rays in the cultivar Bonus in 1947 and
released as a new cultivar named Pallas in 1958 [16]. Pal-
las was the first barley cultivar released on the market
that originated from an induced mutant. Two years later,
Pallas was followed by cultivar Mari, which was devel-
oped from the early maturity mutant mat-a.8 obtained
after X-ray treatment of Bonus in 1951 [17].

Many of the thousands of mutants that have been iso-
lated by barley researchers and breeders now resides at
various genebanks and seed stores around the world
such as the Nordic Genetic Resource Center (Sweden),
the Institute of Plant Science and Resources at Okayama
University (Japan), the USDA National Small Grains Col-
lection (USA), and the IPK Federal ex situ Gene Bank at
the Leibniz Institute of Plant Genetics and Crop Plant
Research (IPK) at Gatersleben (Germany). A more com-
prehensive list of germplasm collections can be found in
van Hintum and Menting [18]. However, it is also impor-
tant to note that large numbers of new mutants are still
induced every year by barley researchers and breeders
[19, 20]. Mutations in the first generation are usually het-
erozygous and an additional round of self-pollination is
required to reveal the phenotype of recessive mutations,
which are more frequent than dominant mutations.
Mutagenesis of microspores is an attractive alterna-
tive since the method produces double-haploid plants
that are fixed homozygotes [21]. In addition to radiation
and chemical mutagenesis, New Genomic Techniques
(NGTs), including CRISPR technology, are emerging for
targeted mutagenesis [22]. CRISPR technology is cur-
rently semi-specific in that a mutation can be induced
at an approximate position determined by a guide-RNA.
Currently, it is difficult to predict the exact location and
exact type of mutation, but it is likely that the site-spe-
cific gene editing approaches mediated by RNA-guided
Cas9 endonucleases will soon overcome these hurdles
allowing plant biologists to change any specific codon in
a gene and introduce foreign genes into plants. We there-
fore see an increasing interest for mutants in the barley
and cereal research community. We have written this
review with the aim of describing the current classifica-
tion and phenotypes of existing barley mutants, which
will remain a valuable reference material for future stud-
ies. The review is tightly linked to the International Data-
base for Barley Genes and Barley Genetic Stocks (bgs.
nordgen.org) where further details and additional images
of each mutant described in this review can be found.


https://bgs.nordgen.org
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Many of the images in the database and this publication
show comparisons between cultivar Bowman and near-
isogenic lines of the mutants, which were back crossed
to Bowman [23]. The database does not include descrip-
tions of root mutants [24]. Therefore, such mutants are
not covered in the present work.

Standard nomenclature of genes, mutations and mutants
The nomenclature of genes, mutations, and mutants
tends to be very complex and has evolved differently
within different scientific communities. Historic and
local traditions increase the complexity. Recommenda-
tions for the naming of barley genes, mutations, and
mutants have been a recurrent topic at the International
Barley Genetics Symposium, which is held on aver-
age every fourth year since 1963. At this symposium, an
International Committee for Nomenclature and Sym-
bolization of Barley Genes was appointed. Their recom-
mendations have been published in several issues of the
Barley Genetics Newsletter; the latest in volume 49 [25].
In barley nomenclature, every mutation / mutant /
locus is associated with a name and a symbol. The name
should be as descriptive as possible of the phenotype.
The name is written in non-italic font and initiated with
a capital letter. The symbol should consist of three let-
ters and be written in italic. The symbol can be used to
describe the locus, the gene, the mutant, and a particu-
lar mutation or allele. The symbol is written with lower
case letters if the mutation is recessive. If the mutation is
dominant, the first letter is capitalized. A typical exam-
ple of a symbol of a recessive mutation is uzul.a, which
can then be used to also describe the mutant, the locus
and the specific allele. This mutation causes a deficiency
in the kinase domain of the brassinosteroid receptor
[26, 27]. The uzul.a allele has a long history in short-
culm cultivars in Japan, the Korean peninsula and China
[9, 28]. The word “uzu” describes the character of the
mutant and is an abbreviation of the Japanese word “uzu-
takai” The term refers to a state in which many things are
piled up or stacked, but the stack obtains a rounded, and
not sharp and pointed, appearance (Takao Komatsuda,
personal communication). The description fits reces-
sive uzul mutants carrying mutations in the uzul locus
on chromosome 3H, which are short with almost a cute
appearance. A different locus where mutations would
lead to an uzul-like phenotype could then be given the
symbol uzu2. The “a” in uzul.a refers to a particular
allele at the uzul locus. Another mutant with a short
culm phenotype is ari-256, isolated by Scandinavian
researchers [29]. The symbol ari is for the Breviaristatum
phenotype, which refers to the short awns of this mutant.
It was later found that ari-256 was also deficient in the
brassinosteroid receptor and allelic to the uzul.a mutant.
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Since the locus of ari-256 was previously not determined,
its name was changed to uzul.256 [27]. It should be
noted that also the wild type can be described by an allele
symbol. For example, the wild-type allele of the locus
with the name Six-rowed spike 1 (symbol vrsi) is Vrsl.b,
which is dominant and causes a two-rowed phenotype.
One of the recessive alleles causing a six-rowed pheno-
type is vrsl.a [30]. Vrsl.b/vrsl.a can be used to describe a
heterozygous mutant carrying the wild-type allele on one
chromosome and the mutant allele on the other.

Introduction to barley morphology

Barley is an annual grass belonging to the Poaceae plant
family. The fibrous root system consists of embryonic
(seminal) and postembryonic roots. The seminal roots
are formed during embryogenesis in contrast to the
postembryonic roots, which are formed after germi-
nation [31]. After subcrown internode elongation, the
postembryonic roots can emerge from basal parts of
the shoot (nodal roots) as seminal roots (lateral roots)
[32]. The nodal roots dominate the root system of adult
cereal plants [33] (Fig. 1 (1.1)). The culm is cylindrical
and hollow except at the nodes, to which the leaves are
attached. The sections of the culm between the nodes
are called internodes (Fig. 1 (1.2)). The culm typically
consists of 5—6 visible internodes above the base of the
plant and are numbered from the top to the bottom. The
first internode is called the peduncle. The leaf consists
of two parts; the basal sheath surrounding the culm and
the distal blade [34]. A membrane-like structure named
the ligule and two tabs named the auricle are found at
the junction between the sheath and the blade (Fig. 1
(1.2 and 1.3)). The top leaf, surrounding the peduncle
(culm internode 1), is called the flag leaf (Fig. 1 (1.3)).
The inflorescence (the reproductive part) of the bar-
ley plant is in the form of a spike where the flowers are
arranged in spikelets (Fig. 1 (1.3 and 1.4)). The structures
found at the junction between the spike and the culm are
the basal rachis internode, the collar and the peduncle
(Fig. 1 (1.3)). The stem of the spike is called the rachis
and has nodes and internodes. The spikelet is attached
to the rachis node (Fig. 1 (1.5)). Each spikelet in barley
has one floret (Fig. 1 (1.6 and 1.7)). The central spikelet
is always fertile while the flanking lateral spikelets can be
infertile (two-rowed barley) or fertile (six-rowed barley).
The floret is surrounded by two bracts; the lowermost
external lemma and the uppermost internal palea (Fig. 1
(1.5 and 1.7)). Glumes are additional sterile bracts,
which are also parts of the spikelet. The awn is a char-
acteristic feature of barley that protrudes from the spike
from each floret as an extension of the lemma. Barley is
hermaphroditic and the floret contains both three male
stamens and a single female pistil. The anther is the part
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of the stamen that contains the pollen. The barley pistil
consists of the ovary and two feather-like stigmata (Fig. 1
(1.8)). After pollination and fertilization, the emerging
grain enlarges in size. The grain is composed of the seed
coat (tissue of parental origin), the aleurone layer, the
starchy endosperm and the embryo (all three filiate tis-
sue), which is sitting as a small disc-like structure at the
bottom of the grain (Fig. 1 (1.9)).

Description of barley mutants
Row type

Keywords to find descriptions of mutants in the International Database
for Barley Genes and Barley Genetic Stocks (bgs.nordgen.org):

6-rowed/2-rowed: distichon, hex, hexastichon, mul, multiflorus, six-rowed
spike, vrs

Small lateral spikelets: deficiens, int, intermedium, intermedium spike,
labile, large lateral spikelet, semideficiens, sls, small lateral spikelets, vrs

The barley spike is composed of spikelets in groups of
three, with a single floret subtended by two glumes in each
spikelet. Spikelet groups are arranged alternately at 20—-30
rachis nodes. Each triplet consists of one central and two
lateral spikelets. In two-rowed barley, the lateral spikelets
are sterile (anthers can occur) and reduced in size, whereas
they are fertile in six-rowed barley. Wild barley (Hordeum
vulgare ssp. spontaneum), the progenitor of cultivated bar-
ley (H. vulgare ssp. vulgare), has a two-rowed spike and

(See figure on next page.)
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the triplet of spikelets forms an arrow-like structure that
drives the kernel of the central spikelet into the soil after
shattering of the spike at the rachis nodes. Six-rowed bar-
ley appeared during the process of barley domestication
when Neolithic farmers deliberately selected for improved
yield and seed recovery [30].

At first glance, the classification of row type into two-
and six-rowed barley might seem straightforward. How-
ever, there is a complex system of incomplete dominance
resulting in several intermediate forms with variation in
the fertility, size, and shape of the lateral spikelets [35,
36]. The system for classification of row type follows to
a large extent that of Harlan [37], Mansfeld [38, 39] and
Hoffmann [40], which focuses on the number of rows
with kernels and the fertility of lateral spikelets:

+ Hexastichon. Six-rowed barley with all rows similar
in fertility and the development of awns or hoods.

+ Intermedium including Labile and Irregulare. Partial
fertility of lateral spikelets is accompanied by irreg-
ular awn formation. Due to considerable variation
within the spike further subdivision of this group was
done [41], although not frequently used, into Divisa,
being many-rowed only in the upper part of the
spike; Incomposita, irregular many-rowed; Sola, with
occasional fertile lateral spikelets; and Partita, only the
upper lateral spikelets fertile, the basal ones sterile.

Fig. 1 1.1 The root system of an adult barley plant is mainly formed by postembryonic nodal roots. The white bar corresponds to 1 cm. 1.2
Two culms showing the node flanked by two internodes. The culm is enclosed by the leaf sheath that is the lower part of the leaf. The auricle

is at the junction between the leaf sheath and the leaf blade. The white bar corresponds to 1 cm. 1.3 The top leaf of each tiller is called the flag
leaf. Like other leaves, the flag leaf consists of a sheath and a blade as well as a ligule and an auricle at the junction between them. The junction

between a barley spike and culm is called collar. The peduncle is the first (top) internode of the culm. The white bar corresponds to 1 cm. 1.4 The
spike is the reproductive part of barley. A spike is composed of approximately 20 to 30 successive triplets of spikelets, which consist of one central
and two lateral spikelets. In the two-rowed spikes shown in the figure, only the central spikelet has a fertile floret. The awns extend from the floret
of the central spikelets and are usually as long as the spike. The top leaf is called flag leaf. The peduncle is the top (first) internode of the culm.

The white bar corresponds to 5 cm. 1.5 The stem of the spike is called rachis, which consists of rachis nodes and rachis internodes. The spikelets
are attached at the rachis nodes. The figure shows two-rowed barley where the lateral spikelets are sterile. A and B. All spikelets except the one
triplet of spikelets attached at one rachis node have been removed. The flower is surrounded by the lemma, the palea and two glumes. The awn

is an extension of the lemma. The palea is inside the lemma and closest to the rachis. C. The central spikelet has been removed. D. The rachis

has been removed to show the palea side of the central spikelet with the rachilla attached slightly below the palea. The rachilla is a rudimentary
branch of the rachis. The white bars correspond to 1 cm. 1.6 Close-up of three barley spikes, which are of the two-rowed type with sterile

lateral spikelets. In the left spike, the lateral spikelets are very small. The central spikelet is fertile and has resulted in a mature seed in the right spike.
The white bar corresponds to 1 cm. 1.7 A. The floret is composed of two leaf-like structures, the lemma and the palea. In the shown spike, all fertile
flowers, except one, have been pollinated and therefore remain closed. In the open floret, the lemma and palea are separated exposing the cavity
where the flower organs are kept. The bar corresponds to 1 cm. B. In the dissected floret, the upper rachis and the lemma have been removed

to show the ovary with the featherlike stigmata and the three anthers (still not mature in the photo). The lodicules, situated between the palea

and the lemma, can swell and thereby push away the lemma to facilitate exposure of the anthers and stigmata. In barley, usually this happens
exclusively if self-pollination fails and capture of pollen from other florets is required (like shown in A). The bar corresponds to 1 mm. 1.8 A.
Dissected anthers and ovary of a barley floret at the stage of pollination. Pollen can be seen dehiscing out from one anther. The stigma is dusty
because it has received pollen. B. After a week the fertilized ovary has expanded longitudinally. The bar corresponds to 1 mm. 1.9 A barley grain one
month after fertilization. A. The naked grain after removal of the lemma and palea. The embryo is facing the lemma side. B. The grain after removal
of the seed-coat layer displaying the starch-containing endosperm. C. The embryo has been detached from the grain. The bar corresponds to T mm
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Fig.2 2.1 A. Phenotype of a six-rowed Hexastichon barley vrs1.al mutant (left) compared to cultivar Bowman with a two-rowed Distichion Vrs1.b
spike (right). B. Spikelets of a vrs1.al plant. Each central spikelet is flanked by two lateral spikelets. All spikelets are fertile in six-rowed barley.

The awns of the lateral spikelets are shorter than the awn of the central spikelet. 2.2 A Deficiens (Vrs1.t) spike to the left compared to Bowman
with a spike of Distichion (Vrs1.b) to the right. Deficiens barley has rudimentary lateral spikelets

+ Distichon. Two-rowed barley with sterile lateral
spikelets.

+ Deficiens. Two-rowed barley with rudimentary ster-
ile lateral spikelets. Semi-deficiens with larger but
still rudimentary sterile lateral spikelets.

Six-rowed and two-rowed barley

The locus symbol used today for the major six-rowed gene
is vrs1 [42]. The gene encodes a transcription factor com-
prising a homeodomain and a closely linked leucine zipper
motif [30]. Alleles at this complex locus modify the devel-
opment of lateral spikelets and their associated lemma
awn. The vrsl.a allele is present in most six-rowed cultivars
and produces well-developed and fertile lateral spikelets
throughout the spike [43]. The lemma awn of lateral spike-
lets can vary from 3/4 to nearly as long as that of the central
spikelet, depending upon alleles present at other loci (Fig. 2
(2.1)). The vrsl.c allele produces six-rowed spikes with long
awns on central spikelets and awn-like appendages on the
completely fertile lateral spikelets [35]. The Vrsl.b allele is
responsible for the Distichon phenotype and is present in
most two-rowed cultivars. The sterile lateral spikelets show
poorly developed lemma and palea with a rounded tip or
apex subtended by two glumes. The Vrsl.b allele is also
the wild-type allele in Hordeum vulgare ssp. spontaneum
[30]. Interestingly, the VrsL.t allele [44] causes the Deficiens

phenotype with an extreme reduction in the size of sterile
lateral spikelets (Fig. 2 (2.2)). More than 50 induced muta-
tions in the vrsI locus have been isolated [42]. In addition,
there is an occurrence of several alleles selected from spon-
taneous mutations in cultivated six-rowed barley. Based
on phylogenetic analysis, it was suggested that six-rowed
alleles originated independently several times in cultivated
barley [30].

Small lateral spikelets—intermedium mutants
Two-rowed barley can produce mutants with spike devel-
opment patterns intermediate between the two- and
six-rowed states. Compared to the lateral spikelets of two-
rowed barley, these mutants have enlarged lateral spike-
lets, which vary in fertility, kernel development, and awn
length. Some of them can appear Hexastichon-like. Still,
the Intermedium mutants form rather natural morpho-
logical groups with similar, however, particular traits. Some
of these traits are shared. A total of 126 such Interme-
dium spike mutants were isolated by Scandinavian mutant
researchers [45]. Of these mutants, 103 have been located
at 11 different int loci by means of diallelic crosses. Most
mutants are associated with the int-a, -¢, -d and -e loci
(Table 1).

Tests for inheritance of the int mutations demonstrated,
in backcrosses to the mother cultivars, that mutants at
eight of the above mentioned int loci are recessive, and
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Table 1 Number of allelic mutants at eleven different int loci

Locus int -a -b -C -d f -h -i -k 1 -m
Frequency 23 2 18 13 7 1 3 1 1 1 1

only monogenic inheritance patterns were observed. The
mutants belonging to the locus int-d showed different
degrees of dominance to the two-rowed phenotype. One
of the alleles of this locus seems to be completely domi-
nant. F1 progenies from crosses of the other int-d mutants
to mother cultivars, showed heterozygous plants that had
lateral spikelets with lemmas having a pointed tip [46, 47].
Thus, these alleles are semidominant. It is now known that
int-d mutants, as well as sex-v mutants, are alleles at the
vrsl locus [30].
The int mutants can be shortly described as follows:

int-a: The lateral spikelets are characteristically
enlarged with seed set in the upper two-thirds of the
spike. The central spikelets often have double awns
(Fig. 3 (3.1)). Mutants in int-a are allelic to the vrs3
mutants [48, 49].

int-b: The spikes have a rather irregular shape; the lat-
eral spikelets are conspicuously enlarged with partial
seed set. The plant is tall and tillers poorly (Fig. 3 (3.2)).
Mutants in int-b are allelic to vrs2.e [52].

int-c: The lateral spikelets are relatively large and broad.
The lemma is often rounded or weakly pointed at the
apex. Lateral seed development is variable among
mutants, among parts of the spike, and among differ-
ent years (Fig. 3 (3.3)). Mutants in int-c are allelic to
vrsS.n [53].

int-d: This locus is marked by fairly large and distinctly
pointed lateral spikelets, with short or long awns of
variable length, but rarely reaching the lengths of the
central spikelet awns (Fig. 3 (3.4)). The seed set of the
lateral spikelets is variable, and in some mutants the
laterals are completely sterile, while in other mutants
they are partly or completely filled with seeds, although
they are never as large as those of six-rowed mutants
or cultivars. There is considerable variation in expres-
sion over years. The int-d mutants are allelic to vrsI
and /ex-v [30, 54].

int-e: The lateral spikelets are enlarged and may set
seeds in the upper two-third of the spike. The lateral
spikelets have pointed tips. In the lower part of the
spike, the lemma of the lateral spikelets is somewhat
rounded at apex (Fig. 3 (3.5)). Mutants in int-e were
induced in two-rowed cultivars and are allelic to mull
and vrs4 [42]. The mull.a and vrs4.k alleles were iso-
lated in six-rowed cultivars and may produce two extra
lateral spikelets at the base of each lateral spikelet [51].

int-f This locus has only one single mutant, with a typi-
cal dense Erectoides-like base. All the lateral spikelets
are pointed, sometimes with short awns. The lateral
spikelets of the upper part of the spike have a partial
seed set (Fig. 3 (3.6)).

int-h: The lateral spikelets are strongly enlarged, incon-
spicuously pointed at apex, mostly sterile with occasional
awns. The spike has a Laxatum phenotype, and all three
alleles are associated with early heading (Fig. 3 (3.7)).
int-i: This locus is represented by a single mutant.
The lateral spikelets are enlarged and partially pointed
at the apex. The tip of the spike has shortened rachis
internodes. Due to this character, the spike tip is of a
very dense Erectoides type.

int-k: The lateral spikelets are enlarged, pointed and
completely sterile. Plants of the original stock have a
dense coating of surface wax.

int-I: Lateral spikelets in two-rowed cultivars are
enlarged and have a pointed apex. Spike malforma-
tions occur in most environments. Spikes have irreg-
ular rachis internode lengths and are relatively short.
The lower portion of the spike appears dense (Fig. 3
(3.8)). This mutant is allelic to Low number of tillers
1 (Intl) [55]. The tiller number is reduced to 2 to 4
per plant. These tillers are formed soon after seed-
ling emergence. That is, no late-emerging tillers are
observed. Culms are thick and stiff, and leaves are
dark green.

int-m: The spike is very short and has irregular rachis
internode lengths. Lateral spikelets are enlarged and
pointed, but they do not set seed. Spikelet density at
the base of the spike is increased. Rachis internodes
at the tip of the spike are very short, and the spike
appears to have two or three fused or fasciated termi-
nal spikelets (Fig. 3 (3.9)). Tillering of int-m plants is
increased and heading is slightly earlier [47].

Changes in the size of sterile lateral spikelets have been
noted and one variant is identified as a recessive allele at
the Small lateral spikelet 1 (slsI) locus. It was isolated in
two-rowed progeny from crosses between two- and six-
rowed barley. The size of sterile lateral spikelets near the
tip of the spike is reduced, but in some environments all
lateral spikelets are less than half normal size. The phe-
notype associated with sls! is not expressed in six-rowed
barley [56]. A modified six-rowed phenotype in which
a portion of the spikelets are missing was identified as
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Hordeum irregulare [57]. Expression of the Irregulare
or Labile phenotype is controlled by alleles at the labl
locus [58].

Double and triple mutant combinations of int genes
Interaction between the int loci resulting in a further
enhanced development of the lateral spikelets was observed
at an early stage through crosses between various mutants
[46]. Double mutants were identified in the F, generations
and frequently resulted in typical six-rowed spikes, whereas
other double mutant combinations gave rise to irregular
or deformed and even highly deformed spikes. The com-
petence of int genes to interact efficiently, and its depend-
ence on the interaction of particular loci and alleles, were
investigated on a large set of material consisting of 1384 out
of 1879 possible double mutant combinations [54]. There
are apparent differences among int loci in their ability to
co-operate in the formation of six-rowed spikes in double
mutants. The most efficient combiners are int-d and int-c. It
is striking that the two loci, int-a and int-e both interact suc-
cessfully with int-c and int-d, and at the same time are quite
inefficient partners to one another (Fig. 4 (4.1)).

Triple mutants were also investigated and often found
to result in “King-size” spikes — beautiful six-row types
with conspicuous large spikes and thick culms [59] (Fig. 4
(4.2)). At that time, the triple mutants could not be veri-
fied genetically but were obtained in crosses between
int/int double mutants and kex-v. Certain combinations
of int loci were more competent than others to produce
King-size phenotypes in the supposed triple mutants.

(See figure on next page.)
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Spike

Keywords to find descriptions of mutants in the International Database
for Barley Genes and Barley Genetic Stocks (bgs.nordgen.org):

Dense spike: compact spike, dense spike, dsp, erectoides, ert, lesser
rachis internode number, lin, pyr, pyramidatum, pyramid shaped spike,
short spike, zeo, zeocriton

Elongated spike: abr, accordion basal rachis internode, elongated basal
rachis internode, lax, laxatum, lax spike, Ibi, long basal rachis internodes,
long spike, rac, rachisextensum, weak rachisextensum

Wilting spike: accordion rachis, accordionrachis, acr

Irregular spikes: abnormal spikes, aborted spike, absence of lower laterals,
als, asp, branched spike, brc, com, compositum, crl, curled lateral spikelet,
def, deformed spike, double seeds, double kernel, dub, extra central
spikelet, extra floret, fertile rachilla, flo, hanging spike, irregular spikelet
development, irregular spikes, lab, labile, nod, nodding spike, oppo-

site spikelets, ops, rattail spike, rtt, snb, subnodal bract, variable rachis
internode length, viv, viviparoides

Strength of spike: brittle rachis at maturity, btr, weak spikelet attachment, wsa

In addition to the many row-type mutants, a rich variety of
other spike mutants have been isolated. Many of the muta-
tions have pleiotropic effects. For example, dense spike
mutants can also exhibit a reduction in coleoptile elonga-
tion, plant height and grain length. Irregular spike mutants
are a very diverse group where asymmetric developmental
mutants have been mixed with mutants in which various
components of the spike develop abnormally.

Dense spike mutants

Dense spike mutants have been isolated by several
research groups and plant breeders starting in the 1920s,
which explains the rich diversity of names (Dense spike,

Fig. 3 3.1 Mutant Intermedium spike-a (int-a.1). A. Mutant to the left, cultivar Bowman to the right. The upper two-thirds of the spike has fertile
lateral spikelets. B. Three mutant seeds with different double awn phenotypes to the left compared with normal Bowman. C. Three triplets

of spikelets. The two lateral spikelets are smaller than the central spikelet, but still fertile. 3.2 Mutant Intermedium spike-b (int-b.3). The spike
appears similar to the six-rowed spike, but developmental irregularities occur commonly in the lower half of the spike. All lateral spikelets are
reduced in size, and their lemma awns are short or reduced to a pointed tip. Commonly, only lateral spikelets in the middle of the spike set seed.
Cultivar Bowman is to the right. 3.3 Mutant Intermedium spike-c (int-c.5) to the left compared to Bowman. The lateral spikelets are fairly large

and broad, the lemma is often rounded or weakly pointed, awnless or short-awned at the apex. Lower lateral spikelets may develop poorly in some
int-c mutants, while seed development may occur in all lateral spikelets of others. Variability in lateral floret development exists among the int-c
mutants and environmental conditions can alter expressivity. 3.4 Int-d.12 (middle) compared to hex-v.3 (left) and Bowman (right). Mutations

in int-d are semidominant. The awns of lateral spikelets of int-d mutants will vary in length from % to nearly as long as those of the central

spikelets. Mutants in int-d are allelic to vrsT and hex-v [1]. 3.5 Mutants of the Six-rowed spike 4 (vrs4) locus. A. int-e.58. B. mull.a. Mutants to the left
compared to Bowman to the right. 3.6 Two spikes of mutant int-f.79 compared to Bowman to the right. This locus is only represented by the int-£.19
allele. The spike appears six-rowed, but the lateral spikelets are much smaller (less than half the size of the central spikelets). Lateral spikelets are
pointed and often have short awns. Seed set occurs in the lateral spikelets in the upper third of the spike. The base of the spike has shortened
rachis internodes and appears Erectoides-like [47]. 3.7 Mutant int-h.42 to the left compared to Bowman. Lateral spikelets are enlarged and have

an inconspicuously pointed apex, but they do not set seed. Induced mutants show early heading and have an elongated basal rachis internode.
The spike appears lax but with shortened rachis internodes at the base [46]. A Bowman backcross-derived line is slightly shorter (5/6 normal)

and produces extra spikelets (up to five fertile ones) at several rachis nodes in the lower half of the spike [50]. 3.8 Mutant Lower number of tillers

1 (Int1.a) compared to Bowman to the right. This mutant is allelic to int-/ [51]. Various spike malformations occur in most environments. The spike
may have irregular rachis internode lengths. The lower portion of the spike appears denser. Lateral spikelets in two-rowed cultivars are enlarged
and have a pointed apex. B is a close-up of the spikes shown in A. 3.9 Mutant int-m.85 to the left compared to Bowman. The spike of int-m mutants
is very short due to few rachis internodes and has irregular rachis internode lengths. Lateral spikelets are enlarged and pointed, but they do not set
seed. The density of spikelets at the base of the spike is increased. Rachis internodes at the tip of the spike are very short, and the spike appears

to have two or three fused terminal spikelets
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Fig.4 4.1 Double mutant F,-segregants from crosses (middle) flanked by their int mutant parents. Most combinations of int mutants in the crosses
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result in double mutants with a typical six-rowed spike. A. From left to right: int-c.15, double mutant, int-a.32. B. From left to right: int-c.16, double
mutant, Int-d.28. C. Deformed double mutant F,-segregant from poor combining partners. From left to right: int-e.20, double mutant, int-a.46. 4.2
Spikes of triple mutant combination from the six-rowed double mutant int-¢.5 int-a.34 combined with the six-rowed mutant hex-v.3. From the left
to right: int-c.5 int-a.34 double mutant, “King-size” spike of triple mutant int-c.5 int-a.34 hex-v.3, six--rowed mutant hex-v.3

Erectoides, Pyramidatum, Short spike, Zeocriton) even
though mutant phenotypes are relatively similar. Dense
spikes are caused by a decreased distance between rachis
nodes (short rachis internodes), which forces the seeds
and their awns to protrude at wider angles from the lon-
gitudinal axis of the spike. Thus, spikes of typical dense
spike mutants appear to be short and wide compared to
normal spikes. The drastic mutants are easily spotted in
mutant populations and their strong dense spike phe-
notypes are often accompanied by shorter culms (Fig. 5
(5.1)). Less drastic mutants, as ert-a and ert-k (Fig. 5 (5.2))
can be challenging to distinguish from their mother cul-
tivars — especially under greenhouse conditions. The
ert-k.32 mutant was isolated in 1947 following X-ray
treatment of Bonus and released as the cultivar Pallas
in 1958. This was the first induced barley mutant to be
released as a cultivar [16]. Pallas was a high-yielding culti-
var known for its resistance to lodging. Pallas was further

used in crosses to generate other cultivars such as Hellas
(released in 1967), Visir (1970) and Senat (1974) [45, 60].
Therefore, the ert-k.32 allele may exist in many of today’s
elite European cultivars.

Spikelet density can also vary within the spike so that
the distance between the rachis nodes is shorter at the
bottom of the spike. This is the case in the ert-c mutants
which have an obvious pyramid-shaped spike architec-
ture (Fig. 5 (5.3)). In some cases, e.g. ert-m, the distances
between nodes are irregular and some of the nodes can
sit nearly opposite to each other (Fig. 5 (5.4)) [61].

Zeocriton mutants (Fig. 5 (5.5)) show an incomplete
dominance in the case of zeol and dominance in case
of zeo2 and zeo3 [51]. Mutants in zeol are allelic to
the ert-r mutants [62, 63]. The incomplete dominance
of zeol/ert-r mutants make it possible to distinguish
homozygous mutants from heterozygotes in segregat-
ing populations. Homozygous mutants are about two
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Fig. 5 5.1 Dense spike mutants often show a compact and wide spike with their awns protruding from the longitudinal axis of the plants. Mutant
Pyramidatum 1 (pyr1.i) to the left compared to Bowman. 5.2 Less drastic dense spike mutants. A. Mutant Erectoides-a (ert-a.6) to the left compared
to Bowman. B. Mutant ert-k.32 to the left compared to Bowman. 5.3 The barley Erectoides-c mutants display a pyramid-shaped spike phenotype
due to shorter distance between the rachis internodes at the lower part of the spike. Mutant ert-c.7 to the left compared to Bowman. 5.4 Spikes

of barley mutant Erectoides-m (ert-m.330) where awns and the lateral flowers have been removed. A. The rachis internode distances are irregular
and the rachis nodes can sit more or less opposite to each other. B. The irregular rachis internode distance is especially pronounced in the top

of the spike, which imposes twists of the spike. 5.5 Zeocriton mutants. A and B. Zeol.a to the left compared to Bowman. C and D. Zeo2.c to the left
compared to Bowman

third normal height with excellent vigor. The glumes slightly more lax spikes, and have normal glumes in lat-
associated with lateral spikelets are three to four times eral spikelets [65]. Mutants in zeo!l have also been called
larger than normal. Lodicule size is reduced [64, 65]. “Kurz und dicht”, Knd [66], and zeo2 and zeo3 mutants
Heterozygotes are intermediate in plant height, have  have both been reported as MoI [67].
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In Lesser internode number (/inl) mutants, the aver-
age number of fertile rachis nodes per spike is reduced
by 20 to 40% [68, 69]. The average internode number was
15.3 in Triple Bearded Mariout and 22.9 in Spartan [68].
In some six-rowed cultivars such as Morex, the linl.a-
related reduction in rachis internodes is less obvious [42].

Mutants with elongated spikes
The distance between rachis nodes in the spike can be
longer than normal and such mutant plants show an
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opposite phenotype to dense spike mutants. In Laxatum
(lax) mutants, the rachis internodes are typically 10 to
20% longer than in their corresponding mother culti-
var Bonus (Fig. 6 (6.1)). Dense spike mutants are often
accompanied by shorter culms, which therefore could
suggest that lax mutants would have taller culms. This is
not the case since /ax mutants at many loci are shorter
than normal. Kernels are often thin and small, and the
yield can be as low as 10% in the case of lax-b compared
to the corresponding mother cultivar. The caryopses are

Fig.6 6.1 A. Spike of Laxatum-a (lax-a.8) at early maturity compared with normal Bowman. In lax mutants the rachis internodes are typically 10

to 20% longer than in their corresponding mother cultivars. Combined with thin and small kernels this results in a very sparse spike. The exposed
caryopses are shown in the kernels of the lax-a.8 mutant. B. The awns of lax mutants have a very wide base, without a distinct notch in the lemma
attachment region. Four kernels of lax-c.21 to the left compared to Bowman. 6.2 A. Mutant Long basal rachis internode 3 (/bi3.c) in a Bowman
genetic background to the left with typical elongated basal rachis internode, which is approximately ten times longer than that of Bowman (right).
The 1bi3.c mutation was originally isolated from the six-rowed cultivar Montcalm. In a Montcalm genetic background the basal rachis internode can
be more than 10 cm [71]. B. The slightly curled or wavy basal rachis internode of Accordion rachis 1 (acri.a) to the left compared to Bowman. The

arrows point at the basal rachis internodes
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exposed between the lemma and palea in /lax-a and lax-c
mutants (Fig. 6 (6.1)). The awns of some /ax mutants have
a very wide base, without a distinct notch in the lemma
attachment region (Fig. 6 (6.1)). The lax-a mutants have
five anthers; the lodicules are replaced by stamens. In
lax-c mutants, the awns and the basal rachis internode
are slightly shortened [70].

The spike and the culm are joined at the node from
which the collar develops. In Long basal rachis inter-
nodes (/bi) mutants, the basal (first) internode of the
rachis is elongated. Mutant [bi3, derived from the culti-
var Montcalm, has a marked elongation and weakness of
the basal rachis node, which can be 10 to 13 ¢cm long in
some tillers. The spike hangs vertically downward from
the collar as it emerges from the sheath and is often bro-
ken off by the wind. When not broken off, spikes have
normal fertility, contain well-filled grains, and show
normal maturity [71]. Expression of the [bi3.c allele in a
Bowman-derived line is limited to a slight elongation of
the basal rachis internode and a slightly lax spike (Fig. 6
(6.2)). The ert-i mutants isolated in cultivar Bonus were
found to be allelic to [bi2 [72]. The ert-i mutants in Bonus
have an erect, semi-compact spike, an elongated (2 to
4 cm) basal rachis internode, and reduced plant height
(3/4 normal) [65]. Expression of the /bil.a phenotype is
commonly more pronounced in the genetic background
of six-rowed cultivars compared to two-rowed cultivars.
In many environments, plants of the Bowman back-
cross-derived line BW471 (lbil.a) were about 10% taller
than Bowman and had longer peduncles. Rachis inter-
nodes were slightly longer, and spikes often had one or
two more fertile rachis nodes. Kernels of BW471 plants
were often slightly longer and heavier than those of Bow-
man [73]. In Accordion basal rachis internode 1 (abrl)
mutants, the elongated basal rachis internode is slightly
curled or wavy (Fig. 6 (6.2)).

Undulating spikes

Spikes with greatly elongated rachis internodes can obtain
a curled, wavy or undulating form. These mutants are
grouped as Accordion rachis (acr) mutants (Fig. 7). Rachis
internodes are greatly elongated and often bent or pleated
as the spike emerges from the sheath of the flag leaf [42].
The line ACBV89B229, developed by R.I. Wolfe to maxi-
mize rachis internode length, exhibits extreme elonga-
tion of rachis internodes, rachis internode length values
up to 7.7 mm, and occasionally trapping of the spike tip
in the sheath of the flag leaf [51]. Elongation of the rachis
internodes is associated with slightly elongated outer
glumes and the Deficiens (Vrsl.t) spike phenotype. Two
modifiers, acr2 and acr3, caused variable expression of
the accordion trait in different genetic backgrounds. In
crosses to Bowman, segregation for acrl fits a three gene
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Fig. 7 Accordion rachis mutants have greatly elongated rachis
internodes causing a wavy or undulating form. All photos show
mutant acrl.a. A. Mutant to the left, Bowman to the right. B.
Elongation of the rachis internodes is associated with slightly
elongated glumes and the deficiens-like spike phenotype. C.
Spikelets have been removed to show the wavy form of the spike

model based on DNA segments retained in the Bowman
backcross-derived lines BW009 (acrl.a) and BW439 (lax.
ao) [23]. Although the acrl gene is apparently associated
with the Deficiens spike type, the retained centromeric
segment of 2H does not overlap the Six-rowed spike 1
(vrs1) locus [23]. A pericentric inversion cannot be elim-
inated as a possibility. Plants of the BW009 and BW439
lines were about 3/4 of normal height and peduncles
were about 1/2 of normal length. The number of fertile
rachis nodes was reduced by about three and heading was
delayed by up to four days. The kernels appeared thinner
and weighed about 10% less. Test weights were low and
grain yield was about 3/4 of normal [51].

Mutants with irregular spikes

Irregular spike mutants have lost their two-fold sym-
metry and are thus less esthetic. In Compositum (com)
and Branched (brc) mutants this is caused by branches
of additional small spikes protruding from the lower
part of the rachis [74, 75]. Awns, which vary from nor-
mal to thread-like, and protruding branches are bent in
various directions because of "packing" problems in the
sheath of the flag leaf (Fig. 8 (8.1)). An asymmetric spike
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phenotype is also obvious in Opposite spikelets (ops)
mutants in which a variable length of the rachis inter-
nodes causes an irregular arrangement of spikelets in the
spike (Fig. 8 (8.2)). A variable rachis internode length is
also observed in ert-m mutants [61], which could indicate
some functional relationship between the ert-m and opsI
gene products. The ert-m and opsI loci are both located
on chromosome 7H but not in the same region, whereas
ops2 and ops3 are mapped to chromosome 5H [23].

In Absent lower laterals 1 (alsI) the lateral spikelets at
the base of the spike fail to develop or are partially devel-
oped (Fig. 8 (8.3)). Tillers are large, coarse, and stift, and
only one or two tillers are produced in the six-rowed
stock [71]. This makes the alsl.a plants resemble those of
Uniculm 2 (cul2) mutants. Plants of the Bowman back-
cross-derived alsl.a line commonly produce 3 to 4 till-
ers with short, malformed spikes (irregular placement of
central and lateral spikelets), and seed yields are very low

8.1
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[76]. The alsl.a plants produced primary tillers, but sec-
ondary tillers were not formed [76]. Other morphological
differences between the Bowman backcross-derived line
and Bowman included longer awns, 17 vs. 12 ¢cm, and 3
to 5 more kernels per spike.

Extra reproductive bracts develop occasionally at the
base of the central spikelet on the abaxial side in Extra
floret-a (flo-a) mutants (Fig. 9 (9.1)). Formation of the
extra bracts is most common in the central portion of
the spike. The bracts will rarely form another spike-
let. In Subnodal bract 1 (snb1) mutant, a glume-like or
stick-like bract arises immediately under the node-base
(below and between the glumes) of the central spikelets
(Fig. 9 (9.2)). The bracts are present at only a few nodes
and are arranged below random central spikelets. Not
all spikes of mutant plants have extra bracts [77].

The phenotype of Curly lateral 1 (crlI) is preferably
seen in six-rowed barley lines where the awns on lateral

Fig. 8 8.1 A. Spikes of Compositum 1 (com1.a) mutant to the left compared to cultivar Bowman. B. A single com1.a spike that has been bent

to better visualize the branches of a few small spikes from the rachis at the lower part of the spike. Several thread-like awns are protruding

from the cluster of small spikelets. 8.2 Mutant Opposite spikelets 1 (ops1.3) to the left in each photo, displays variable lengths of rachis internodes,
which causes an irregular arrangement of spikelets in the spike. A. Spike of ops1.3 compared to Bowman. B. Spikelets have been removed in order
to view the rachis nodes and internodes. 8.3 Lateral spikelets at the base of the spike fail to develop or are partially developed in Absent lower

laterals 1 (als1.a) mutants (left) compared to Bowman (right)
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Fig. 9 9.1 Two Extra floret-a (flo-a.3) spikes compared to Bowman (right). The awns have been removed from the central spike to better view

the extra bracts. 9.2 A. Mutant Subnodal bract 1 (snb1.a) to the left, Bowman to the right. B. Four single spikelets of snb1.a flanking a spikelet

of Bowman in the middle. 9.3 Two spikes of Curly lateral 1 (cr/7.a) to the left with bent awns compared to Bowman. The awns are approximately
20% shorter than those of Bowman. 9.4 Two spikes of Leafy bract 1 (Lfb1.a) with different expressions to the left compared with normal Bowman.
9.5 A. Top part of a vir-a.5 mutant tiller with a Viviparoides phenotype remaining vegetative. B. In the near-isogenic line BW896 carrying the viv-a.5
mutation, spikes are formed on most tillers (left). Bowman (right). 9.6 A. Four spikes of Rattail spike 1 (rtt1.a) with numerous immature spikelets

compared to cultivar Bowman (right). B. A single rtt1.a spike

spikelets are curly or wavy, and lateral spikelets may be
malformed and partially sterile. Central spikelets may
occasionally have a twisted awn [77]. The Curly lateral
trait is not expressed in all tillers [77]. In the two-rowed
Bowman backcross-derived line for cril.a, BW194 [23],
awns seemed thinner and the awns of some spikelets
were bent at odd angles (Fig. 9 (9.3)).

Leafy bract 1 (Lfb1.a) is dominant and causes a leaf-
like bract at the collar below the spike (Fig. 9 (9.4)). The
size of the leaf-like bract may vary from almost absent
to 5 cm or longer [77, 78]. Tiller to tiller variation in
bract size occurs and the bract is often larger in culti-
vars having six-rowed spikes.

In the Double seed 1 (dubl) mutant, modification
of the top of the spike is distinctive and occurs on all

tillers. The tip of the spike is compacted, and a few
spikelets form two and three fertile florets adjacent to
each other. The double spikelets have fused lemmas,
and paleas often enclose the part of two, occasionally
more, flowers, which can have six anthers and two ova-
ries. The tip of the spike appears phenotypically similar
to those of int-m mutants.

Mutant plants of Aborted spike 1 (asp1) appear normal,
except the spike is rudimentary or missing. Homozygous
aspl.a plants occasionally form spikes with a few spike-
lets, but the spikelets are mostly sterile. The stock must
be maintained as a heterozygote [55]. Also in Vivipar-
oides (viv) mutants the tillers often remain vegetative and
fail to produce reproductive structures [79]. The apex of
the tillers remains vegetative as the culm elongates and
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only occasionally a short, malformed spike is formed.
It was observed that only a few tillers exhibit the typi-
cal Viviparoides phenotype in the Bowman backcross-
derived line BW896 (viv-a.5) (Fig. 9 (9.5)).

Spikes of Rattail spike 1 (rtt1) are highly spectacular
with numerous immature spikelets and complete sterility
(Fig. 9 (9.6)). The arrangement of the bracts in the spike-
lets suggests that they contain numerous florets. Because
the homozygous recessive plant is completely sterile, the
stock must be maintained in heterozygous condition [80].
A semidominant interaction between r¢tl.a and one ver-
sion of the normal allele (Rtt1.b or Rt’) in Okaiku 3 has
been reported [81].

Strength of the spike

The domestication process of plants and animals is
inevitably accompanied with genetic changes. One of
the earliest events during barley domestication was the
loss of brittleness or disarticulation at the rachis nodes
[82]. In the wild form of barley, Hordeum vulgare ssp.
spontaneum, rachis segments are brittle at maturity due
to thin cell walls in the middle of the node. This con-
trasts with domesticated barley, Hordeum vulgare ssp.
vulgare, where rachis segments are strongly fused and
non-brittle, thus preventing disarticulation of the rachis
prior harvest. Two mutants have been described — one
in the Brittle and tough rachis 1 locus (btrl.a) and one
in the Brittle and tough rachis 2 locus (btr2.b). The two
loci are closely linked [83]. Domesticated barley with
the btrl.a allele have a dominant allele at the btr2 locus
and all barley plants with the btr2.b allele have a domi-
nant allele at the b¢ri locus. In a cross between a btrl.a
plant (genotype btrl.a/btrl.a Btr2/Btr2) and a btr2.b
plant (genotype Btri/Btrl btr2.b/btr2.b), all F1 prog-
enies have a brittle rachis. The segregation ratio in the
F2 generation is 1 brittle:1 tough rachis [83]. The seg-
regation pattern is explained by the close linkage of the
btr1 and btr2 loci, which are now known to be separated
from one another by only 88 kb in the cultivar Morex
and 118 kb in cultivar Haruna Nijo [82]. The btrl.a and
btr2.b mutations have been suggested to represent two
independent domestication events, which occurred in
the southern and northern regions of the Levant [82].
The btrl.a allele is today widely distributed in cultivars
in Europe and the Middle East, whereas btr2.b is most
frequent in material from East Asia and North Africa
[82]. The detachment of kernels from the spike in two-
rowed barley is a dominant trait, which causes rachilla
disarticulation between the glumes and the lemma. The
recessive allele at Weak spikelet attachment 1 (wsal) is
present in hulless barley landraces where detachment
does not occur [84].
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Spikelet

Keywords to find descriptions of mutants in the International Database
for Barley Genes and Barley Genetic Stocks (bgs.nordgen.org):

Glume: bra, bracteatum, elongated glume, elongated outer glume, eog,
gillette, lep, Iga, long glume awn, macrolepis, many glumes on lateral
spikelets, semibracteatum, short rachilla hair, srh, third outer glume, trd
Lemma: acute lemma on lateral spikelets, branched awn, gth, hairs

on lemma nerves, hin, pointed lateral spikelet, sci, scirpoides spike, sls,
small lateral spikelet, toothed lemma, triaristatum, triple awned lemma,
trp

Palea: adp, awned palea

The spikelet consists of one or more florets flanked by two
small glumes having a hair-like structure. In grasses, the
spikelet is attached to the rachis (the culm of the spike)
via the pedicel or first internode of the rachilla (secondary
rachis). However, in barley subsequent elongation of the
rachilla is strongly reduced to a short rod-shaped appen-
dix. The floret contains the lodicules and reproductive
organs of the flower (the pistil with a feather-like stigma
and an ovary, and three stamens with pollen-containing
anthers) surrounded by the lemma and the palea. In bar-
ley, the lemma commonly elongates to form a charac-
teristic awn. In contrast to the many structural features
forming the spikelet relatively few mutants have been
isolated affecting floret morphology. The reason might be
the small sizes of these structures, which can be tedious to
screen for in mutant populations grown in field.

Glume mutants

Among the barley spikelet mutants, the only locus with
multiple alleles is Elongated outer glume 1 (eogl). The
number of alleles increased considerably when it was
found that eogl.a is allelic to Macrolepis mutants lep-e
[85, 86]. The more than 70 recessive alleles (bgs.nordgen.
org) control increased size of the glumes (Fig. 10 (10.1)).
Glume width of eogl mutants varies from 2.5 to 4.0 mm
depending on genetic background and specific allele [86,
87]. Glume awn length varies from awnless to nearly as
long as the lemma awn (92 mm) [86—88]. The size of the
glume can range from less than twice the normal width
in CIho 14955 to lemma-like glumes in Triple Bearded
Mariout. Kernels of the Bowman backcross-derived lines
for eogl.a (BW299) and eogl.c (BW300) were slightly
larger than those of Bowman.

A single mutant is known at the Long glume awn 1
(lgal) locus. This semi-dominant mutation causes elon-
gated glume awns, which are much longer than the ker-
nel (Fig. 10 (10.2)). Heterozygotes have a glume awn
of intermediate length. In the short glume awn pheno-
type (Igal.b), the glume plus its awn is about the same
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Fig. 10 10.1 In Elongated outer glume 1 (eog7) mutants, the glumes have been enlarged and display an awn that can be as long as the awn

of the lemma in some mutant alleles. A. eog1.a to the left, Bowman to the right. B. Two spikelets of eog].

a (top) and one of Bowman (below).

The glumes, subtending the spikelet with the lemma awn, are both wider and taller in the mutant. 10.2 Spikelets of Long glume awn 1 (Lgal.a)
compared to Bowman (right). The dominant variant causes elongated glume awns, which are much longer than the kernel. 10.3 A. Spikes of barley
Bracteatum-c (bra-c.1) compared to Bowman (right). The arrows indicate the third outer glume at the two lowest spikelets. The glume-like structure
associated with the lowest spikelets are always the largest and they become progressively smaller toward the top of the spike. B. A close-up

of the lower part of a spike of Third outer glume 1 (trd1.b) showing the pronounced glume-like structure at the base of the spike. 10.4 Short

and long rachilla hairs in cultivar Morex (left) and Barke (right), respectively. Scale bar 1

length as the kernel [89, 90]. Tsuchiya [87] reported
that the glume awn length is 4 to 6 mm for the short
type (lgal.b) and 11 to 13 mm for the long type (Lgal.a).
Recessive alleles at the eogl locus produce an array of
glume sizes, some of which have glumes phenotypically
similar to those associated with the dominant Lgal.a
allele. However, large glumes controlled by eogl alleles
are wider than normal and show a recessive inheritance
pattern.

An additional glume-like structure is associated with
recessive mutations in the three loci: Third outer glume

mm. Image kindly provided by Twan Rutten, IPK Gatersleben

1 (¢trd1), Bracteatum-a (bra-a) and Bracteatum-d (bra-d).
The additional bracts are located outside the two ordi-
nary glumes of the central spikelets and are attached
to rachis nodes. The bract subtending the lowest spike-
let is always the largest, embracing in some cases about
one-half the spike. Bracts become progressively smaller
towards the top of the spike (Fig. 10 (10.3)). Development
of the bracts is poor in the Bowman backcross-derived
line BWO067 (bra-a.001) (bgs.nordgen.org). Allelism was
found between trdl and bra-c.1 [86]. There are four trdl
mutants and seven bra-c (bgs.nordgen.org). Pozzi et al.
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[91] suggested that bra-d.7 is allelic to trd1 or is located
near the trdl locus. Allelism studies, however, did not
support allelism of bra-d.7 and trd1 [92].

The rachilla in barley is strongly reduced into a rudi-
mentary short rod-shaped appendix (Fig. 10 (10.4)). The
hairs on the rachilla are normally long and unicellular. The
recessive srhl.a allele results in short rachilla hairs that
are multicellular and branched [93]. The srkl.a allele is
also associated with short pubescent hairs on the glumes
and rachis margins [88, 94, 95]. In the case of the Stubble
1 (stb1) or Gillett mutant, rachilla hairs are missing [96].

Lemma mutants

Different types of lemma mutants are available: Tri-
ple awned lemma 1 (trpl.a), Hairs on lemma nerves 1
(HInl.a) and Tooth lemma 1 (Gthl.a). The latter two
are dominant whereas trpl.a is recessive. A fourth type
of lemma mutant (Leafy lemma 1, le/l.4), in which the
lemma is similar to that of a miniature grass leaf, was iso-
lated in Italy [97].

Plants carrying trpl.a may have three awns on the lemma
instead of one, but expression is variable [98]. The awn or
hood extending from the lemma of the central spikelet forks
to form one normal central awn and one or two shorter lat-
eral appendages (Fig. 11 (11.1)). Expression of triple awn trait
in the Bowman backcross-derived line BW881 is reduced to
an occasional branch in the basal part of the awn. However,
when plants are grown under heat stress a stronger expres-
sion of the trpla trait was observed (bgs.nordgen.org).

The Gthl.a allele causes formation of large teeth or
barbs on the upper part of lateral lemma veins. The barbs
are easiest to see on green spikelets. This trait may be dif-
ficult to study because three sizes of teeth were reported,
including one that could be seen only with magnification
[99]. It was further reported that two genes control the

11.2
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presence and absence of large teeth, and one or two other
genes are responsible for less developed teeth [99]. Segre-
gation for only two genes was reported in another study
[100]. Gthl.a is present in the cultivar Bowman. A Bow-
man backcross-line (BW413) carries the gthl.b allele,
which is the allele that is present in most western world
two-rowed cultivars [23]. Besides barbs on the lateral
lemma veins and slightly heavier kernels, no other agro-
nomic or morphological differences were found between
Bowman and BW413 [51].

In Hinla a few hairs of 1 to 2 mm are mixed with the
ordinary teeth or barbs on the lateral nerves of the lemma
(Fig. 11 (11.2)) [101]. Expression of the Hinl.a allele may be
easier to observe as 1 mm hairs on the tip of sterile lateral flow-
ers in two-rowed barley. The /lnl gene is associated with a
recessive short awn trait (2/3 of normal length). The Bowman
backcross-derived line BW415 (Hinl.a) displays the hairs but
is otherwise similar to Bowman except awns were half normal
length and kernels were slightly heavier (bgs.nordgen.org).

Palea mutants

The Awned palea 1 (adpl.a) mutant was isolated as a
spontaneous mutant in an inbred line [102]. The mutant is
partially female sterile with abnormal spikes. The palea is
elongated to form two awns (Fig. 12) [91]. Pistils are often
transformed into leafy buds and result in low female fertil-
ity and greatly reduced seed set [102]. Two of the anthers
appear normal and the third is slightly deformed. Pollen
fertility is good. Plants of the Bowman backcross-derived
line for adp1.a, BW010, compared to Bowman plants pro-
duced spikes with slightly longer rachis internodes. Ker-
nels of BW010 were slightly thinner and weighed 30% less.
Split or bifurcated palea mutants in which the two bracts
forming the palea fail to fuse were identified by Forster
et al. [103] and studied by Yoshikawa et al. [104].

Fig. 11 11.1 Three Triple awned lemma 1 (trp1.a) mutant grains to the left compared to Bowman. In trp1.a, the awn extending from the lemma
of the central spikelet forks to form one normal central awn and one or two shorter lateral appendages. 11.2 A spike of Hairs on lemma nerves 1
(HInT.a) (bottom) compared to Bowman (top). HIn1.a causes additional hairs of 1 to 2 mm on the lateral veins of the lemma (encircled)
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Fig. 12 In Awned palea 1 (adpl.a) mutants the palea has two awns
in addition to the awn protruding from the lemma. A. Mutant adpl.a
to the left compared to Bowman. B. Two grains of adp.a. The two
awns of the palea are shorter than the awn of the lemma

Awn length and formation

Keywords to find descriptions of mutants in the International Database
for Barley Genes and Barley Genetic Stocks (bgs.nordgen.org):

Awn length: ari, breviaristatum, law, Iks, long awn, short awn
Curly awn: caw, curly awn
Awn roughness: few barbs, raw, saw, smooth awn, soft awn

No or hooded awns: awnless, cal, calcaroides, hooded lemma, kap, lks,
sbk, sca, short crooked awn, subjacent hood

The awn is a characteristic feature of barley. It has been
defined as a linear extension of the vascular lemma tissue
and may therefore be considered as an integral part of the
barley floret [105]. The barley awns are often 10-20 cm in
length. The awn extends from the lemma and is covered
with barbs. This makes the awn rough when fingers slide
down the awn from top to bottom. Probably, the awns and
the barbs help spread the seed as well as driving the ker-
nel into the soil. During the maturation process, the plant
eventually turns yellow and dry. The awns are normally
the part of the barley plant that remains green last and it
has been suggested that their photosynthetic activity sup-
port the final grain filling in the maturing seed [106].

Awn length mutants
Awn length is a phenotypic character easily observed in
the field. This could explain why the short-awn mutant

Page 19 of 55

group Breviaristatum (ari) is one of the largest groups
of phenotypic mutants besides dense spike Erectoides
(ert), and waxless Eceriferum (cer) / Glossy sheath (gsh)
mutants. Approximately 500 short-awn mutants are
available (bgs.nordgen.org). Of those tested for allelism,
including Awnless and Short awn (/ks) mutants, more
than 200 are distributed in 31 loci represented by 1 to 31
mutants each (Table 2) [29, 42]. Awn lengths in the Brev-
iaristatum group are typically 1/4 to 5/6 of that of wild
type (Fig. 13). In most, if not all, short-awn mutants, other
phenotypic characters can be observed. Most striking is
dwarfism ranging from strong dwarfism in ari-g mutants
(Fig. 13) to almost none in ari-k and ari-p mutants. The
seed yield is very low in ari-g mutants and these mutants
must be kept in heterozygous stocks [42]. Other observed

Table 2 The number of allelic mutants in 31 groups of short-
awn mutants. All mutants are recessive with exception of
Ari-s.265

No. of
mutants

Locus

ari-a 27
ari-b 7

lks5/ari-c 31
Iks2/ari-d/ubs4 30
ari-e 9

ari-f 27
ari-g

ari-h

ari-i

ari-f

ari-k

brh2/ari-1

brh1/ari-m

ari-n
ari-o/brh14/brhié/ert-u/ert-zd
ari-p

— U

ari-q
ari-r
ari-s
ari-t
ert-t/ari-u/brh3
ari-v
ari-w
ari-x
ari-y
ari-z
ari-za
lks6
lks7
lks8
lks9

U U S N US TUTc ' S B N OSSN N SR,
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Fig. 13 Three different short-awn mutants. A. Mutant Breviaristatum-n (ari-n.45) to the left compared to Bowman. B. Mutant ari-a.8 to the left

B

compared to Bowman. C. Field plot of ari-g.18 showing its strong dwarf phenotype

pleiotropic characters are reduced stigma hairs and par-
tial female sterility in [ks2/ari-d [107], curled peduncle in
ari-j, dehiscent (breakage or detachment) awns at matu-
rity in ari-k, and smaller, often globe-shaped kernels in
many mutant lines [29, 42]. Recent analyses of ari and lks
mutants have shown that they overlap with other mutant
groups. The ari-m mutants are allelic to Brachytic 1 (brhI)
mutants and deficient in the a-subunit of a heterotrimeric
G-protein signaling complex [108]. Similarly, the /ks2 and
ari-d mutants are allelic to Unbranched style 4 (ubs4) and
orthologous to Arabidopsis SHORT INTERNODES (SHI)
encoding a transcription factor [107]. Further, ari-o is
allelic to the brhi4, brhié6, ert-u and ert-zd mutants and
encodes a A5-sterol-A24-reductase (DIMINUTO) of the
brassinosteroid biosynthetic pathway. The ari-u mutant
is allelic to brh3 and ert-t and encodes a brassinosteroid-
6-oxidase in the same pathway [27]. A mutant at the ari-
e locus, ari-e.GP, has been of great economic importance
since it was released in the Scottish malt cultivar Golden
Promise [109]. Similar to ari-m/brhl, ari-e is associated to
a heterotrimeric G-protein since it encodes the y-subunit
of the signaling complex [109]. Interestingly, mutant
alleles at the ari-e locus are associated with salt tolerance,
lower accumulation of Na* [110-112] and show relative
insensitivity to gibberellic acid-3 [112]. A gene for slightly
increased awn length was identified in Morex [113] and is
likely present in Bowman and many other cultivars.

Curly awn mutants

In Curly awn (caw) mutants the lemmas and awns are
coiled or strongly twisted. 73 mutants have been iso-
lated by mutagenic treatment of mostly Bonus, Foma

and Kristina between 1950 and 1978. These mutants
have not been studied and no diallelic analyses have
been performed. Therefore, it is not known how many
loci these mutants represent.

Awn roughness

Barley awns commonly have barbs or teeth at the mar-
gins and the central vein. In Smooth awn 1 (rawl)
mutants, the barbs at the margins are almost absent
and the number of barbs at the vein are reduced
(Fig. 14) [114]. There are at least three other raw loci
reported in early literature. The raw2 and raw6 loci
were reported to be slightly linked to rawl on the long
arm of chromosome 5H [115]. Locus rawS5 is located
on the long arm of chromosome 6H [116]. Based on a
large genome-wide association study (GWAS) there is
solid evidence for two genetic loci segregating in global
barley diversity that are explaining the majority of the
phenotypic variation in haptic assessment of the trait
[117]; one is rawl. The second locus, on the short arm
of 7H, was not linked to awn roughness before, which
is not coinciding with any of the previously reported
genetic loci. The study by Milner et al. [117], suggested
that smoothness of the barley awn is controlled at least
by two genes. In early reports it was mentioned that
stigma hair formation may also be affected by muta-
tions at the raw loci. Stigma hair formation is affected
by the raw mutations. Homozygous rawl mutants
showed a reduced number of stigma hairs and reduced
seed set may occur in some heat and moisture stressed
environments [118].
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Fig. 14 Awns of cultivars Barke (A) and Morex (B). Barke (Raw1/RawT)
and Morex (raw1/raw1) have rough and smooth awns, respectively.
The white bars correspond to 100 um. Image kindly provided

by Twan Rutten, IPK Gatersleben

Mutants with no or hooded awns
The two dominant Awnless 1 mutations (Lksl.a and
Lks1.b) are likely to have independent origins since they
have different SNP markers adjacent to the lksI locus on
chromosome 2H [23]. Mutants in lksI show little or no
development of the awn (Fig. 15 (15.1)). Heterozygotes
may be awnless [119] or awnletted [120] depending
upon the source stock for the /ksI gene and the genetic
background. The Lksl.a allele in Engleawnless will not
recombine with alleles at the vrsI (Six-rowed spike 1)
locus [120, 121] because a short paracentric inversion is
present in Engleawnless [122]. The complex vrsi locus
may include awnless and reduced awn length mutants
[121]. However, the Lksl.b gene in Clho 13,311 does
recombine with the vrsI locus and is linked to a domi-
nant instead of a recessive allele at the gthl (Toothed
lemma 1) locus [42]. The awnless trait reduced kernel
weight by about 15% and grain yield by about 10% [123—
125]. Both backcross-derived lines, BW490 with Lksl.a
and BW491 with Lksl.b [23], are slightly taller than
Bowman. The kernels of BW490 are longer and thinner
than those of Bowman and weighed 25% less. The ker-
nels of BW491 are similar in size to those of Bowman
and weighed 5 to 10% less [42].

In the original stock of the Short crooked awn 1
(scal.a) mutant, awns are reduced to a length of only
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2 c¢cm and are curved outward at the tip [126, 127]. Awn
tips have a stigma-like appearance in the original stock.
In the Bowman backcross-derived line BW769, awns are
short (less than 1/4 normal), but awn tips are not strik-
ingly curved or stigma-like (Fig. 15 (15.2)). BW769 plants
were slightly shorter than Bowman plants and headed
about two days later. Kernels of BW769 were thin (2.82
vs. 3.05 mm in diameter) and light (34 vs. 56 mg). Grain
yields of BW769 were 10 to 50% of those for Bowman at
various field locations [50].

Hooded lemma 1 (kapl) is the gene of the hooded
("Kapuze") trait characterized by an appendage to the
lemma, which develops as a trifurcate structure consist-
ing of a deformed spikelet at its center with two trian-
gular leaf-like projections called lemma wings (Fig. 15
(15.3)). The supernumerary floret often contains stamens
with fertile pollen grains and occasionally bears a kernel
within it [128-130]. The ectopic expression of the domi-
nant Kapl.a allele forms the extra spikelet and is associ-
ated with the presence of a 305-base pair duplication in
intron 4 of the homeobox Knox3 gene encoding a home-
odomain transcription factor [131].

A Kapl.a-like phenotype is found in Calcaroides (cal)
and Subjacent hood 1 (sbkI) mutants. These mutants bear
a well-organized ectopic structure, the sac, at the tip of
the lemma, in a position corresponding to the transition
between lemma and awn [79, 97, 132]. The awn is short,
thin and threadlike, and the lemma often has pronounced
wings (Fig. 15 (15.4)). In contrast to the Kapl.a pheno-
type, the sac does not develop into an epiphyllous flower.
Only a few florets of the spike have malformations in the
mutants cal-a.3, -a.6, -a.7, and -a.17, and these mutants
are associated with the formation of pronounced wings
[97]. In homozygous conditions, the sbkl.a allele is epi-
static to Kapl.a and Lksl.a [101]. The cal-d alleles are
also associated with leaf curling [97].

Changes in culm length and composition

Keywords to find descriptions of mutants in the International Database
for Barley Genes and Barley Genetic Stocks (bgs.nordgen.org):

Culm length: brachytic, brh, cud, curly dwarf, dwarf, dwf, extreme dwarf,
giant plant, gig, gigas, sdw, semi-brachytic, semidwarf, short culm
mutants, sld, slender dwarf, tall culm, tall plant, uzu

Folding of culm: bent culm, bikini, cur, curly, winding dwarf, wnd
Number of nodes: den, densinodosum, many noded dwarf, mnd,
nodeless, single internode dwarf, sid

Number of tillers: absent lower laterals, als, corn stalk, cst, cul, gra,
granum, int, low number of tillers, many tillers, one tiller, uniculme

Culm strength: brittle culm at maturity, easily lodged plants, fragile stem,
fst, stiff straw, weak culm

Growth habit: elongated plants, erect growth habit, fast growing, irregu-
lar tillers, lazy, lazy dwarf, Izd, malformed tillers, mft, prostate growth
habit, serpentina, slender, sIn, slp, srp, upright
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Fig. 15 15.1 Aand B. Lks1.b (Awnless 1) to the left compared to Bowman. 15.2 A. Mutant Short crooked awn 1 (scal.a) to the left compared
to Bowman. B. Enlarged upper part of a spike of scal.a. 15.3 Kap1.a (Hooded lemma 1) is a dominant mutation that causes the appearance

of an extra flower of inverse polarity on the lemma. The trifurcate structure consists of a deformed floret at its center with two triangular leaf-like
projections called lemma wings. The supernumerary spikelet often contains stamens with fertile pollen grains and occasionally bears a kernel
within it. Bowman is to the left in A and top in B. 15.4 A. In mutant Subjacent hood 1(sbk1.a) the lemma is modified into a sac-like structure
also including a short thin awn. B. Calcaroides-c mutants (Cal-c.15) bear a sac plus pronounced lemma wings. A normal Bowman spikelet

to the right. C. Spike of cal-e.23 to the left compared to Bowman

Culm morphology of crop plants became of increased
interest when fertilizers were introduced in agriculture.
Fertilizers stimulate growth and the crop plants produced
heavy spikes, which could not be carried by the culm of the
earlier cultivars. Therefore, the plants fell over; a process
known as lodging. To develop more lodging resistant cul-
tivars, a large number of culm mutants were isolated and
evaluated because many dwarfing mutant alleles provided
good resistance to lodging. Thus, culm mutants were part
of the so-called Green Revolution recognized by the Nobel
Prize in Peace given to Norman Borlaug in 1970.

Culm-length mutants

Most available culm-length mutants are semi-dwarf
plants since these were often found to provide lodging
resistance without reducing yield too much. Typically,

a semi-dwarf mutant has 50-100% of the culm length
of a normal plant. Among the semi-dwarf mutants are
Brachytic (brk), Semi-brachytic (uzu), Semidwarf (sdw),
Curly dwarf (cud), Slender dwarf (sld), and Semi-min-
ute dwarf 1 (minl) (Fig. 16). Both semi-dwarf and dwarf
mutants can often be identified at the seedling stage due
to their short seedling leaves with rounded tips (Fig. 17
(17.1)). The uzul.a mutant was one of the first short-
culm mutants to be recognized. It was used already a
century ago and isolated as a common variant in Japanese
landraces [9]. The uzul.a mutant has a semi-dwarf phe-
notype with 80% of wild-type culm length when grown
under standard greenhouse conditions [27]. The elonga-
tion of upper-stem internodes is particularly reduced
while the stem diameter remains unaltered. Compared to
wild-type cultivars, the overall plant architecture is erect,
with acute leaf-blade attachment angles. The generally



Hansson et al. Hereditas (2024) 161:11 Page 23 of 55

Fig. 16 Semi-dwarf mutants. A. Mutant Brachytic 1 (brh1.e) in the near-isogenic line BW077 to the left compared to Bowman. B. Two spikes
of BWO074 (brh1.a) compared to Bowman exemplifies the short awns of many semi-dwarf mutants. C. BW515 (min1.a, Semi-minute dwarf

1) compared to Bowman. D. BW199 (cud2.b, Curly dwarf 2) compared to Bowman. E and F. s/d2.b, Slender dwarf 2. G and H. s/d3.e. | and J.
sldé6.g. Bowman is shown to the rightin Eto J
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compact spike has short awns and is denser at the base
(Fig. 17 (17.2)). The tip of the spike often forms a crown-
like structure due to opposite spikelets caused by irregu-
lar elongation of rachis internodes [27]. Leaf margins and
auricles of uzul.a have a slightly undulating appearance,
similar to wild-type cultivars treated with propiconazole,
which is a potent inhibitor of brassinosteroid biosynthe-
sis [133]. The uzul.a mutant (BW885) is very sensitive
to temperature and the pleiotropic characters described
here increase in strength when grown under warm con-
ditions [27]; thus, the mutant is used in few barley pro-
duction areas other than Northeastern Asia where barley
is planted in the fall.

It should be noted that many semi-dwarf mutations
have pleiotropic effects and short culms are often found
also in other groups of mutants. This can be exempli-
fied by the Erectoides (erf) mutants primarily described
as dense spike mutants and the Breviaristatum (ari)
mutants described as short-awn mutants. Similarly, the
short-culm brh and wuzu mutants have clearly short-
ened awns and compact spikes. Further, short-culm
mutants often have smaller and globose shaped kernels.
In accordance with these observations, it is not surpris-
ing that various brh, uzu, ert and ari mutants have been
shown to be allelic [27]. Thus, the original classification
of these mutant groups should not be followed strictly.
Instead, they should be regarded as mutants with a
generally reduced growth of most plant organs. Many
of these mutants have been shown to be deficient in
brassinosteroid signaling or metabolism. For example
uzul.a, ari-256 and ert-ii.79 are all mutated in the gene
encoding the barley brassinosteroid receptor [26, 27,
134], and ari-u.245, brh3.g and ert-t.437 are deficient
in the gene encoding the brassinosteroid biosynthetic
enzyme brassinosteroid-6-oxidase [27].

The Semidwarf (sdw) mutants appear to have less
pleiotropic effects; they are characterized by a reduced
culm length but fewer changes in other parts of the
plant (Fig. 17 (17.3)). This is probably why the mutant
sdwl.d is widely spread in many of the spring barley
elite malting cultivars presently in use [135]. How-
ever, also sdwl mutants are associated with negative

(See figure on next page.)
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pleiotropic effects on yield and potentially malting
quality [136]. The sdwl gene has been shown to encode
gibberellin 20-oxidase [137]. Near-isogenic line BW828
(sdwl.d) in a cultivar Bowman background was 10-20%
shorter than Bowman, heading was delayed 1-3 days,
spikes had 1-2 more kernels in some trials, and grain
yields were similar [73].

Dwarf mutants have a more severe short-culm pheno-
type than semi-dwarf mutants. In principle, mutants with
50% or more reduced culm are classified as dwarf mutants.
Their strong phenotype makes them less useful in plant
breeding. As semi-dwarf mutants, they often exhibit plei-
otropic effects. In the Curly mutants curl.a, cur2.b and
cur2.g most parts of the plant are short and twisted, and
lemmas and awns are extremely curly (Fig. 18). The rachis
is usually bent and tillers and their internodes are curved
or wavy [77]. Roots are extensively curled compared to
the straight or slightly coiled roots of normal plants [138].
Seed set is poor in most environments.

Also, extreme dwarf mutants have been found. The
mutant Enhancer of minute 2 (min2) is less than five cen-
timeters tall. It is expressed only in plants homozygous for
the minl.a allele [139]. The leaf blade and sheath are very
short and thick and have a whitish dark green color. Roots
are thick and short with C-tumor-like swelling at their tips.
No spikes are formed; hence, the stock must be maintained
as a heterozygote at the minl locus. Among the kernels
produced by heterozygous plants, those that will give rise
to minute plants have a markedly shrunken endosperm
[140]. Plants of the Bowman backcross-derived line for
minl.a, BW515, are about half as tall as Bowman.

A few tall-culm mutants are available. Most parts of
Gigas 1 (gigl.a) plants are slightly larger than wild-type
cultivars, i.e. culm, leaves, spikes and glumes. In contrast
awns are slightly shorter. Spikes are lax with a longer dis-
tance between spikelets. Culms, spikes and leaf sheaths
have a heavy wax coating (Fig. 19). Anther development
in gigl.a plants is good, but the stigma has few hairs and
seed set is poor. In the Bowman backcross-derived line
BW381 gigl.a, plant height is normal. The mutant Gigas
2 (gig2.c) is considerably larger in most parts and nearly
twice as tall compared to the wild-type cultivar (Fig. 19).

Fig. 17 17.1 A. Semi-dwarf and dwarf mutants are often easy to identify at the early seedling state as “small and cute”seedlings. The near-isogenic
lines BWO78 (brh1.t, front left) and BW077 (brh1.e, front right) compared to more normal seedlings in the back exemplified by BW125 (cer-w.48, back
left) and BW126 (cer-x.60, back right). B. Mutant sdw1.d (Semidwarf 1, left) can be distinguished from a normal plant also later in the vegetative
phase. Most short-culm phenotypes typically appear after transition to the reproductive growth phase. 17.2 A. Mutant uzu1.a (left) compared

to cultivar Bowman. The short-awned spike is more compact at the basis. B. A row of uzuT.a. Opposite spikelets in the tip of the spike can form

a crown-like structure and is caused by irregular elongation of the top rachis internodes. 17.3 A. Mutant sdw/.d (Semidwarf 1) is a common

allele in short culm barley cultivars due to relatively few pleiotropic effects. The mutation in the near-isogenic line BW828 to the left compared

to Bowman. B and C. Mutant sdw2.b has a slightly stronger phenotype. BW829 (sdw2.b) left, Bowman right
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Fig. 17 (See legend on previous page.)
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Fig. 18 Mutant cur2.b (Curly 2). A and B. Mutant cur2.b in the near-isogenic line BW220 to the left compared to Bowman at different stages
of development. At maturity, the mutant is 1/3 to 1/2 of the Bowman height. C. The very curly awns of two mutants to the left compared

to Bowman

Fig. 19 A. Four spikelets of BW381 (gigl.a, Gigas 1) compared to one
spikelet of Bowman (top). The gig1.a spikelets have a pronounced
wax coating. B. Spike of BW381 (left) compared to Bowman (right). C.
BW382 (gig2.c) is almost twice as tall as Bowman

The Bowman backcross-derived line BW382 gig2.c has 2
to 9 more kernels per spike, but kernels are shorter, nar-
rower and lighter resulting in grain yields 25-50% lower
than those for Bowman. The transition from vegetative to
reproductive growth is much delayed and compared to
Bowman heading is often 2—4 weeks later. When planted
late in North Dakota, gig2.c plants may remain in vege-
tative phase until the end of the growing season. Under
field conditions, plants lodge easily.

Folding of culm

The culms of the barley plant are slightly twisted or
coiled. In the Curly mutants, previously named Bikini,
extreme twisting occurs. Their stem internodes are
strongly curved and leaf blades are short and severely
twisted [101, 126]. Further, the awn, lemma and palea are
extremely curly, and the rachis is slightly twisted in most
spikes (Fig. 18). A milder phenotype is found in Winding
dwarf 1 (wndl.a). As a near-isogenic line in the Bowman
genetic background, wndl.a has a coiled upper portion
of the first internode (Fig. 20). The original stock for
the wndl.a gene also contains the dense spike (dspl.a)
gene and the plant shows a semi-dwarf phenotype with
a pronounced coiling or winding of the upper part of the
peduncle.

Number of nodes

The culm of grasses is a series of nodes and internodes,
called phytomers [103]. The node is located between
two consecutive internodes and can be seen as swollen
regions (“knees”) on the culm. The nodes contain interca-
lary meristematic cells, which for example allow grasses
to successfully regrow in response to damage by grazing
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Fig. 20 A.Two spikes of the near-isogenic line BW906 carrying the wnd1.a (Winding dwarf 1) allele to the left compared to Bowman. The mutant
is characterized by a coiled upper portion of the first internode. B. The original wnd1.a mutant to the left carries also the dense spike 1 (dsp1.a) allele

which results in a compact spike

herbivores or change direction of growth when tilted over.
In cultivated barley, the culm typically has 5-6 nodes in
which internode elongation occurs. The distance between
nodes is shorter at the base of the plant, and it can there-
fore be problematic to determine the exact number of
nodes. For convenience, internodes are numbered from
the top to the bottom, i.e. the first internode is the pedun-
cle which connects the spike with the culm. Mutants with
fewer or more culm nodes or phytomers are available. The
group of Many-noded dwarf (mnd) mutants can have up
to 20 nodes. The plants are about half of normal height
with numerous tillers branching from lateral meristems
[141, 142]. From a distance, they give a bushy appearance
due to an increased number of short leaf blades associ-
ated with the increased number of nodes (Fig. 21 (21.1)).
Spikes often develop poorly and heading is late. Milder
phenotypes are known such as mnd3.d and mnd4.e, with
only 1-2 and 7-8 extra nodes, respectively [42].

Mutants with fewer elongated internodes are found
among the Single internode dwarf (sid) mutants (Fig. 21
(21.2)). Mutants in the sidl locus have all stem nodes
crowded together close to the secondary root system
and the stem is formed from a single elongated termi-
nal internode [143, 144]. The mature plant has several
culms, each having only one single elongated internode
[145]. Plants are relatively weak and partially sterile, and
have very lax spikes [42]. The expression of mutant traits
is less extreme in sidl.b plants, where tillers often have
two elongated internodes. Fertility is also better in sid1.b
and the spike is not as lax. The single elongated terminal
internode was approximately 80% of plant height in the
Bowman backcross derived lines for sidl.a (BW849) and
sidl.b (BW850). Compared to Bowman, kernels of sidI
mutants were thinner and 10-15% lighter [50].

Number of tillers

The number of tillers can vary in any barley cultivar or
mutant line depending on planting density and timing
of planting. A solitary plant in the field or in a large pot
in the greenhouse generally develops more tillers than
a plant standing in a group of other plants or in a small
pot. Similarly, a spring barley cultivar planted early in
the season will develop more tillers than the same culti-
var sown later. Still, there could also be genetic reasons
for the number of tillers. In Granum-a (gra-a) mutants
the number of tillers can be more than double that of an
ordinary cultivar (Fig. 22 (22.1)). The tillers are thin with
short internodes and narrow leaf blades. Culms are short
in these mutants, which classifies them also as semi-
dwarfs. The reduced size also includes the spike, which
has short awns, a reduced number of kernels as well as
lighter kernels [50].

In Uniculme (cu#l) mutants, the number of culms
per plant is reduced. A severe phenotype is seen in
the cul2 and cul/3 mutants, which have a single elon-
gated culm (Fig. 22 (22.2)). The culm is usually straight
and has a much greater diameter than normal, and
plants usually head earlier than normal [146]. Kernels
of the backcross-derived line for cul2.b, BW205, were
longer and wider than Bowman kernels and on aver-
age weighed slightly more [55]. The cu/2.b plants ini-
tiate vegetative axillary meristems, but tillers fail to
develop [147]. Irregular placement of some spikelets
and partial female sterility of lateral spikelets occurs in
the original stock [148] and in the Bowman backcross-
derived line [147]. Yield of cul plants is not restored
when grown under high plant densities [149]. Double
mutant combinations with alsl.a, Intl.a, culd.5, int-
b.3 and wuzul.a resulted in a cul vegetative phenotype
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Fig. 21 21.1 A. Mutant mndi.a (Many-noded dwarf 1) to the left compared to cultivar Bowman. B, Cand D. A single culm of mndi.a, mnd5.g
and mndé.6, respectively. 21.2 A. Mutant sid1.a (Single internode dwarf 1) to the left compared to cultivar Bowman. B. The lower part of sid1.b
with only one single elongated internode (the peduncle) and concentration of nodes at the base of the plant. C. A spike of sid1.b to the left

compared to Bowman

[147]. Stress response genes are upregulated in cul2.b
mutants [150].

Mutants in the cul4 locus produce 1 to 4 tillers that are
twisted and have slightly bowed culm internodes. All sec-
ondary tillers are shorter than the primary tiller and have
a curly appearance. Often secondary tillers are trapped at
the base of the primary tiller [151]. Compared to Bow-
man, cul4 plants of the Bowman backcross-derived lines
for cul4.3 (BW211) and cul4.5 (BW212) had peduncles
that were 50% longer. Rachis internodes were slightly
elongated, and kernels were slightly longer. Plant height
varied from 2/3 normal to slightly taller than Bowman.
BW212 exhibited more variation in height over envi-
ronments [151]. Under greenhouse conditions, BW212

developed only two axillary tillers, and it was uniculm
when combined with the cul2.b allele [147]. All cul4
mutants have a liguleless phenotype [152], and the ability
to produce more than one axillary bud [153]. Morpho-
logical, histological and in situ RNA expression analy-
ses indicated that the dominant allele at the cul4 locus
(homolog of Arabidopsis genes BLADE-ON-PETIOLEI
(BOPI) and BOP2) acts at axil and leaf boundary regions
to control axillary bud differentiation, as well as devel-
opment of the ligule [153]. The barley cul4 gene and its
paralog lax-a are primarily involved in regulating tiller
number and spike morphology, respectively. Analysis of
natural alleles at the cul4 locus identified 31 haplotype
variants [70].



Hansson et al. Hereditas (2024) 161:11 Page 29 of 55

‘/'" i Wio =N /Y 4‘(/
Fig. 22 22.1 Mutants in the gra-a (Granum-a) locus have an increased number of tillers, which are thin with narrow leaves and short internodes.
A. Mutant gra-a.1 to the left compared to Bowman. B. The tiller formation at the base of three gra-a.2 mutants compared to Bowman (right).

22.2 Barley Uniculme (cul) mutants. Cultivar Bowman to the right in each photo. A and B. Near-isogenic line BW206 (cul2.b + rob1.a (Orange lemma
1). C. BW207 (cul3.c). D. BW211 (cul4.3). Eand F. BW212 (cul4.5)

A reduced number of tillers are also seen in Corn stalk  produces semi-dwarf uniculm plants with thick culms in
1 (est1), Low number of tillers 1 (/ntl), and Absent lower  six-rowed barley, and seed set is moderate to very low.
laterals 1 (alsl) mutants (Fig. 23). The cstl.a mutant When cstl.a allele was backcrossed into the two-rowed
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Fig. 23 Barley mutants with a reduced number of tillers. A. Mutant Int1.a (Low number of tillers 1) to the left, Bowman to the right. B. Two spikes
of Int1.a compared to Bowman. The Int1.a mutation causes asymmetry and irregularity. C. Corn stalk 1 (cst1.a) compared to Bowman (right). D.
Mutant Absent lower laterals 1 (als1.a) forms only a few tillers which are coarse and stiff

barley Bowman, increased tillering and improved seed
set were observed [42]. Plants of the Bowman backcross-
derived line BW197 were about 3/4 normal height and
spikes were compact. Awns, peduncles, and leaf blades of
BW197 were about 3/4 the length of those of Bowman.
The kernels of BW197 were slightly shorter than those of
Bowman and the seed weight was lower. Grain yields of
BW197 were very low [42].

The few tillers produced in the mutant alsl.a are coarse
and stiff (Fig. 23). In six-rowed cultivars, the number of
tillers is typically 1-2, while 3—4 are normally found in
two-rowed lines [71, 76]. The spike in alsI.a is malformed

due to irregular placement of central and lateral spikelets
(see Chapter 2.2).

Two alleles of Intl (Intl.a and int-1.81) are known [47,
154]. The tiller number is reduced to 2—4 per plant in
mutants at the /ntl locus. These tillers are formed soon
after seedling emergence; hence, no late-emerging till-
ers are observed [155]. Culms are thick and stiff and
leaves are dark green [154]. Spike malformations occur
in most environments. Spikes may have irregular rachis
internode lengths and are relatively short (Fig. 23).
The lower portion of the spike appears more com-
pact than the upper portion [155]. Grain yields of the
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backcross-derived lines for [ntl.a (BW494) and int-1.81
(BW428) were about 10% of those of Bowman. Kernels
were longer, wider and heavier by up to 20% [51]. Dou-
ble mutant plants with the /ntl.a and int-b.3 genes pro-
duced uniculm plants [155]. The Intl.a gene showed an
epistatic interaction with high tillering mutants gra-a.1,
int-m.85, mndl.a and mndé6.6, producing double mutant
plants with 2 to 3 tillers [155].

Culm strength

Brittle stems and leaves are characteristic of Fragile stem
(fst) mutants (Fig. 24). The fst2 and fst3 mutants have a
short-culm phenotype that can be observed when grown
in the greenhouse but under field conditions they are
severely damaged by the wind. The maximum flexural
load (Newtons) required to bend the midpoint of each
internode was 2-3 times lower than the load causing
bending in their parents [156—158]. The fst2.b mutant has
a reduced level of crystalline cellulose in the culm com-
pared to their parental lines [158, 159], which fits with a

Fig. 24 Three loci are associated with fragility. In these mutants
leaves and stems are easily broken when physically bent. A. Mutant
Fragile stem 3 (fst3.c, left) demonstrates the dwarfish of the fst
mutants compared to Bowman. B. Small broken pieces of fst2.b. C.
Mutant fst1.a obtain an open wound when physical bent, which does
not occur in Bowman D
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reduced level of mRNA for the HvCesA4 cellulose syn-
thase gene [156].

Growth habit

This group consists of very divergent mutants, often
described by their way of growing. The Serpentina 1
(srpl) mutant has lost its ability to grow upright and
instead grow more or less parallel to the ground (Fig. 25
(25.1)). When grown in a pot, they fail to respond to
gravity and grow downward. Probably they have lost
their ability to sense gravity [160, 161]. The Lazy dwarf
1 (lzd1.a) mutant has a normal gravitropism response,

25.2

Fig. 25 25.1 The near-isogenic line BW875 expressing
the srpl (Serpentina 1) gene has lost its ability to grow upward.
25.2 Seedlings of Izd1.a (Lazy dwarf 1) and Bowman (right)
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but tillers arise at rather wide angles before becoming
partially erect. Seedlings have a dwarf phenotype (Fig. 25
(25.2)) and are very responsive to gibberellic acid. Plants
are 3/4 normal height and maturity is delayed [162, 163].
The [zd2.b mutant is more reduced in size but has a simi-
lar growth habit.

Changes in leaf blades

Keywords to find descriptions of mutants in the International Database
for Barley Genes and Barley Genetic Stocks (bgs.nordgen.org):

Size of leaf: angustifolium, blf, brachytic leaf blade, broad leaf blade, fol,
latifolium, leafless, Ifl, narrow leaf, narrow leaf blade, narrow leafed dwarf,
nld, nlf, small leaf blade

Changed ligule and auricule: auricleless, eli, eligulum, exauriculum,
exligulum, lig, liguleless, no ligule, small ligule

Leaf folding: clh, coiled leaf blade, curled leaf dwarf, curly leaf blade,
folded leaf, olp, onion-like leaf blades, reverse folding, revoluted leaf
blade, rolled leaf blade, rvl, scirpoides, scirpoides leaf, sci, scl, tlf, tube leaf

Hairy leaf sheath: hairy leaf sheath, hsh, pub, pubescent leaf blade,
pubescent lower leaf sheaths

The leaf is the main photosynthetic organ of plants. The
light-capture efficiency undoubtedly differs depending
on the leaf morphology and is essential for the survival
of plant species [164]. The leaf is composed of the sheath
and blade with the auricles and ligules between these two
structures. Variation in architecture and positioning of
leaves affects crop yield, which in turn is an important
breeding trait [165-167].

Size of leaf
Different factors affecting leaf size and shape in grasses
have been found [168-173].

Barley mutants characterized by changes in the size
of the leaf can be divided into two classes: broad leafed
and narrow leafed mutants. Broad leaf 1 (blfI) mutants
are characterized by wider leaf blades. The blfl.a mutant
was induced by X-rays in the cultivar Bonus [77]. Plants
have leaf blades that are approximately two times wider.
It was noted that the width of the lemma, palea, and ker-
nel were increased as well in the mutant [174]. Plants are
lighter green and leaves are notably crinkled, specifically
at the margins. Leaf blades of the Bowman backcross-
derived line BWO058 (blfl.a) are two times wider than
those of Bowman [165] (Fig. 26 (26.1)). Allelic mutants
have been isolated from screening of a TILLING popu-
lation made in the cultivar Barke and by sequencing of
the identified blfl gene in mutants with broad leaves
[165]. It was shown that increase in blade width is due
to increase in cell number across the leaf blade, but not
due to increase of cell size [165]. The bifI gene controls
barley leaf size by reducing cell proliferation along the
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leaf-width. The Maculosus-3 (b/f3) mutant has a broad
leaf, which is retained in the Bowman backcrossed
derived line BW503.

The second class with changes in leaf size is character-
ized by narrow leaves and includes mutants Angustifo-
lium-a (fol-a), Angustifolium-b (fol-b), Narrow leafed
dwarf 1 (nld1), Narrow leafed dwarf 2 (nld2), and Broad
leaf 2 (bIf2). Plants with mutations in fol-a are character-
ized by narrow and dark green leaves, and the majority
of organs are decreased in size [175] (Fig. 26 (26.2)). In a
Bowman genetic background, fol-a.1 (BW370) is a little
shorter than Bowman and leaf blades are relatively short.
Rachis internodes of BW370 were shorter (approximately
4.4 versus 4.9 mm), the size and weight of the kernels were
decreased, but grain yields were somewhat increased.
BW370 plants lodged easier than Bowman [55]. Homozy-
gous fol-b plants are very weak and often cannot survive
beyond the 3- to 4-leaf stage. On the contrary, heterozy-
gous plants are not lethal and have a good vigor. Mutants
in fol-b need to be kept in heterozygous stocks. Heterozy-
gous fol-b plants have narrow but not thread-like leaves as
homozygous mutants do [176]. Fol-b.2 was backcrossed to
Bowman and the resulting BW371 line showed reduced
height, delay in heading for a few days, and low grain yield.

Mutations in nld1 and nld2 show pleiotropic effects.
The mutants have not only a narrow leave phenotype but
are also semi-dwarfs with a generally short phenotype
(Fig. 26 (26.3)). The gene responsible for the nld1 phe-
notype is an ortholog of the maize NARROW SHEATH
gene. The gene plays a central role in the expansion of
organ width and in the development of marginal tis-
sues in lateral organs in barley [164]. The nld2.b plants
are characterized by narrow and dark green leaves. Leaf
blades of nldl.a, nldi.d and nid2.b have well-developed
midribs and are erect. Culm internodes of these mutants
are short, and the upper internodes are twisted. The lig-
ules of nld2.b plants are normal, but auricles degrade
to tiny projections. Kernels of the BW636 (nld2.b) line
were thinner and lighter than those of Bowman. Vigor of
BW636 (nld2.b) is stronger than those of BW635 (nld1.a)
when grown in New Zealand and in North Dakota green-
houses, but BW635 (nld1.a) had more vigor in the field
trial at Dundee, Scotland [55].

Changed ligule and auricle

The ligule is a protecting outgrowth located between leaf
blade and leaf sheath. Ligules hinder water getting inside
the leaf sheath and in this way protect the internodes from
pathogen infection and rotting. Auricles are small ear-like
projections, which are located at the lower part of the leaf
where the leaf blade and sheath join. Several mutants have
been isolated that have defects in ligule and auricle for-
mation. Those include Eligulum and Liguleless mutants.
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26.2

Fig. 26 26.1 Broad leaf 1 (b/f1.a) leaf blade to the left compared with Bowman. 26.2 Narrow leaf blades in Angustifolium-a (fol-a.7) to the left
compared to Bowman. 26.3 A. Narrow leafed dwarf 1 (nld1.a) seedlings to the left compared with Bowman. B. Two leaves of Narrow leafed dwarf 2

(nld2.b) compared with Bowman

Eligulum-a (eli-a) mutants (Fig. 27 (27.1)) do not have a
ligule. The auricles are rudimentary and asymmetrically
displaced. The peduncle is short, and the emerging spike
is often trapped in the leaf sheath. Spikes have a compact
arrangement of spikelets, and the culm is very fragile
and breaks easily between the upper and lower halves of
the nodes. There are more than ten eli-a allelic mutants,
which were generated in different backgrounds. Ligule-
less 1 (ligl) mutants are missing both ligule and auricle
of all leaf blades. Liguleless 1 mutants can be identified
at all growth stages since they have very erect leaf blades
(Fig. 27 (27.2)). Two allelic Liguleless 1 mutants, lig.1.2
and ligl.my, were backcrossed to Bowman generating
lines BW 482 and BW483, respectively [23].

Leaf folding
The group of leaf folding mutants are dominated by
mutants having narrow leaf blades with an inward fold

that results in U-shaped leaf blades (Fig. 28 (28.1)). The
mutants include Scirpoides-a (sci-a), Scirpoides-b (sci-
b), Scirpoides leaf-a (scl-a), Scirpoides leaf-b (scl-b), and
Curled leaf dwarf 1 (clh1). A single mutant, rvil.a (Revo-
luted leaf 1), has a phenotype where the tips of young leaf
blades can roll into a tube through a counterclockwise
spiral (Fig. 28 (28.2)). Leaf blades are slightly folded until
maturity. Compared to Bowman, plant height of Bow-
man backcross-derived line BW778 (scl-a.6) were slightly
reduced and grain yields were about 20% lower [50].

Scirpoides leaf-b is represented by one mutant, scl-b.5
(Fig. 28 (28.3)) [92]. When grown in the greenhouse, scl-
b.5 plants had very narrow leaf blades that showed more
inward folding than sc/-a mutants. Also, the awns were
often trapped by the collar of the flag leaf during spike
emergence [151].

Plants expressing a sci-a allele appear to have very nar-
row, inward folded leaf blades. The tip of an emerging leaf



Hansson et al. Hereditas (2024) 161:11

27.1

Fig. 27 27.1 A. Single culm of Eligulum-a (eli-a.3) with typical
eligulum formation. B. A close-up of the eli-a.3 leaf sheath.

27.2 Liguleless 1 (lig1.my) tillers are missing both ligule and auricle
of all leaf blades. Bowman is to the right

blade is sometimes trapped inside the previous one. Fold-
ing of the leaf blade persists until maturity. Premature
yellowing of leaf blade tips may occur shortly after head-
ing. Spikes are 1/2 to 2/3 normal length and plant height
is reduced slightly [50]. Compared to Bowman, plants of
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the Bowman backcross-derived lines for sci-a.1, BW772,
and sci-a.3, BW773, were slightly shorter than Bowman,
with slightly shorter rachis internodes, and had 1 to 3
fewer kernels per spike. Kernel weight for BW772 and
BW773 were slightly lower in some trials. Grain yields
ranged from 40 to 70% of those for Bowman. However,
BW772 often yielded slightly less than BW773 [50].

Plants of mutant sci-b.4 have narrow leaves and lower
leaf blades are folded inward (Fig. 28 (28.1)) [151]. In
the Bowman backcross-derived line for sci-b.4, BW771,
rachis internodes were slightly elongated. BW771 plants
were 2/3 to almost normal height, kernels were slightly
smaller, and lighter, and seed yields were about 3/4 of
normal [151].

Leaf blades of c/hil.a (Curled leaf dwarf 1) are erect,
narrow, and folded inward and appear thicker than nor-
mal. Plants show reduced vigor, fertility and height (3/4
of normal) when grown in the greenhouse. They show
further reduction in vigor and fertility when grown in the
field. Spikes emerge poorly from the boot [56]. Plants of
the Bowman backcross-derived line for clhl.a (BW182)
were 30 to 40% shorter than Bowman. The kernels were
slightly thinner and were about 2/3 normal weight.
BW182 plants produced very little grain.

Hairy leaf and leaf sheath
The surface of a plant can be covered by a hair layer of
trichomes. In leaves of Arctotheca populifolia, the hair
layer is known to increase leaf temperatures and reduce
transpiration with minimal reductions in photosynthetic
rates [177]. Plant hairs are also known to act as a physical
barrier protecting leaf surface from smaller insects [178].
Publ.a (Pubescent leaf blade 1) is a dominant variant
found in most wild barley. Leaf blades have short hairs
spread on both the upper and lower surface (Fig. 29
(29.1)). The hairs align along the smaller leaf veins, and
hairs are easier to observe on younger leaves of plants
grown in the field. Seeds of the Bowman backcross-
derived line, BW650 (Publ.a), weigh about 10% more
than those of Bowman and grain yield is approximately
the same [50]. Another dominant mutation caus-
ing hairiness is Hshl.a (Hairy leaf sheath 1). Hshl.a
has short hairs on leaf sheaths of the basal part of the
plant (Fig. 29 (29.2)). The density of hairs varies greatly
between cultivars and depends on growing conditions.
Generally, no hairs are observed on the sheath of upper
leaves [101, 179]. Smooth awned cultivars appear to
have fewer hairs [50]. Publ.a and Hshli.a are located on
chromosome 3H and 4H, respectively, which demon-
strates that there are at least two loci that regulate hairi-
ness in barley.
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Fig. 28 28.1 The inward U-shaped folding of leaf blades

of Scirpoides-b (sci-b.4). Bowman is to the right in B. 28.2 Revoluted
leaf blade 1 (rv/1.a) rolled into a tube through a counterclockwise
spiral. 28.3 A. Scirpoides leaf-b (sc/-b.5) single culm with spike.

B. Close-up of the base of a spike with curled upper basal rachis
internode and typical rolled leaf blades

Kernel morphology and sterility

Keywords to find descriptions of mutants in the International Database
for Barley Genes and Barley Genetic Stocks (bgs.nordgen.org):

Shape of kernels: glo, globe shaped grain, globosum, Igk, long kernel,
long shaped grain, seg, short kernel, shrunken endosperm

Hulless kernels: naked caryopsis, nud, semi-naked caryopsis, seminu-
doides, smn

Sterility: adjacent stigma, ajs, des, desynaptic, male sterile genetic, mov,
msg, multiovary, ovaryless, ovl, partial male and female sterile, tfm, thick
filament, tip sterile, tst, upper half spike sterile

29.1

Fig.29 29.1 A. Pubescent leaf blade 1 (Publ.a) with scattered small
hairs on the leaf blade surface. B. A Bowman leaf blade without hairs.
29.2 A. Basal part of a Hairy leaf sheath 1 (Hsh1.a) plant. B. Single
basal culm of Hsh1.ato the left compared to Bowman
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Fig. 30 30.1 Globosum-a (glo-a.1003) in a Bowman genetic
background shows short and rounded kernels. Bowman to the right.
30.2 Kernels of Shrunken endosperm genetic and Shrunken
endosperm xenia mutants. The three plus three seeds in each group
display the lemma side and palea side, respectively. A. Near-isogenic
line BW836 seg3.c. B. Near-isogenic line BW844 sex1.a. C. Bowman.
The bar corresponds to 1 cm

The morphology of the barley kernel has intrigued bar-
ley breeders because the seed is the ultimate end prod-
uct and thus directly connected to economic value.
Barley grain is consumed as feed, food or beverages. For
direct human consumption, hulless barley is preferred in
which the hull, lemma and palea, do not adhere tightly
to the caryopsis. In brewing, uniform size of the kernels
is important in order to have an even and synchronized
germination during malting. The goal is to obtain uni-
form and optimal conversion of starch to sugars.

Shape of kernels

The barley kernel can show large morphological vari-
ation. In Globosum (glo) mutants, kernels are almost
round or globe-shaped and kernel weight is lowered
(Fig. 30 (30.1)). While there are single mutants at the glo-
a, glo-c, glo-e, glo-g, glo-h, glo-i and glo-j loci, there are
six glo-b and two glo-f mutants. The chromosomal loca-
tions are: glo-a (4H), glo-b (5HL), glo-c (2H), glo-e (3HL
or 1HS), glo-f (5HL), glo-g (likely 2H), glo-h (7HS), glo-i
(likely 7HS), glo-j (3HL or 5HL) [23, 175, 180, 181]. All
mutations are associated with pleiotropic effects, which
differ among mutant groups. Many mutants show a weak
to strong reduction in plant height. In glo-a.1003, other
spike tissues are reduced in length [182]. In contrast, glo-
¢.1004 has a lax spike with 10-15% longer rachis inter-
nodes [175]. Mutant glo-c.1004, in a Bowman genetic
background, is susceptible to lodging but it has normal
grain yield [56].

In contrast to the round kernels of Globosum mutants,
there are mutants with an inward curvature of the
lemma, which is associated with reduced starch content
in endosperm. Such mutants are Shrunken endosperm
genetic (segl to seg9) [183-186], high lysine (lysI to
lys6) [187], and Shrunken endosperm xenia (sexI, sex6
to sex10) [188]. Mostly there is just one allele known
from each seg locus [184, 185, 188, 189]. The exceptions
are two available alleles of seg6 (seg6.f and seg6.g) and
potentially many alleles of seg3 since it was found that
seg3.c is allelic to ant17.148 [56]. There are more than
170 alleles of ant17 [190]. Four of the seg mutants (segl,
seg3, seg6 and seg7) showed premature termination of
grain filling, leading to thin and wrinkled seeds (Fig. 30
(30.2)). The other four (seg2, seg4, seg6, and seg8) showed
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normal development of the seeds [191]. The central lobe
of the endosperm fails to develop normally in the seg8.k
mutant [192]. Regarding kernel size and weight, nota-
bly, seg! and seg2 showed much reduced kernel size.
The thousand-kernel weight was 33% and 15% of that of
the cultivar Betzes, respectively. All seg mutants are of
spontaneous origin from a large set of barley cultivars
[183-186]. The segl, 2, 3, 4, 5, 6 and 8 loci are located on
chromosomes 5H, 7HS (about 2.8 ¢cM from sex6), 3HS,
7HL, 7HS (probably in the centromeric region), 3HL and
7H, respectively, while the location of seg7 is unknown
[23, 183, 184, 193-195].

Also, the Shrunken endosperm xenia (sex, Fig. 30
(30.2)) mutants are of spontaneous origin in many culti-
vars [183, 184, 196]. All mutant alleles are recessive. The
loci sex1, sex6, sex7, sex8 and sex9 are located on chromo-
some 6HL, 7HS (2.8 cM from seg2.b), 5SHL, 3HS and 4HL,
respectively [23, 115, 197-199]. As with the seg mutants,
sex mutant kernels are small and about 10-15% lighter
than Bowman kernels. In addition, the kernels appear
harder than normal. Notably, sex6./1 kernels develop a
depression in the center of the lemma which becomes
progressively more distinct as maturity progresses. The
mutant expresses xenia and kernels from heterozygous
plants can be classified as normal or shrunken with an
expected 3:1 ratio [182]. Defective endosperm xenia 1
(dexl.a, previously sex2, located on chromosome 5HS) is
a recessive mutation that is expressed in the endosperm
as a xenia effect [200]. The mutation causes a thin seed
phenotype in heterozygous plants. In homozygous
mutants, the seed stops growing a few days after fertiliza-
tion, and it begins to shrivel resulting in a small seed that
is barely visible within the lemma and palea.

31.1
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Hulless kernels

Hulless kernels, so-called naked seeds, arose naturally
during the barley domestication process and appeared
as early as 9,000 years ago [201, 202]. A single recessive
locus, Naked caryopsis 1 (nudl), controls the covered
/ naked caryopsis in barley (Fig. 31 (31.1)). The locus is
found on the long arm of chromosome 7HL and encodes
a transcription factor (ethylene response factor, ERF)
involved in lipid biosynthesis [203]. The transcription fac-
tor is removed by a 17-kb deletion in mutant nudl.a. The
nudl.a mutant phenotype is not affected by environment
and nudl.a is often associated with Dense spike 1 (dspI)
in Japanese barley cultivars [204]. The kernel weights of
the Bowman backcross-derived line for nudl.a, BW638,
varied from 25% lower to almost equal, and grain yields
ranged from 50 to 85% of those recorded for Bowman
[50]. Wabila et al. [205] performed a genome-wide associ-
ation study (GWAS) on a panel of 222 two-rowed and 303
six-rowed spring barley landrace accessions. It was con-
cluded that the hulless phenotype is based on the 17-kb
deletion in all accessions with one possible exception. In
addition, to the well-described nudl locus three novel
loci showed strong associations with the naked caryopsis
trait. These loci were suggested to represent footprints of
selection for naked caryopsis in different geographic areas
rather than novel Naked caryopsis genes.

A partially naked seed is produced by Seminudoides
(smnl, smn2 and smn3) mutants. The caryopsis of these
plants is not completely covered because gaps develop
between the margins of the lemma and palea (Fig. 31
(31.2)). Adherence of the lemma and the palea to the
pericarp is poor, but the grain does not thresh free from
the hull at maturity. Tiller number and grain yield are

Fig. 31 31.1 In the barley Naked caryopsis 1 (nud1.a) mutant (left) the lemma and palea do not adhere to the caryopsis and the grain will thresh
free of the hull at maturity. 31.2 The barley Seminudoides 1 (smn1.a) to the left compared with Bowman. There are gaps between the lemma
and palea at maturity but the grain does not thresh free from the hull at maturity
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often reduced [66]. The chromosomal location of smnli
is 3H or 5H, smn2 3H and smn3 6HL [23]. Also in lax-a
mutants the caryopses are exposed between the lemma
and palea [206] and some waxless Eceriferum mutants as
cer-z1.268 are hulless [51].

Sterility

Male sterility mutants representing 49 loci have been iso-
lated. They were named Male sterile genetic (mmsg) and are
recessive mutations affecting the male genitals. Typically,
the anthers are smaller than normal and their stomium
can be absent. Often the filament does not fully elongate
and the pollen displays a reduced size, are absent or are
clumped. In contrast, the female fertility is not affected.
Roath and Hockett [207] classified the mutants available at
that time into four groups. Members of the first group, only
represented by msg9.ci, have a low but reproducible degree
of selfing ability in contrast to the other mutants which are
not able to self. The second group, including m1sg6.cf, msg8.
ch, msg8.au, msgl6.bi and msgl6.co, has almost normal
anthers, stomium, filament and pollen. The third group is
represented by misg3.cc, msgZ.ah, msg7.cg and msg7.fx, and
the fourth group by msgl, msg2, msg4, msg5, msgl0, msgll,
msgll, msgl3, msgld, msgl7, msgl8, msgl9. The stomium
is absent in both the third and fourth groups and they do
not show any elongation of the filament. In the third group,
the pollen are very reduced in size or totally absent, and the
anthers are very small and shrunken. In the fourth group,
the mutants are characterized by pollen appearance from
normal pollen to no pollen present, and anther sizes from
slightly smaller than normal to very reduced and shrunken.

Another type of sterility mutants is Tip sterile 1 and
Tip sterile 2. Only one mutant has been described from
each locus, tstl.c and tst2.b, which were isolated after
fast neutron treatment of Steptoe and x-ray irradiation of
Donaria, respectively [55, 66, 208]. As the name implies,
the mutants set seed at the lower part of the spike but are
sterile in the upper part (Fig. 32). Obviously, grain yield
is lower in the mutants although kernels of tstl.c in a
Bowman genetic background were 10 to 15% wider than
those of Bowman and weighed 10 to 15% more [55].

In the group of Desynapsis (des) mutants, the chromo-
some pairing (synapsis) during meiosis is disturbed [209].
The pairing of homologous chromosomes during the
synapsis is crucial for enabling chromosomal crossover
between them. In Desynapsis barley mutants, the pair of
homologous chromosomes fails to maintain their physical
association and thus separate prematurely. The chromo-
somes are paired in pachytene and undergo desynapsis
in diplotene or early diakinesis [210]. The mutants differ
in the amount of pairing observed at metaphase I. In bar-
ley, mutants have been described for 15 des loci. One or
two alleles are available of each locus except des4 where
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Fig. 32 Two Tip sterile 2 (tst2.b) spikes to the left compared
with Bowman

ten alleles are available. Plants of Desynapsis mutants are
similar to normal plants, but grain yield is considerably
reduced and kernels are often lighter [50].

Additional mutants, also affecting fertility are Mul-
tiovary (mov), Ovaryless (ovi), Eceriferum (cer-yd.139 and
cer-yh.116) and Thick filament 1 (¢fiml). While carpels are
absent or rudimentary in ov/ mutants causing female steril-
ity, stamens are converted into pistils in 70v mutants [55,
211]. Selfed seed set is poor in the Bowman backcrossed-
derived lines for cer-yd.139 (BW135) and cer-yh.116
(BW139) because stigmata have few hairs. In tfinl.a, the
filaments supporting the anthers are much thicker than nor-
mal, having a stalk-like appearance and a light green color.
In the Adjacent stigma 1 (gjsI) mutant, the stigma has an
altered position, but does not reduce seed set [56]. Many of
these mutants are sterile and the mutations must therefore
be maintained in heterozygous seed stocks.

Early and late flowering

Keywords to find descriptions of mutants in the International Database
for Barley Genes and Barley Genetic Stocks (bgs.nordgen.org):

Early flowering: eam, early maturity, mat, praematurum
Late flowering: lam, late maturity
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The timing of the transition from vegetative to reproduc-
tive growth stages is not only a very important breed-
ing trait but also of great importance for the fitness of
plants. The transition should be optimized so the vegeta-
tive phase promotes an optimal number of plump seeds
within the growing season. Thus, the plant should bal-
ance the possibility to stay in the vegetative phase and
thereby being able to produce many plump seeds during
the reproductive phase, without the risk of being una-
ble to produce mature seeds before the growing season
ceases.

Early maturity and late maturity mutants

It is a true challenge to determine the onset of flowering
or anthesis in grass species. Therefore, flowering in bar-
ley has normally been approximated by day-of-heading
or day-of-awn-appearance instead of examining flowers
for their actual development. The day-of-heading has
typically been the day when half of the spike protrudes
halfway above the flag leaf. The day-of-awn-appear-
ance is typically when one centimeter of awns is visible
(Fig. 33).

In the 1940s, it was established that the timing of
flowering in barley can be modified towards either late
or early maturity by chemical or physical mutagenesis.
While late maturity occurred more frequently in mutant
populations, screening for early mutants was much easier
[45]. Some 17 late maturity mutant accessions and more
than 1200 early maturity mutant accessions have been

Fig. 33 Day-of-heading and day-of-awn-appearance are often

used to approximate the start of flowering in barley since they

do not require dissection of the closed barley flowers. A. The
day-of-heading is typically said to be the day when at least 50%

of the first spike of a barley plant emerge above the flag leaf. B.
Similarly, the day-of-awn-appearance is the day when approximately
one cm of the awns is visible
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collected by Scandinavian researchers. The early matu-
rity mutants were named Praematurum (mat). Allelism
tests using 195 of the early mutants distinguished nine
complementation groups — mat-a to mat-i, which are
all recessive [45]. The mat-a, mat-b and mat-c mutant
groups are the largest, each nominally containing 30—-40
different alleles [212-214]. These mutants are also the
earliest flowering mutants closely followed by mutants
mat-e, mat-h and mat-i. Mutants mat-d, mat-f and mat-
g are only slightly earlier than their mother cultivars in
Sweden [45], but the BW511 with mat-f23 was 7 days
earlier than Bowman under short-day conditions. Dras-
tically early mutants are easier to discover in a mutant
population compared to slightly early mutants. This
probably explains the large number of isolated mat-a,
mat-b and mat-c mutant alleles.

Loci regulating timing of flowering have also been iso-
lated by other researchers in Europe, North America and
Asia. Also, in these cases early maturity was in focus and
very few, if any, publications on late maturity mutants
are available. Many of the early maturity alleles occur
naturally in cultivars and landraces, but a few might also
have been induced. These early maturity loci are Early
maturity 1 (eaml or Ppd-H]I), Early maturity 5 (eamS5 or
HvPhyC), Early maturity 6 (eam6 or HvCen), Early matu-
rity 7 (eam?), Early maturity 8 (eam8 or HvELF3), Early
maturity 9 (eam9) and Early maturity 10 (eam10). eaml,
eam5 and eam6 are dominant and eam?, eam8, eam9
and eam 10 are recessive [50].

Through diallelic crosses it was established that mat-a
mutants are allelic to erectoides-0.16 (ert-0.16), initially
sorted in a group of dense spike mutants [215], and to a
series of eam8 mutants originally characterized in Japan
[216, 217]. As the mat-a mutants, ert-0.16, eam8.q,
eam8.r, eam8.s, eam8.u and eam8.v are induced mutants,
whereas eam8.k occurs naturally in the cultivars ‘Kinai
5" and ‘Kagoshima Gold; and eam8.w occurs naturally in
‘Early Russian’ [151].

The drastic early maturity mutant mat-a.8 was isolated
in 1951 after X-ray treatment of the cultivar Bonus [45].
Ten years later, it was released as a commercial cultivar
under the name Mari [17]. In field trials in Sweden and
under long day conditions in phytotron experiments,
it is 8—10 days earlier than the mother cultivar Bonus
(Dormling et al. 1966). In moderate day length, heading
was found to be as much as three or more weeks earlier.
Due to its photoperiod insensitivity, Mari can also be
grown near the equator as a day-length neutral plant. At
the same time Mari was used in Northern Scandinavia
and on Iceland [218]. Indeed, breeders servicing a wide
geographic range have frequently used Mari or its deriv-
atives in their programs [214]. Environmental stability
is now prioritized by global organizations who seek to
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maintain crop yields under increasingly variable climatic
conditions, decreased inputs and expansion into mar-
ginal lands. Consequently, early maturity mutant alleles
have once again emerged as a potentially valuable breed-
ing trait.

Epicuticular waxes

Keywords to find descriptions of mutants in the International Database
for Barley Genes and Barley Genetic Stocks (bgs.nordgen.org):

Increased amount of wax: rich wax coating, waxy spike, wxs

Reduced amount of wax: cer, eceriferum, gle, glf, glossy leaf, glossy node,
glossy sheath, gsh, yellow node, ynd

Most plant species produce a layer of wax on their organ
surfaces. These epicuticular wax layers consist of complex
mixtures of different substances such as acids, hydrocar-
bons, aldehydes, alcohols, esters, ketones, or combina-
tions of them [219]. The wax layer plays a vital role in the
protection of the plant against biotic and abiotic stress
factors. In this way, the wax layer is a first defense bar-
rier against insects and other pests and pathogens [220—
222]. It also functions like a raincoat to repel excess water
droplets from the leaf surface (Fig. 34 (34.1)). At the same
time, the wax layer contributes to heat tolerance as it
helps with water retention and prevents water evapora-
tion from plant tissues [223-226]. Barley has a rich layer
of epicuticular waxes on the spike, the leaf sheath, the
leaf blade and the culm. Mutants can have an increased
or decreased amount of wax. Mutations can affect one,
several or all parts of the plant. The number of isolated
mutants with a decreased amount of wax exceeds by far
the number of mutants with increased amounts.

Increased amount of wax

Barley Waxy Spike 1 (wxsI) accumulates wax coating on
the spike surface. Spikes appear normal at heading, but
gradually they accumulate more surface waxes [55]. Spikes
have a distinctive white hue prior to ripening (Fig. 34
(34.2)). Due to poor adherence of the lemma to the cary-
opsis, seeds have an irregular surface. The Bowman back-
cross-derived line BW917 (wxsl.a) is shorter and lodges
easier than Bowman. It also yields about 30% less [55]. The
four available mutants (wxsl.a, wxsl.b, wxsl.c and wxsl.d)
have been assumed to be allelic based on phenotypic simi-
larities, which has to be confirmed by diallelic crosses. It

(See figure on next page.)
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should be noted that mutants in the Gigas 1 (gigl) locus
described above have a pronounced wax coating.

Reduced amount of wax
A total of 1,580 barley Eceriferum (cer) mutants with a
reduced wax coating have been reported in the Scandina-
vian barley mutant collection [45, 227]. Due to the large
number, a systematic approach was taken to group them
into five different categories based on their wax coating
on three different organs, i.e. the spike, the leaf sheath,
and the leaf blade [228]. Special scoring symbols were
used to classify the type of wax coating; “- “, wax coat-
ing is absent; “+’; wax coating is reduced; “++’, normal
wax coating (Table 3). When the wax coating is absent,
the plant organs have a bright green (non-glaucous)
color in contrast to the bluish (glaucous) color of a nor-
mal plant (Fig. 34 (34.3)). An intermediate color is found
in plants with a reduced wax coating. The bluish color is
due to pB-diketone aliphatics and their hydroxyl- and oxo-
B-diketone derivatives, which are the dominating waxes
in barley [229]. Thanks to extensive allelism tests, 79
loci were identified in the collection [227]. Five or more
alleles are present at 43 of the loci. The loci with most
alleles are cer-c, cer-q and cer-u with 204, 156 and 147
alleles, respectively. Interestingly, these three genes form
a closely connected gene cluster with 49.2 kb distance
between cer-q and cer-u, and 46.5 kb between cer-u and
cer-c [230]. Thus, it is not surprising that double and tri-
ple mutants with large deletions have been isolated from
the cer-cqu cluster [231]. One Eceriferum locus, cer-yy,
was represented exclusively by dominant mutations (19
alleles). Three additional dominant mutations have been
reported from loci otherwise represented by many reces-
sive mutations; Cer-n.969, Cer-q.1440 and Cer-t.977.
Additional waxless mutants have been isolated in other
laboratories and diallelic crosses have shown, which are
allelic to the Scandinavian Eceriferum mutants (Table 4).
Glossy sheath (gsh) mutants are allelic to mutants in the
groups of spike and leaf sheath mutants (-—++) and
partial spike and leaf sheath mutants (++++). Similarly,
Glossy leaf (glf) mutants are allelic to leaf blade mutants
(++++-). The Yellow node 1 mutant, Yndl.a, carries a
dominant mutation, but a few cer mutants also reduce the
amount surface wax on nodes. In homozygous Yndl.a,
nodes of the culm appear to lack a coating of surface
waxes. In heterozygotes, surface waxes may be observed

Fig. 34 34.1 Barley plants 30 minutes after being sprayed with water. The plants in the right box retain water droplets on their surface due to lack
of epicuticular waxes. They are Glossy leaf 1 (glf1.a) leaf blade wax mutants (wax code ++ ++ -). (- = absent, + = reduced, and ++ = normal wax
coating). 34.2 Three spikes of Waxy spikes 1 (wxs1.a) to the left compared with two spikes of normal Bowman at different stages of maturity.

34.3 Mutants with reduced epicuticular wax layers. A. Bowman with epicuticular waxes (wax code ++ ++ ++). B. Mutant cer-c.36 (Eceriferum-c,
--+4). C. cer-g.42 (- - ++). D. cer-u.21 (+ + ++). E. Bowman to the left, cer-b.2 to the right (- - ++). F. Bowman left, cer-yr.492 right (-/+ + ++)
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Fig. 34 (See legend on previous page.)
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Table 3 The five phenotypic categories of waxless mutants in the Scandinavian mutant collection with the numbers of loci and
mutants. Mutant groups with five or more alleles are shown. (-=absent, + =reduced, and + 4+ = normal wax coating)

Category of mutant Spike Leafsheath Leafe blade No.ofloci No.of mutants Mutant groups with 5 or more alleles (no. of
mutants)

Spike and leaf sheath - - ++ 8 533 cer-a (62), cer-b (39), cer-c (204), cer-q (156), cer-x
(34), cer-z(9)

Partial spike and leaf sheath + + ++ 19 339 cer-f(5), cer-g (41), cer-n (56), cer-r (9), cer-s (19),
cer-u (147), cer-zi (18), cer-zu (11)

Spike - ++ ++ 23 294 cer-d (14), cer-e (45), cer-h (6), cer-i (68), cer-o (5),
cer-t (50), cer-v (6), cer-w (19), cer-yc (5), cer-yt (11),
cer-yy (19), cer-zb (6), cer-zc (16), cer-zn (6), cer-zo
5)

Leaf blade ++ ++ - 25 390 cer (69), cer-p (37), cer-yb (5), cer-ye (5), cer-yj (5),
cer-ys (5), cer-yu (7), cerza (79), cer-zd (7), cer-ze
(72), cer-zh (10), cer-zj (58), cer-zp (7)

Spike, leaf sheath and leaf blade - - - 4 24 cer-zk (17)

Table 4 Described waxless mutants outside the Scandinavian
mutant collection. Crosses revealed allelism to Eceriferum (cer)
mutants of the Scandinavian mutant collection

Category of Number of Corresponding cer  Reference
mutant mutants loci

gsh1 4 cer-q [232]
gsh2 5 cer-b [232]
gsh3 3 cer-a [232,233]
gsh4 1 cer-x [232,233]
gshs 1 cer-s [233]
gshé 14 cer-c [234]
gsh7 1 - [234]
gsh8 2 cer-u [234]

glfi 4 cer-zh [235]

glf3 2 cer-j [77,236]
ynd1 1 - [50]

on the upper half of the node. This trait is easier to observe
in greenhouse grown plants where surface waxes are not
rubbed off by wind agitated leaf or other parts of the plant.
The Yndl.a allele is present in many six-rowed cultivars of
Oriental origin, as explained by a close linkage of Ynd1.a to
the dominant Intermedium spike-c allele Int-c.a.

Pigmentation

Keywords to find descriptions of mutants in the International Database
for Barley Genes and Barley Genetic Stocks (bgs.nordgen.org):

Chlorophyll mutants: abo, alb, albina, albino seedling, alboviridis, albox-
antha, avi, axa, chlorina, chlorina seedling, clo, dark green leaf blade, fch,
gpa, grandpa, leaf blade changing into yellow, Ign, light green foliage,
Isc, lutescens, maculata, mcl, mid-season stripe, mottled leaf blade, mss,
mtt, pgn, str, striata, tig, tigrina, val, var, variegated, vir, virescens, viridis,
virido-albina, vsc, white spotted leaf blade, white streak, wls, wst, xal, xan,
xantha, xantha seedling, xanth-alba, xnt, yellow leaf, yellow leaf blade,
yellow streak, ylf, yst, zeb, zebra stripe, zon, zonata

Anthocyanin and proanthocyanidin mutants: ant, anthocyanin-less,
anthocyanin-rich, proanthocyanidin-less, purple veined lemma, Pvc, Red
stem, Rst

Necrotic spot and blotch mutants: mac, maculosus, ncd, nec, necroticans,
pmr, premature ripe

Changed pigmentation in spikes: albino lemma, alm, black lemma

and pericarp, blp, blue aleurone xenia, blx, bnk, brown kernels, dark grain,
dsk, dusky, ebu, eburatum, fla, flavum, ibl, intense blue aleurone, orange
lemma, pink aleurone, pre, purple lemma and pericarp, rob, robiginosum,
yaw, yellow awn, yellow head, yhd

Chlorophyll is the dominating pigment in plants
and deficiency in chlorophyll biosynthesis is a com-
mon cause of many of the pigmentation mutants iso-
lated in barley. Some mutations have been traced to
the chlorophyll biosynthetic pathway itself and those
that affect entire plants are often lethal. Others have
an impact on a specific part of the plant and are seen
at a certain developmental stage. Those mutations are
likely to be in genes regulating chlorophyll biosynthe-
sis directly or indirectly. It should also be noted that
chlorophyll biosynthesis and chloroplast develop-
ment are mutually connected and many of the internal
structures of the chloroplast are absent, repressed or
underdeveloped in chlorophyll biosynthetic mutants
and vice versa [237, 238].

Flavonoids are the most numerous secondary metab-
olites in plants, fulfilling a wide range of functions
from flower coloration to UV filtration [239-241].
Anthocyanins and proanthocyanidins are examples
of flavonoids and a large number of barley mutants
affected in these metabolites have been isolated. There
are also additional mutant classes with a considerably
smaller number of available mutant accessions. Those
cause necrotic spots mainly on leaves or changed pig-
mentation of spikes.
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Chlorophyll mutants

Chlorophyll mutants were probably among the first
barley mutants to be studied. They are the most com-
mon mutants that appear after mutagenesis. Due to
their distinct color changes at an early seedling stage,
they were used as indicators for the success of the
mutagenic treatment [45]. Based on their different
colors and whether the mutations were lethal or not,
the chlorophyll mutants were classified into different
categories (Table 5) [4]. Early experiments with induced
mutagenesis revealed that the frequency of the various
chlorophyll mutant classes varied with different treat-
ments such as irradiation doses and water content of
the treated seeds. For example, the frequency of albina
mutants is high at low irradiation dosages of water-
soaked seeds, while xantha mutants are most easily
produced at relatively high dosages. The transversely
striped tigrina mutants were rare and only obtained by
irradiation of dry seeds [4, 11, 242].

The Albina and Xantha mutants are white and yel-
low, respectively (Fig. 35 (35.1). The Albina mutants
are white since they do not produce chlorophyll nor
carotenoids or contain very low amounts of these
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compounds. The Xantha mutants can still synthesize
the yellow carotenoids, but they are low in chloro-
phylls. Mutants were generally classified after visual
inspection of plants grown in fields and greenhouses
and only later analyzed by spectrophotometric meth-
ods where trace amounts of the pigments could be
detected [237, 243]. Other mutants, named Viridis,
Chlorina, Chlorina seedling and Light green, display
a visible amount of chlorophyll and show a yellowish-
green or light-green phenotype (Fig. 35 (35.2)). The
Albina, Xantha and Viridis mutations are lethal, and
the homozygous mutants die at the seedling stage
when the energy resources from the kernels have been
depleted. Still, the possibility to obtain a lot of plant
material from barley seedling leaves also carrying
lethal chlorophyll mutations is an advantageous pos-
sibility for molecular and biochemical experiments
which cannot be provided in for example Arabidopsis,
which has seeds with very small energy reserves. Due
to the lethal nature of the mutations, the Albina, Xan-
tha and Viridis mutations must be kept in heterozy-
gous stocks and each experiment has to be preceded
with phenotypic sorting of segregating populations.

Table 5 The different types of chlorophyll mutants are based on their coloration. Lethal mutations are maintained in heterozygous

stocks

Type Gene symbol Characteristic Viability

Albina alb (Scandinavia), abo (USA) White seedlings without chlorophyll or carotenoids  Lethal

Xantha xan (Scandinavia), xnt (USA) Yellow seedlings with carotenoids but without or Lethal
with very reduced levels of chlorophyll

Viridis vir Yellowish green or light green at seedling stage Lethal

Chlorina, Chlorina seedling, Light green foliage clo (Scandinavia), fch, Ign (USA)  Yellowish green or light green Viable

Virescens vsc Yellowish green or light green at seedling stage. Viable
Turn darker green when older

Lutescens Isc Darker green at seedling stage. Turn yellowish green  Viable
or light green when older

Alboxantha axa Tip white, base yellow Lethal

Xanth-alba xal Tip yellow, base white or faintly colored Lethal

Alboviridis avi Tip white, base green or yellowish green Lethal

Virido-albina val Tip more or less greenish or yellowish green, base Lethal
white

Tigrina tig Transverse stripes with destructed tissues Lethal

Zonata zon Transverse stripes with white or yellow colors Lethal

White spotted leaf blade, Mottled leaf blade, Zebra ~ mtt, zeb Transverse stripes with white or yellow colors Viable

stripe

Striata str Longitudinal stripes of white or yellow colors Viable

Mid-season stripe, Yellow streak, White streak, mss, yst, wst, var Longitudinal streaks of white or yellow color Viable

Variegated

Maculata mcl Chlorophyll and carotenoid destruction in the form  Lethal

of white dots on leaves
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Fig. 35 35.1 Seedling phenotype of segregating white Albina (A, alb-d.15) and yellow Xantha (B, xan-g.65) mutants. Homozygous Albina

and Xantha mutants are white and yellow, respectively. 35.2 Examples of barley mutants with a light green color due to a low but visible amount
of chlorophyll. A. Segregating Viridis mutants (vir-s.44). The light green homozygous vir-s.44 seedlings are not able to set seeds since Viridis
mutations are lethal in contrast to vital Chlorina mutations. B. A mutant seedling of Chlorina seedling 12 (fch12.b) surrounded by darker green
wild-type seedlings. C. Mutant fch12.b is also possible to distinguish from wild-type plants at later stages of development, which is often more

complicated with other light green chlorophyll mutants

The Chlorina mutants are yellowish green or light
green like the Viridis mutants but are viable and thus
can be kept as homozygous stocks. It should however
be noted that their yellowish-green or light-green
phenotype is best observed at the seedling stage and
can often be hard to distinguish from wild type in
more mature plants.

Plants with Virescens and Lutescens mutations
change color over time. Young Virescens mutants are
yellowish green or light green at the seedling stage

but turn darker green at later stages. On the other
hand, Lutescens mutants obtain a lighter green color
when aging.

Other variants of chlorophyll mutants are the Alboxan-
tha, Xanth-alba, Alboviridis and Virido-albina mutants.
As their names indicate, they are two-colored with the
first part of the name referring to the tip of the seedling
leaf and the second half referring to the basal part. For
example, an Alboxantha mutant has a white tip and a
yellow base (Table 5).
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Chlorophyll mutants can also be striped as seen in
Tigrina, Zonata, White spotted leaf blade, Mottled
leaf blade, Zebra stripe, Striata, Mid-season stripe,
Yellow streak, White streak, and Variegated mutants.
The variegated phenotype of these plants, with areas
of normal chlorophyll biosynthesis, suggests these
mutations to be in regulatory genes rather than bio-
synthetic genes. Transverse stripes are displayed
in Tigrina, Zonata, White spotted leaf blade, Mot-
tled leaf blade and Zebra stripe mutants where green
bands alternate with necrotic bands in the case of
Tigrina and whitish or yellowish bands in the case of
Zonata, White spotted leaf blade, Mottled leaf blade,
and Zebra stripe mutants. The bands have a circa-
dian appearance and correlate with dark/light cycles
(Fig. 36). Mutant tig-d.12 accumulates an excess
of the chlorophyll biosynthetic intermediate pro-
tochlorophyllide when grown in the dark [244-246].
Protochlorophyllide causes the formation of reac-
tive oxygen species upon illumination, which causes
necrosis. In constant light, the tig-d.12 plants are uni-
formly green and can be grown to maturity.

Longitudinal striped mutants have been named
Striata, Mid-season stripe, Yellow streak, White
streak, Grandpa, and Variegated (Fig. 37). The distri-
bution and emergence of the stripes varies between
mutants. For example, the phenotypic expressions
of several mutations are temperature sensitive.
While mss2.b (Midseason stripe 2) displays few or
no stripes in cool environments, numerous white
stripes develop in warm environments. In contrast,
wst7.k (White streak 7) and yst2.b (Yellow streak 2)
have fewer streaks and fewer tillers with streaks as
environmental conditions become warm. The streaks
can also arise at different developmental stages of the
plant. In mutant yst5.e, beginning with the second
leaf, emerging leaf blades are very pale yellow green
in color. As the leaf blade matures, fine vertical green
streaks develop. More greening of the leaf blade
occurs along the midrib than near the margins. This
pattern of greenish streaks in a yellow background
persists until heading. Then leaf blades gradually
develop a normal green color.

Anthocyanin and proanthocyanidin mutants

Anthocyanins and proanthocyanidins are examples of
flavonoids, which are the most numerous secondary
metabolites in plants. They are based on a common
C,5 carbon skeleton, which is derived from phenyla-
lanine in a complex biosynthetic pathway [247, 248].
Both anthocyanin and proanthocyanidin are present
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Fig. 36 Transversally striped barley mutants. The stripes correspond
to tissues elongated during the light/dark cycles of the day. A. Mutant
Zebra stripe 1 (zeb1.a) grown in the field. B. Segregating seedlings

of a Tigrina mutant (tig-a.6) grown under light/dark cycles. The green
parts correspond to leaf segments elongated in the light, while pale
necrotic bands correspond to segments elongated during the dark.
When segments developed during the dark phase are illuminated
during the light phase they degrade

in barley and share the biosynthetic pathway up to
leucocyanidin. Anthocyanin is less visible than chlo-
rophyll but is often seen as a purple color at the leaf
blade, leaf sheath, auricle, kernel, awn, node and at the
culm base of the barley plant [249]. Cold temperature
and strong light are often needed to induce the syn-
thesis of anthocyanin. Inability to synthesize antho-
cyanin results in absence of the purple color (Fig. 38).
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Fig. 37 Example of longitudinally striped barley mutants. A-D. Four mutant leaves to the left, one wild-type leaf to the right. A. Midseason stripe 2
(mss2.b). B. White streak 7 (wst7.k). C. Yellow streak 3 (yst3.c). D. Yellow streak 5 (yst5.e). E. Yellow streak 2 (yst2.b). F. Varigated 2 (var2.b)

Proanthocyanidin is colorless but has attracted much
interest among barley breeders because colloidal
haze in beer is caused by proanthocyanidins precipi-
tating malt proteins. Mutants blocked in biosynthe-
sis of proanthocyanidin show excellent haze stability
[250]. Physical mutagenesis with alpha-particles or
neutrons led to the isolation of anthocyanin-free
barley mutants already in 1952 [42]. The first proan-
thocyanidin-free barley mutant was isolated in 1974
[251]. More than 900 ant mutants have been isolated.
Of these, 566 have been assigned to 31 loci through
allelic crosses [45].

Necrotic spot and blotch mutants

Necrotic spot mutants have attracted attention
because they sometimes show resistance to various
diseases without having pleiotropic negative impacts
on agronomic performance and vigor. For exam-
ple, allelic mutants of Necroticans 10 (nec10) show
enhanced resistance to Puccinia graminis f. sp. tritici

races MCC and QCC, and P. graminis f. sp. secalis iso-
late 92-MN-90, but not to stripe rust (Puccinia strii-
formis f. sp. hordei) [252]. The spots are often oval
with the longest dimension parallel to the leaf veins.
The Necroticans mutants are more severe than the
Maculosus mutants, i.e. Necroticans display more
dead tissues in the spots. The color of the spots is
black/dark brown to light brown/yellowish. The size
of the spots varies from less than one millimeter in
diameter to cover most of the leaf blade width. The
margins of the spots can be very sharp and distinct,
but sometimes they display a dark center and a broad
yellow margin (Fig. 39). The spots are not always
restricted to the leaf blades, but they can appear also
on leaf sheathes, culm internodes and awns [253,
254]. Plants with necrotic mutations commonly have
a wild-type phenotype at the seedling stage and start
to develop spots at later growth stages. In mutants
carrying the dominant allele Nec6./, the spots appear
on the first leaf when seedlings are at a three to
four-leaf stage and on succeeding leaves when the
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Fig. 38 Barley anthocyanin-less mutants. A. Bowman near-isogenic
lines carrying the mutant allele ant 1.6 (left) and the wild-type allele
Rst1.a (right) of the AntT locus. The recessive ant1.b (also called rst1.b)
allele has a natural occurrence in cultivars like Bowman and Morex
and can be traced through their pedigrees to Manchurian-type
cultivars [61]. B. Anthocyanin-less auricle of ant1.2. C. Anthocyanin
containing auricle of cultivar Bonus, which is the mother cultivar

of ant1.2. D. Culm basis of ant1.2. E. Culm basis of Bonus
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leaf blades have partially expanded. In the recessive
mutant nec”.45, dark brown blotches become visible
on the leaf blades and sheaths as each tiller of plants
homozygous for the allele starts to head. They gradu-
ally enlarge and partially coalesce.

Changed pigmentation in spikes

Mutants with altered pigmentation of spikes form
a diverse group. A striking pigmentation pattern is
found in Black lemma and pericarp 1 (blpl) mutants.
As spikes mature, seeds are colored black by a mela-
nin-like pigment [94], which starts to develop in the
lemma and pericarp slightly before maturation of
the spike (Fig. 40 (40.1)). The pigmented organs may
include all parts of the spike, awns, upper portions of
the stem, and upper leaves. The intensity of the pig-
mentation varies between the different dominant
alleles of the blpl locus — the Blpl.b allele confers
extreme black pigmentation, the Blpl.mb allele is asso-
ciated with medium black and a reduced distribution
pattern, and the Blpl.g allele is associated with light
black or gray coloration [255, 256].

A weak orange pigmentation of the lemma, palea and
rachis is found in Orange lemma 1 (robl) [256, 257].
The orange pigmentation is also visible at the base
of the sheath of seedlings and in exposed nodes after
jointing. Internodes have a layer of orange tissue and
stems have an orange color as the straw dries (Fig. 40
(40.2)). The Orange lemma mutants are low in lignin
due to mutations in the gene encoding cinnamyl alco-
hol dehydrogenase, which is the last enzyme in the
lignin biosynthetic pathway [258].

Anthocyanins can also alter coloration of the spikes.
In mutant Purple veined lemma 1 (pvci), the pur-
ple pigment is confined mainly to the lemma veins,
whereas the pigment is more widely spread to the
lemma, palea and pericarp in Red lemma and pericarp
1 and 2 (prel and pre2) [94] (Fig. 40 (40.3)). The com-
mon alleles in the pvcl, prel and pre2 loci are domi-
nant, and the pigments are formed late during grain
filling when the kernels are exposed to sunlight. The
pigments tend to fade as the spike matures and there-
fore the mutants cannot be identified as lacking antho-
cyanidins and reddish coloration.

A blue color, due to anthocyanin pigments, is seen in
aleurones of barley plants carrying recessive mutations
of Non-blue aleurone xenia 1 (bix1) [259]. The antho-
cyanin pigments occur as lumps inside many aleurone
granules in some or all aleurone cells [260]. Variation
in blue color expression from dark blue to off-white is
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Fig. 39 Barley mutants with necrotic spots. Each photo shows three mutant leaves to the left and one wild-type leaf to the right. A. Necrotic leaf
spot 1 (necl.a). B. Mutation Necé6.h is a dominant mutation. C. nec7.45. D. nec3.e. E. nec.60. F. nec.39

caused by environmental factors and modifying genes
such as Intense blue aleurone 1 (iblI). Aleurone color
is best observed in well-filled grain that is magnified to
show individual aleurone cells, after more external tis-
sues have been peeled off [261].

Absence of chlorophyll is another cause of changed
pigmentation in the spikes. In the Albino lemma 1
(alml) mutant, the lemma and palea are white in
color and mostly devoid of chlorophyll, but they ter-
minate into green tips with green awns. The basal
part of lower leaf sheaths and stem nodes are devoid
of chlorophyll (Fig. 40 (40.4)). The immature spikes
of the Yellow head 1 (yhdI) mutant appear ivory to
pale yellow in color. The lemma is ivory-colored but
terminates into green tip with green awns. The plant
has a whitish lower leaf sheath and ivory-colored culm
nodes and rachis internodes. The pattern of reduced
chlorophyll development is similar to the almli
mutants (Fig. 40 (40.4)). The yellow-green pheno-
type of the Yellow head 2 (yhd2) mutant is very simi-
lar to that expressed by some of the Chlorina mutants

(Fig. 40 (40.4)). It is possible that the yhd2 mutant
could be grouped with the Chlorina mutants. Anthers
and plants of the Dusky 1 (dsk1) mutant remain green
at maturity because gradual loss of chlorophyll during
maturation does not occur.

How to use the bgs database

The present review is tightly linked to the Interna-
tional Database for Barley Genes and Barley Genetic
Stocks (bgs.nordgen.org) where further details and
images of each mutant described in this review can be
found. In the search tool at the main page, any word
(i.e. gene, locus or phenotype) given at the start of each
subchapter in this review can be written, which further
links to a page with more extensive information of a
mutant group. It is also possible to search for a given
BGS number. Further, the top menu also has links to
a “BGS table” and a “Locus table”. The BGS table pro-
vides a list of all current BGS descriptions from BGS1
to BGS831. The Locus table gives an alphabetic list of
all loci for which there is a BGS description. A link to
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Fig. 40 40.1 Black pigmentation of barley mutant Black lemma and pericarp 1 (Blp1.b) (left) compared to cultivar Bowman (right). A. Spikes. B.
Seeds. 40.2 Barley mutant Orange lemma 1 (rob1.a). A. An orange-colored pigmentation can be seen on kernels. Two mutant seeds at the top,
two Bowman seeds at the bottom. B. Rachis of rob1.a left, Bowman right. C. Culm internodes of rob1.a left, Bowman right. 40.3 Barley mutants

with changes in spike color due to increased levels of anthocyanin. A and B. Purple veined lemma 1 (Pvc1.a) to the left and Bowman to the right. C.
Red lemma and pericarp 2 (Pre2.b) to the left and Bowman to the right. D. Two kernels of Pre2.b. 40.4 An example of barley mutants with a changed
pigmentation in spikes due to a low amount of chlorophyll. A and B. Albino lemma 1 (alm1.a) to the left compared to Bowman. C. Spike of Yellow
head 1(yhd].a, left). D. The yellow-green phenotype of Yellow head 2 (yhd2.b, left) is possible to distinguish also at heading



Hansson et al. Hereditas (2024) 161:11

“Background data” is also available at the top menu.
This is a database of more than 10,000 Swedish barley
mutants concerning their year of isolation, used muta-
gen, mother cultivar, allelic identity (when known) and
inheritance pattern.
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