W) Check for updates

Received: 23 June 2023 Revised: 7 September 2023 Accepted: 26 October 2023

DOI: 10.1111/gfs.12635

REVIEW ARTICLE

Grass and

Forage /L: “ Wl L EY

b

3

Perspectives for reducing seed shattering in ryegrasses

Jenny Kiesbauer?® |

1Fodder Plant Breeding, Division of Plant
Breeding, Agroscope, Zurich, Switzerland

2Molecular Plant Breeding, Institute of
Agricultural Sciences, ETH Zurich,
Zurich, Switzerland

Correspondence

Roland Kaélliker, Molecular Plant Breeding,
Institute of Agricultural Sciences,

ETH Zurich, Universitaetstrasse 2, 8092
Zurich, Switzerland.

Email: roland.koelliker@usys.ethz.ch

Funding information
Breeding Foundation DSP-BLW

1 | INTRODUCTION

Christoph Grieder'® | Bruno Studer?® | Roland Kolliker?

Abstract

In the last decades, the progress in ryegrass (Lolium spp.) breeding was mainly on
agronomic traits such as biomass yield, forage quality or disease resistance. However,
for commercial success, a stable and high seed yield is a prerequisite for any cultivar.
The realized seed vyield is influenced by many different factors such as non-optimal
pollination and fertilization, seed abortion and seed shattering. While seed shattering
has been largely eliminated in major cereal crops such as rice, barley or sorghum dur-
ing domestication, the trait has been largely neglected in ryegrass breeding programs.
The close syntenic relationship of cereal and ryegrass genomes offers the opportu-
nity to develop breeding approaches for reducing seed shattering in the latter by
transferring knowledge from the former. The objectives of this review are to (1) give
an overview on the knowledge of morphology on seed shattering in cereal crops and
ryegrasses, (2) compare the genetic background underlying seed shattering in differ-
ent species, (3) identify putative candidate genes controlling seed shattering in rye-
grasses through comparative genomic analysis and (4) give an outlook on new
breeding strategies resulting in low seed shattering cultivars of ryegrasses and related

forage grass species.
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To provide cultivars adapted to specific management and envi-

ronmental conditions, targeted breeding efforts are essential. In con-

Permanent and temporary grasslands cover more than 50% of the
European agricultural land area and often contain many different
grass, legume and forb species (Food and Agriculture Organization
of the United Nations, 2020). For temperate grasslands, the five
major grass genera are Lolium (ryegrasses), Festuca (fescues), Poa
(bluegrasses or meadowgrasses), Dactylis (orchardgrass or cocksfoot
[D. glomerata L.]) and Phleum (timothy [P. pratense L.]; Boller
et al,, 2010). Due to their high yield potential and high forage qual-
ity, Italian and perennial ryegrass (L. multifiorum and L. perenne) are
the most important grass species for intensively managed semi-
natural grasslands and for temporary grass-clover leys (Humphreys
et al., 2006; Jung, 1996).

trast to major crop species, systematic breeding of ryegrasses (and
other forage grasses) started rather recently in the 1970s, with a focus
on agronomic performance measured as persistence and biomass yield
(Wilkins & Humphreys, 2003). Many ryegrass breeding programs par-
ticularly focused on forage quality, resulting in a higher digestibility
over the last years in modern cultivars (Casler, 2001). In general, grain
bearing tillers have a higher lignin content than leaves, resulting in a
lower digestibility. Therefore, selection for higher digestibility may
also result in a shift from reproductive to vegetative growth, reducing
the ability to produce seeds (Humphreys et al., 2010). However, effi-
cient forage production relies on sward establishment or sward

improvement through seeds. Especially for short-term swards, seeds
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of high-quality cultivars are indispensable. Therefore, seed yield is
economically highly relevant for cultivars to be commercially viable
(Casler & Vogel, 2020).

Seed vyield is a complex trait influenced by many factors. The
potential seed yield is defined as the maximum seed yield achievable
under optimal conditions. It accounts for the total number of ovules
per area present at flowering time. The total number of ovules is
determined by the number of spikes (i.e., culms) per area, spikelets per
spike and flowers per spikelet (Falcinelli, 1999). The realized seed yield
is influenced by many factors and has been reported to be up to 45%
lower than the potential seed for perennial ryegrass, mainly due to
non-optimal pollination and fertilization, seed abortion and seed shat-
tering (Falcinelli, 1999; Griffiths et al., 1973). Unsuccessful pollination
and fertilization can occur if flowering and pollen distribution by wind
is not happening simultaneously (Boelt & Studer, 2010) or if a sub-
stantial amount of incompatible pollen is present within the pollen
(Studer et al., 2008).

In case of successful pollination and fertilization, seed set starts
with the growth of the embryo and the endosperm (Boelt &
Studer, 2010). During this stage, the embryo is highly sensitive to
environmental influences such as temperature, humidity, or salinity
and can potentially be aborted (Boelt & Studer, 2010; Elgersma
et al, 1988). In the next phase, the embryo continues to grow,
increases its dry weight and accumulates reserves. At the end of this
stage, the seed is viable. In the last stage, the seed loses moisture and
is finally ripe for harvesting (Boelt & Studer, 2010). A substantial num-
ber of seeds may be lost due to seed shattering shortly before or dur-

ing seed harvest.

1.1 | Seed shattering—A major cause for reduced
seed yield in ryegrass

Seed shattering, that is, the displacement of seeds from the stalk, is an
adaptive trait in most wild progenitor species as it allows for seed dis-
persal in natural environments. In domesticated crops, seed retention
(i.e., loss of seed shattering) allows for reducing seed loss during har-
vest and facilitates the simultaneous harvest of a larger number of
plants. During early domestication of major cereal crops, farmers have
indirectly selected for a non-shattering phenotype during harvesting
(Harlan, 1975). Seed retention is one of the most important domesti-
cation traits in major cereal crops like barley (Hordeum vulgare L.;
Pourkheirandish et al., 2015; Schmid et al., 2018), rice (Oryza sativa
L.; Onishi et al., 2007) and sorghum (Sorghum bicolor L. Moench; Lin
et al., 2012).

A fully domesticated crop with a non-shattering phenotype can
no longer propagate through spontaneous seed dispersal but relies on
being sown by the farmer (Fuller & Allaby, 2009). The non-seed shat-
tering phenotype seems to have evolved several times within cereals
(Lin et al., 2012; Paterson et al., 1995). For example, Lin et al. (2012)
found three different mutations within a gene responsible for seed
shattering in sorghum, where each mutation was found in specific sor-

ghum accessions from different origins of domestication. In cereal

crops, as seeds are directly used for human or animal nutrition, yield
of seeds has always been the main focus of breeding and selection. In
ryegrasses, the important part for animal feeding is the green biomass
and not the seeds. Consequently, seed shattering has not undergone
any strong selection pressure in ryegrasses and still is an issue today
(Luscher et al., 2019; Marshall & Wilkins, 2003), with up to 54% of
the ripe seeds being lost through shattering (Maity, Singh,
et al., 2021). Seed shattering may be strongly influenced by environ-
mental factors such as temperature (Ji et al., 2006; Thurber
et al, 2010), moisture (Maity, Lamichaney, et al., 2021) or wind
(Elgersma et al., 1988). Thus, the time of seed harvest plays an impor-
tant role in seed shattering. Further, if the harvesting date is set too
early, the drying cost will increase and the seed quality will be
decreased, resulting in a low seedling vigour. If the harvesting date is
set too late, many seeds are lost through shattering. The differential
ripening stages within the same tiller, where apical seeds are ripening
earlier than the basal seeds, makes it even more difficult to find the
optimal date for seed harvest. According to our own observations,
loss of ripened seeds before harvest by shattering showed to be a
major factor reducing seed yield in the breeding material of Agro-
scope, Switzerland. Indeed, delaying the harvest by only a few days
reduced seed vyield in material prone to shattering by up to 40%
(unpublished data). A preliminary experiment using different Italian
ryegrass cultivars in the same environment showed that there is a
large variation for seed shattering among different cultivars (Peter
et al.,, 2021). This difference might be due to a different genetic back-
ground, which could provide the basis for studying the genetic control
of this important trait and to improve seed vyield through targeted
breeding efforts.

To reduce seed shattering by breeding, a deeper understanding of
the genetic architecture of this trait in forage grasses is needed.
Reviewing the morphological, physiological and genetical concepts of
seed shattering in other major crops can help to address open ques-
tions in forage grasses. First, detailed knowledge about systematics
and evolutionary relations between species is required. With this
knowledge, morphological differences in seed shattering between
crop species can be compared. Second, the genetic background
underlying seed shattering can be studied in different crops. Third,
knowledge on seed shattering genes and their putative function may
be transferred into ryegrasses to identify candidate genes for seed
shattering. Finally, these findings maybe help to elucidate the genetic
mechanism in other forage grass species.

2 | MECHANISMS OF SEED SHATTERING
IN MAJOR GRASS SPECIES

Forage grasses, including ryegrasses and fescues (Festuca spp.), and
cereals such as barley, rice or sorghum belong to the family of
Poaceae, which includes between 8000 and 10,000 species
(Kellogg, 1998). The family of Poaceae is further divided into 12 sub-
families (Soreng et al, 2017). Forage grasses, as well as wheat

(Triticum aestivum L.) and barley, are part of the Pooideae subfamily,
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whereas rice belongs to the Oryzoideae subfamily. These two subfam-
ilies are separated from each other since the occurrence of a first
major radiation in grasses (Kellogg, 1998). A second radiation of
grasses led to additional subfamilies, for example the Panicoideae,
with species such as sorghum. The subfamily Pooideae is further sub-
divided into the Triticeae tribe including wheat and barley, while rye-
grasses and Brachypodium have their own tribes, Poeae and
Brachypodieae, respectively (Soreng et al., 2015). Although all of the
most important forage grass species (i.e., ryegrasses, fescues, cocks-
foot, timothy, bluegrasses) belong to the Poeae tribe, they differ
widely in morphology, physiology and genome constitution (Clayton &
Renvoize, 1986; Pellicer & Leitch, 2020). Even though the evolution-
ary divergence occurred more than 60,000 years ago and the genome
size within the Poaceae family can differ by a factor of 40, the genetic
structure seems to be largely conserved across genera (Devos &
Gale, 2000; Keller & Feuillet, 2000). Indication for such a conserved
genetic collinearity was also found in grass species for genes involved
in the control of seed shattering (Paterson et al., 1995). Several genes
responsible for seed shattering are known in barley, rice and sorghum.
Therefore, these closely related species may be used to elucidate the

mechanisms and the genetic control of seed shattering in ryegrasses.

2.1 | Breaking of the abscission layer leads to seed
shattering

The mechanism of seed disarticulation in the wild crop progenitor
species varies in terms of morphological structures. The morphological
difference in the mechanism of losing seeds by shattering among
grasses may be due to the different inflorescence architecture within
the grass family (Bommert et al., 2005). Generally, seed shattering is
associated with the formation of cells building an abscission layer (AL;
Maity, Lamichaney, et al., 2021; Yu, Leyva, et al., 2020). Structure, for-
mation as well as the anatomical location of the AL seem to be differ-
ent among plant species (Maity, Lamichaney, et al., 2021). In
ryegrasses, the AL contains 4-8 cell layers and its cells are smaller
than the surrounding cells (Elgersma et al., 1988). Hydrolases, such as
cholesteryl ester (CE) and peptidogylcan (PG) hydrolase, mediate the
cleavage of abscission cell wall components (Bunya-atichart
et al., 2011). In Elymus sibiricus, high seed shattering plants exhibited a
smooth fracture edge in the rachilla compared to low seed shattering
plants, suggesting a higher activity of hydrolytic enzymes in the AL of
high seed shattering plants (Zhao et al., 2017). Further, several hor-
mones, such as gibberellins, abscisic acid, cytokinin, ethylene, and
auxin are involved in regulating seed shattering in the AL
(Addicott, 1970; Gonzalez-Carranza et al., 1998). While ethylene was
identified to primarily regulate seed shattering, it can be counteracted
by auxin, which, at high concentrations, may lead to reduced seed
shattering (Patterson, 2001; Roberts et al., 2002).

In the domestication process of cereal crops, modification or loss
of the AL led to an interruption of disarticulation and, therefore, to a
shift towards seed retention, that is, a non-shattering phenotype

(Doust et al., 2014). However, in wild ancestors of cereal crops, the

formation of one or several AL(s) in different morphological structures
within one spikelet was reported (Doust et al., 2014). The location of
the AL varies considerably among different grass species (Figure 1;
Doust et al., 2014). The most common and most likely ancestral state
of the AL position in grasses is suggested to be located in the rachilla
above the glumes (Yu, Leyva, et al., 2020). For several years, an AL
was defined by containing small and lignified adjacent cells (Li &
Olsen, 2016; Patterson, 2001). However, a recent publication in
grasses showed that neither small cells in the AL nor lignification
between cells in the AL is required for disarticulation in some grasses
(Yu, Leyva, et al., 2020). In addition, the AL anatomy does not seem to
be more similar in morphologically similar grass species when com-
pared to morphologically more distinct species (Yu, Hu, et al., 2020).
However, despite the considerable variation in AL anatomy, the set of
genes in the AL seems to be largely conserved across species (Yu, Hu,
et al., 2020).

2.2 | Two main mechanisms lead to seed
shattering

Based on the location and the morphological structure of the AL, two
main mechanisms are distinguished. The first mechanism is reported
as brittle rachis seed shattering and seems to be unique within the Tri-
ticeae tribe (Figure 1; Zeng et al., 2020). Brittle rachis seed shattering
occurs when the whole spikelet breaks from the rachis. One explana-
tion is that species in the Triticeae tribe produce a spike as their inflo-
rescence without secondary branching. The brittle rachis phenotype
in barley was recently investigated and the AL was located either
above or below the rachis nodes at grain maturity (Zeng et al., 2020;
Figure 1, orange lines). In the wild barley ancestor H. vulgare subsp.
spontaneum (C. Koch) Thell, histological analysis revealed an expan-
sion of five to six cell layers in the AL, which resulted in a disruption
of the mature spikelets of the rachis at the AL (Pourkheirandish
et al., 2015). Furthermore, morphological studies revealed no reduc-
tion in lignin, cellulose or other cell wall polysaccharide content of the
AL between brittle rachis and non-brittle rachis barley species. This
suggests differences in cell wall thickness rather than differences in
the composition of the cell wall to be responsible for the brittle
rachis and non-brittle rachis phenotypes in barley (Pourkheirandish
etal., 2015).

The second mechanism of seed shattering is referred to as brittle
rachilla type of seed shattering and is found in species of the Pooideae
subfamily (Sakuma et al., 2011). Here, seed disarticulation occurs in
the secondary branches either below or above the glumes or below
the rachilla nodes (Zeng et al., 2020; Figure 1, yellow lines). In rice,
brittle rachilla seed disarticulation occurs below the lemmas and
above the glumes (Yu & Kellogg, 2018; Figure 1). The AL is observed
as a band of small cells, which develop before heading (Konishi
et al., 2006; Li & Gill, 2006; Lv et al., 2018; Zhou et al., 2012). The AL
in rice contains small cells with thin, non-lignified walls surrounding
the lignified cells. During ripening of the seed, degradation of the AL
cells leads to seed shattering. Lv et al. (2018) showed that a well-
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Spike morphology of ryegrasses (Lolium spp.). The different types of abscission layers indicated with orange and yellow lines

illustrate the brittle rachis and the brittle rachilla type of seed shattering, respectively. The brittle rachis seed shattering can either happen below
or above the rachis node. This type of seed shattering morphology is found for example in barley (Hordeum vulgare L.). The brittle rachilla seed
shattering is located in the secondary branches and could happen species dependent below the glumes as in sorghum (Sorghum bicolor

L. Moench), above the glumes as in rice (Oryza sativa L.) or below the florets as in perennial and Italian ryegrass (L. perenne L. and L. multiflorum

Lam., respectively; adapted from Doust et al., 2014).

developed AL is linked to a seed shattering phenotype, while absence
of the AL is linked to a non-shattering phenotype in rice. In domesti-
cated sorghum, a reduction of seed shattering is related to the loss of
the AL below the glumes (Dong & Wang, 2015; Figure 1). Although
brittle rachis and brittle rachilla seed shattering is particularly frequent
in particular groups of species, they both are sometimes also observed
in the same species (Larson, 2019). For example, in intermediate
wheatgrass (Thinopyrum intermedium; Altendorf et al., 2021) as well as
in hybrid Leymus (Triticeae) wildryes (Larson & Kellogg, 2009), brittle
rachis and brittle rachilla (floret) shattering were reported and pheno-
typed separately. A difference in domestication success between the
two shattering mechanisms has so far not been observed.

In perennial ryegrass, seed disarticulation was reported as brittle
rachilla seed shattering and happens below the rachilla nodes (Elgersma
et al., 1988; Figure 1). There, formation of the AL leads to seed shatter-
ing. The AL is located above the glumes and below the florets
(Figure 1) and can be observed after heading. In contrast to rice
(Lv et al., 2018), no morphological difference in the AL between culti-
vars differing in their level of seed shattering was found (Elgersma
et al.,, 1988). Also, no difference in lignin content of the AL in different
cultivars after flowering stage was observed (Fu et al., 2019) and no cell
wall degradation was found in seed shattering phenotypes of perennial

ryegrass (Elgersma et al., 1988). One explanation for no cell wall

degradation could be that seed shattering in ryegrasses is due to
mechanical rather than biochemical breaking of the AL. In Italian rye-
grass, a seed shattering mechanism with breakages below the rachilla
nodes was predominant and, therefore, responsible for the loss of
seeds, while brittle rachis seed shattering was not observed (unpub-
lished data).

2.3 | Reducing seed shattering without completely
removing the abscission layer

In domesticated rice and sorghum, a reduction of seed shattering
always resulted from a loss of the AL (Dong & Wang, 2015). There-
fore, in these two species, the presence of the AL seems to be always
connected to seed shattering. In forage grasses, different levels of
seed shattering were observed in different genotypes, all containing
an AL. This could be due to seed size, seed weight and the stability of
the glumes and inflorescence (McWilliam, 1980). Therefore, one strat-
egy for forage grasses could be to breed for higher stability of the
glumes and inflorescences to reduce seed shattering, rather than to
avoid it completely. Whether seed shattering can be reduced without
losing the breakage of the AL needs to be investigated. This different
approach to reduce, but not completely prevent seed shattering in
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forage grasses could have the advantage of still enabling natural dis-
persal of seeds and its propagation in permanent or semi-permanent
grassland.

However, the breeding goal of reducing or completely removing
seed shattering also depends on the accessibility of breeding material
showing variation for this target trait. To date, breeding for higher
glume or inflorescence stability was never investigated in forage
grasses and to find an efficient phenotyping method to select for
these traits might be very difficult. Therefore, more detailed knowl-
edge of the genetic background of seed shattering will help to design
an appropriate breeding scheme in forage grasses.

3 | GENETIC CONTROL OF SEED
SHATTERING

The loss of seed shattering as a domestication trait underwent selec-
tion several times independently within the same species or also
between different crop species (Doust et al., 2014; Lin et al., 2012;
Paterson et al., 1995). Nevertheless, the selection led to the same
functional changes, namely from a seed shattering to a non-shattering
phenotype (Doust et al., 2014).

Knowledge of the genetic control of a trait is beneficial to deter-
mine efficient breeding strategies. For seed shattering in grasses,
many QTL have been identified and some loci have been shown to be
shared among different species (Dong & Wang, 2015). Further ana-
lyses in major crops such as barley, rice and sorghum resulted in the
identification of genes controlling this trait (Figure 2). In many grass

species, not only one major gene, but a rather complex network of

P

o [ J
o SH5 2 o SHAT1
® o GSH1 —
/ ® SsHN
® snB o6 SHi Brt1 Brt2

Rice g - Barley
sorghum ®® perennial ryegrass

FIGURE 2 Genetic model for seed shattering in rice, sorghum,
barley and perennial ryegrass. Green indicates all the genes which
were found in rice (Jiang et al., 2019; Konishi et al., 2006; Li

et al., 2006; Lin et al., 2007, 2012; Ning et al., 2023; Yoon

et al.,, 2014; Zhou et al., 2012), yellow the genes found in barley
(Pourkheirandish et al., 2015), orange the gene found in sorghum (Lin
et al., 2012) and blue the genes which are suggested to be involved in
seed shattering in perennial ryegrass (Fu et al., 2019). Green arrows
indicate suggested relationships between genes in rice (Li &

Olsen, 2016; Zhou et al., 2012).

several genes seems to be responsible for seed shattering (Dong &
Wang, 2015). For example, expression studies in rice proposed the
interaction of several genes influencing each other and resulting
either in a reduction or a complete loss of seed shattering (Zhou
et al., 2012). Although genes having an impact on seed shattering
identified in different grass species are slightly different, many of

them show a high degree of homology across species.

3.1 | Brt1 and Brt2 are important for the non-seed
shattering phenotype in barley

In barley, the two complementary and tightly linked genes Brt1 and
Brt2 are known to be involved in the brittle rachis type of seed shat-
tering (Takahashi & Hayashi, 1964). A loss-of-function mutation in
either Brt1 or Brt2 changed the phenotype from brittle rachis to non-
brittle rachis (Pourkheirandish et al., 2015). Either a 1 bp deletion in
Brt1 or an 11 bp deletion in Brt2 resulted in loss of function and a
non-seed shattering phenotype (Civan & Brown, 2017). The protein
functions of both genes are still unknown (Zeng et al., 2020), but the
gene action was identified as recessive (Pourkheirandish et al., 2015).
Thus, for a non-brittle rachis phenotype, either brt1 or brt2 need to be
homozygous for the non-brittle rachis allele. In modern barley culti-
vars with the non-brittle rachis phenotype, either one or the other
gene is homozygous, whereas no cultivar containing two copies of the
non-shattering allele for both genes has so far been identified
(Pourkheirandish et al., 2015). Histological experiments showed that
plants with a non-brittle rachis phenotype containing the two reces-
sive alleles of brtl or brt2 do not show an expansion of cell layers
(Haberer & Mayer, 2015). The non-brittle rachis genes, Brt1 and Brt2,
are conserved orthologues across the Triticeae genomes (Haas
et al., 2019). In polyploid wheat, mutations in Brt1 in the A and B sub-
genomes seem to be necessary to obtain a non-brittle rachis shatter-
ing phenotype (Avni et al., 2017). Furthermore, Brt1 and Brt2 were
also found in diploid einkorn wheat (T. monococcum; Pourkheirandish
et al., 2018), but were never mapped in other Pooideaes (Doust
et al., 2014; Sakuma et al., 2011). Therefore, Pourkheirandish et al.
(2015) speculated that the evolution of the brittle rachis type of seed
shattering pathway in the Triticeae tribe follows a different molecular

pathway than other cereals.

3.2 | Several genes control seed shattering in rice

For several years, gSH1 and Sh4 were thought to be the two only
genes responsible for the development of the brittle rachilla type of
seed shattering (elimination of the AL below the glumes) during rice
domestication (Konishi et al., 2006; Li et al., 2006). More recent stud-
ies suggested that the control of seed shattering in rice might be more
complicated and that additional genes play a role. It was reported that
gSH1, which encodes a BEL1-type homeobox-containing protein
(Konishi et al., 2006), is downstream of Sh4 and seed shattering abor-
tion 1 (SHAT1), and maintains their expression in the AL, resulting in
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AL differentiation (Zhou et al., 2012). One single nucleotide exchange
in gSH1 in the rice subspecies japonica resulted in a loss of expression
of gSH1 in the AL and explained 69% of the loss-of-seed shattering
phenotype (Konishi et al., 2006). A mutation in Sh4, creating a reading
frame shift, was found in mutagenized wild rice (O. rufipogon), result-
ing in a loss-of-function mutation in Sh4 with a non-shattering pheno-
type (Jiang et al., 2019). Furthermore, the loss-of-function mutation in
Sh4 completely removes the AL (Zhou et al., 2012). Therefore, Sh4
could also be involved in the activation of the disarticulation process
(Li et al, 2006; Table 1). It seems that the expression of Sh4 and
SHAT1 in the AL influences the AL formation during the early spikelet
development stage. Sh4 upregulate the expression of SHAT1 in the AL
(Zhou et al., 2012). Furthermore, an insertion in the gene Shattering1
(Sh1), encoding for a YABBY transcription factor, resulted in a reduced
seed shattering phenotype of the rice mutant SR-5 (Fukuta &
Yagi, 1998; Lin et al., 2012). Sh1 as well as SHAT1 are two genes with
a proven conserved role in the AL development not only in rice but
across Poaceae (Lin et al., 2012; Lv et al., 2018; Simons et al., 2006;
Yu & Kellogg, 2018; Zhou et al., 2012).

Recently, additional transcription factors controlling the AL were
described. For example, a single nucleotide polymorphism (SNP) in
the gene SUPERNUMERARY BRACT (SNB), which encodes for an
APETALA2-like transcription factor, caused the change from a seed
shattering to a non-shattering phenotype (Jiang et al., 2019). The

transcription factor SNB is known to regulate the development of flo-
ral organs. In addition, SNB positively regulates gSH1 and SH5. Like
qSH1, SH5 belongs to the BEL1-type homeobox transcription factors
and is highly homologous to qSH1. SH5 is suggested to positively reg-
ulate Sh4 and it was found to be highly expressed in the AL (Yoon
et al., 2014). SH5 and SHAT1 were shown to be important genes for
the differentiation of the AL, but their importance in domestication by
artificial selection still needs to be clarified (Dong & Wang, 2015).
Recently, a knock-out mutation in SH11, which is a MYB transcription
factor, showed a significant reduction of seed shattering in African
rice (Ning et al., 2023). The interaction of several genes and their
expression in the AL together with a large variation from non-
shattering to almost complete shattering phenotypes, leads to the
conclusion that seed shattering in rice is a quantitative trait regulated
by many genes, rather than a qualitative trait regulated by just a single
gene (Zhou et al., 2012).

3.3 | Asingle gene seems to control seed
shattering in domesticated sorghum

In domesticated sorghum, Shatteringl (Sh1) is suggested to control
seed shattering in a dominant manner (Lin et al., 2012; Table 1). Sh1
encodes a YABBY transcription factor and three different mutations

TABLE 1 Summary of genes reported to be involved in seed shattering of different grass species.

Plant species Name Gene category Mechanism Phenotypic effect References
Oryza sativa Sh4 MYB Transcription May activate Quantitative effect on seed (Li et al., 2006;
Shattering4, SHA1 factor (TF) degradation of the shattering Lin et al., 2007;

cell wall in AL

Oryza sativa qSH1 BEL1-type homeobox TF

Oryza sativa SH5 BEL1-type homeobox TF,

Development of AL

Induces SHAT1 and SH4, Inhibits lignin biosynthesis,
expressed in AL

Differentiation of AL

Effect on AL unclear

Zhou et al., 2012)

Quantitative effect on seed (Konishi et al., 2006)

shattering

(Yoon et al., 2014)
enhances AL development, still
needs qSH1

Non-shattering, reduced spikelet (Zhou et al., 2012)
fertility, changed morphology
of floral parts, fewer primary
branches

(Lin et al., 2007,
2012)

Reduced shattering

homologue to gSH1
Oryza sativa SHATTERING AP2-like TF
ABORTION1,
SHAT1
Oryza sativa Shattering1, Sh1 ~ YABBY TF
Oryza glaberrima SH11 MYB TF
Oryza rufipogon SSH1 allele of SNB AP2-like TF
Sorghum bicolor ~ Shattering1, Sh1 ~ YABBY TF

Hordeum vulgare Brt1

Hordeum vulgare Brt2

Lolium perenne  qSH1

Lolium perenne  Sh1

Putative transcription
regulator BEL1-like
homeobox TF

Putative TF (YABBY)

Repress lignin
deposition in AL

Development of AL
Effect on AL unclear

Unknown

Unknown

Unknown

Unknown

Knock out reduce seed
shattering

Reduced seed shattering
Non-shattering

Non-shattering

Non-shattering

Unknown

Unknown

(Ning et al., 2023)

(Jiang et al., 2019)
(Lin et al., 2012)

(Pourkheirandish
etal., 2015)

(Pourkheirandish
et al., 2015)

(Fu et al., 2019)

(Fu et al., 2019)
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of the Sh1 gene in sorghum landraces were found to be associated
with a non-shattering phenotype. The distribution of the origin of
these landraces suggests three independent loss-of-function muta-
tions in Sh1 in sorghum. Sh1l seems to be conserved in several
other crops like rice. The Sh1 orthologs in rice contain mutations,
which can lead to a reduction of seed shattering in rice rather than
a complete loss like in sorghum (Lin et al, 2012; Paterson
et al., 1995). However, Lin et al. (2012) suggested that the Shi
genes in sorghum, rice and maize were under parallel selection

during domestication.

3.4 | Unknown control of seed shattering in
ryegrasses

Genes related to a non-shattering phenotype in ryegrasses are still
largely unknown. In one study, all plants of a F; population derived
from a cross between a genotype of L. persicum, (seed shattering)
and a genotype of L. temulentum (non-seed shattering) displayed a
shattering phenotype. The resulting F, population segregated in a
ratio of 15 shattering to one non-shattering plants. This indicates
two recessive genes to be involved in the non-shattering phenotype
of L. temulentum (Senda et al., 2006). Whether the same mechanisms
are in place in L. multiflorum or L. perenne remains unclear. Another
study used the hypothesis that orthologous genes from other
Poaceae could play a role in regulating seed shattering of perennial
ryegrass. Nine putative candidate genes with a high similarity, among
others to qSH1, SHAT1, SH1 and SH5, were identified using an in-
house transcriptome database of L. perenne (Fu et al., 2019). From
these candidate genes, expression studies, together with histological
analysis of the AL at different time points during seed development,
revealed candidate genes that are highly similar to gSH1 and Sh1 of
rice and that might play a role in AL formation in L. perenne
(Figure 1; Fu et al., 2019).

4 | COMPARATIVE GENOME ANALYSISTO
FIND SEED SHATTERING CANDIDATE GENES
IN RYEGRASS AND APPROACHES TO
IMPROVE SEED YIELD

Some major cereal crops like barley seem to have developed distin-
guished molecular pathways for a non-shattering phenotype. Others,
like rice and sorghum, although they are not close relatives, share
some similarities of the non-shattering phenotype. Doust et al.
(2014) showed that non-shattering grasses most probably share a
common genetic pathway among various grass species. Furthermore,
the hypothesis of a shared common genetic pathway is supported
by a recent publication: Abrouk et al. (2020) found a 60 kb deletion
within the Sh1 ortholog from sorghum in several Fonio millet acces-
sions. These accessions have a quantitatively reduced seed shatter-
ing phenotype compared to the other accessions without the

deletion (Abrouk et al., 2020). Searching for orthologous genes in

forage grasses known from major crops could be a promising
approach to get a first idea on the seed shattering trait in these

species.

41 | Comparative analysis revealed six candidate
genes putatively involved in seed shattering in
perennial ryegrass

With the possibility to cost-efficiently use third generation sequenc-
ing methods, the release of high-quality genome assemblies of forage
grasses is increasing. This is a prerequisite to establish reverse genetic
approaches like comparative analyses. The recently published genome
of the doubled haploid L. perenne genotype ‘Kyuss’ (Frei et al., 2021),
the genome of the highly homozygous L. perenne inbred genotype
‘P226/135/16° (Nagy et al., 2022) and the genome of the highly het-
erozygous L. multiflorum genotype ‘Rabiosa’ (Copetti et al., 2021) are
the first high-quality diploid reference assemblies available for rye-
grasses. We used the genome sequence of the doubled haploid
L. perenne genotype ‘Kyuss’ as reference to conduct a comparative
analysis for genes involved in the control of seed shattering in other
grass species. For this, candidate genes involved in seed shattering
from barley, rice, perennial ryegrass, and sorghum were obtained from
published articles (Table 1). The proteins encoded by these target can-
didate genes were then, for the first time, used to find highly similar
genes in the perennial ryegrass reference genome ‘Kyuss' (Frei
et al., 2021). Each protein sequence was aligned and compared to the
perennial ryegrass reference genome using BLASTP 2.9.0+ (Altschul
et al., 1997; Schéffer et al., 2001). Candidate genes were identified
using the highest bit score (the highest alignment score between the
query and the reference sequence), the highest percentage of identity
(between the query and the reference sequence) and the highest
E-value (the probability that the observed match between the query
and the reference sequence is due to chance). With these parameters,
our comparative analysis of seed shattering genes from barley, rice
and sorghum in perennial ryegrass revealed 11 different putative can-
didate genes in the ‘Kyuss' reference genome (Table 2). In general, the
highest hits were found for gSH1 and SH5 from rice. Starting with
qSH1, two highly similar sequences were found in perennial ryegrass
with a bit-score of 732 and 674, identities of 72% and 68% and
E-values of 0 and O, respectively. SH5, which is highly homologous to
gSH1 in rice (Yoon et al., 2014), was also found in perennial ryegrass
with the two highest hits on the same two genes as found for gSH1
(KYUSt_chr3.34849 and KYUSt_chr1.33748; Table 2), marking these
two as particularly interesting putative candidate genes. In L. perenne,
qSH1 is predicted to be involved in development and formation of the
AL as well (Fu et al., 2019). For SHAT1 as well as for SSH1, two similar
genes, KYUSt_chr2.53254 and KYUSt_chr4.5079 were found with
high identities (74% and 62%, respectively), bit-scores (512 and
338, respectively) and E-values (4.00E-180 and 8.00E-110, respec-
tively) (Table 2). According to Fu et al. (2019), SHAT1 is regulated
downstream of gSH1 and plays a role in the differentiation of the AL
in perennial ryegrass. Lower hit scores were found for SH4, Sh1, and
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TABLE 2

Results of the comparative analysis (BLASTP) of known seed shattering genes in Oryza sativa and Sorghum bicolor (listed in Table 1)

aligned to the genome sequence of the doubled haploid Lolium perenne genotype ‘Kyuss’ (Frei et al., 2021).

Gene Score

Gene name in L. perenne

Species annotation name Common name (bits) E-value Identity (%) Kyuss Reference
Oryza sativa LOC_0s01g62920 qSH1 732 0.00E 72% KYUSt_chr3.34849 (Konishi
+00 et al., 2006)
674 0.00E 68% KYUSt_chr1.33748
+00
Oryza sativa LOC_0s05g38120 SH5 804 0.00E 81% KYUSt_chr1.33748 (Yoon et al., 2014)
+00
630 0.00E 64% KYUSt_chr3.34849
+00
Oryza sativa LOC_0Os04g55560 SHAT1 512 4.00E- 74% KYUSt_chr2.53254 (Zhou et al., 2012)
180
338 8.00E- 62% KYUSt_chr4.5079
110
Oryza sativa LOC_0Os04g57530 Shattering1, 173 1.00E- 34% KYUSt_chr4.15900 (Fukuta &
SH1 50 Yagi, 1998)
Oryza sativa ORGLA04G0254300 SH4 168 3.00E- 34% KYUSt_chr4.15900 (Li et al., 2006)
49
107 4.00E- 82% KYUSt_chr2.55506
26
Oryza SSH1 allele of 440 le-149 66% KYUSt_chr4.5079 (Jiang et al., 2019)
fufipogon Sz 306 7e-101  77% KYUSt_chr1.2807
263 3e-83 81% KYUSt_chr2.53254
Oryza SH11 330 4e-114 68% KYUSt_chr4.25513 (Ning et al., 2023)
glabertima 317 5e-109  65% KYUSt_chr5.7779
Sorghum Sobic.001G152901 SH1 108 2.00E- 84% KYUSt_chré6.15457 (Lin et al., 2012)
bicolor 29
108 5.00E- 66% KYUSt_chr2.44485
29

SH11 (from rice and sorghum). Brt1 and Brt2 from barley do not show
any remarkable similarity in the L. perenne reference genome

investigated.

4.2 | Prospects for breeding low seed shattering
forage grass cultivars

The natural variation for seed shattering observed in ryegrasses (Maity
et al., 2021; Peter et al., 2021) provides the basis for improvement of
seed shattering through targeted selection. Since phenotyping of seed
shattering is rather laborious and requires the plants to be grown to
seed maturity, genomics assisted breeding tools have the potential to
make breeding for seed shattering more efficient.

The 11 putative seed shattering regulatory genes found in our
comparative analysis (Table 2) may be used for functional validation.
For example, gene expression studies in genotypes with varying
degrees of shattering conducted after flowering until seed ripening
could further indicate which of the putative candidate genes might
play a role in seed shattering. A first expression study in perennial

ryegrass indicated that Sh1 and gSH1 could be involved in

differentiation of the AL and, therefore, regulating seed shattering
in perennial ryegrass (Fu et al.,, 2019). In particular, Sh1 and qSH1
are suggested to play a role in abscission layer formation during
seed development.

In our comparative analysis, we found a gene highly similar to
qSH1 from rice, but not for Sh1 (Table 2). One explanation for the lack
of similarity with Sh1 might be that different cultivars could have dif-
ferent genes responsible for regulating shattering and that the genes
depend on the origin of the breeding material. To address whether
Sh1 is involved in seed shattering in some genotypes but not in
others, further comparative analyses with different references assem-
blies or targeted expression studies in selected germplasm are
essential. Thanks to initiatives like the International Lolium-Festuca
Pangenome Consortium (ILFPC), the number of available reference
assemblies in forage grasses is expected to increase in the near future
(Studer et al., 2021). This will enable additional comparative studies to
detect a potential involvement of Sh1 in seed shattering. In contrast
to Sh1, gSH1 was identified in our comparative analysis in perennial
ryegrass and is, therefore, highly likely to be involved in seed shatter-
ing. Thus, qSH1 is a valuable candidate for functional validation

through knock-out mutagenesis.
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Using forward genetic approaches (i.e., identifying the genetic
basis behind a specific phenotype), additional evidence for the func-
tion of potential candidate genes may be gained. In addition, these
approaches may also be used to identify other candidate genes for
seed shattering in addition to Sh1 and gSH1. First, bi-parental QTL
mapping is, especially in outcrossing, self-incompatible forage grasses,
frequently and successfully used to elucidate the genetic basis of sev-
eral traits. These include vernalization response (Jensen et al., 2005),
flowering time and its morphological constituents (Byrne et al., 2009),
heading date (Armstead et al., 2004) or lodging resistance (Inoue
et al., 2004). Although bi-parental QTL mapping populations are easy
to establish, these populations are only based on two paternal plants
and, therefore, do not reflect the allele diversity of a breeding popula-
tion. Furthermore, due to the low number of recombination events in
an F4 bi-parental population of limited size, the resolution of the map-
ping is usually limited and not useful for pinpointing individual genes
controlling the target trait.

Second, genome-wide association studies (GWAS) can cover
the whole diversity of the breeding gene pool, but have the draw-
back to potentially miss genes represented at a low frequency
within the population. Third, multi-parent populations like nested
association mapping (NAM) populations could help to overcome
that obstacle and result in higher resolution and higher statistical
power, particularly useful for quantitative traits. However, indepen-
dent of the type of mapping population (bi-parental, GWAS panel,
or multi-parent population), presence of significant phenotypic vari-
ation is a prerequisite in all forward genetic approaches. In com-
parison to major cereals, the domestication history of forage
grasses is very short and, to the best of our knowledge, there is
yet no genotype of a commonly bred Lolium or Festuca species
that shows a clearly non-shattering phenotype. Hence, as most
breeding materials that might serve as parents for a potential map-
ping population are still showing a relatively high degree of seed
shattering, this limited variation towards the non-shattering pheno-
type might reduce the success in finding major genes controlling
seed shattering. Nevertheless, such studies might still be helpful to
identify minor effect genes that reduce seed shattering via path-
ways different not involving the AL, like for example, stability of
glumes and inflorescence (McWilliam, 1980). An alternative to
increase phenotypic variation in bi- or multi-parental mapping
populations might be the inclusion of exotic materials or other
species such as L. temulentum, the latter showing a non-shattering
phenotype (Senda et al., 2006).

If available variation for a target trait in the relevant breeding
material is a limiting factor but potential candidate genes are known,
reverse genetic approaches might be a suitable option. In such
approaches, the candidate genes identified (through the comparative
analyses presented or through additional mapping approaches) could
be used as targets for TILLING (Targeting Induced Local Lesions IN
Genomes) or genome editing. Thereby, a gene of interest is disrupted
by either random (TILLING, e.g., x-rays, ultraviolet irradiation or chem-

ical treatment) or targeted (genome editing, e.g., using CRISPR/Cas9)

mutagenesis. The mutated plants are subsequently phenotyped to
demonstrate the effect of the mutation, which is commonly known as
a functional validation. If the phenotype resulting from a disrupted
gene is also the one favoured by breeding, these approaches are also
useful to produce suitable phenotypic variation that can be used for
further breeding activities. This is clearly the case in the context of
seed shattering, where the knockout of a gene responsible for forming
the AL would, for example, result in a less- or non-shattering
phenotype.

TILLING could be useful to transfer the knowledge of genes of
model systems to other crops. TILLING has been implemented in
many crops such as wheat (Slade et al., 2005; Uauy et al., 2009), rice
(Suzuki et al., 2008; Till et al., 2003), barley (Caldwell et al., 2004;
Talamé et al., 2008) or sorghum (Xin et al., 2008). In forage grasses,
three TILLING populations consisting of 550, 1350 and 1700 M,
plants were successfully established (Manzanares et al., 2016). As reg-
ulations on genetically modified crops, strongly limiting their use in
European countries, do not apply to plants derived from TILLING trea-
ted with classical mutagens, these populations could be directly used
to identify advantageous mutations and to introgress them into
breeding programs. On the other hand, genome editing could poten-
tially also be used to validate candidate genes for seed shattering and
to transfer reduced seed shattering into elite cultivars. However, there
are only very few records successful genome editing in ryegrass so far
(Grogg et al., 2019; Kumar et al., 2022; Zhang et al., 2020) and most
other forage grass species lack adapted transformation and gene edit-
ing systems. In addition, the current regulation in Europe does not
allow for using plants derived from genome editing in breeding
programs.

In conclusion, by reviewing the literature on seed shattering
mainly in major grass species such as barley, rice and sorghum, and by
combining the insights with a comparative genetic analysis in peren-
nial ryegrass, we identified a number of candidate genes involved in
seed shattering in L. perenne. These candidate genes not only provide
targets for future functional validation, but may already be used for
marker assisted selection approaches in existing breeding programs.
Another, more immediate approach to reduce seed shattering in exist-
ing breeding programs would be through direct phenotypic selection
for plants with reduced seed shattering. For this, as well as for eluci-
dating the genetic control of seed shattering in forage grasses, a suit-
able phenotyping method is indispensable and urgently needs to be
developed.
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