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Perennial grain crops could make a valuable addition to sustainable agriculture,

potentially even as an alternative to their annual counterparts. The ability of perennials to

grow year after year significantly reduces the number of agricultural inputs required, in

terms of both planting and weed control, while reduced tillage improves soil health and

on-farm biodiversity. Presently, perennial grain crops are not grown at large scale, mainly

due to their early stages of domestication and current low yields. Narrowing the yield

gap between perennial and annual grain crops will depend on characterizing differences

in their life cycles, resource allocation, and reproductive strategies and understanding

the trade-offs between annualism, perennialism, and yield. The genetic and biochemical

pathways controlling plant growth, physiology, and senescence should be analyzed in

perennial crop plants. This information could then be used to facilitate tailored genetic

improvement of selected perennial grain crops to improve agronomic traits and enhance

yield, while maintaining the benefits associated with perennialism.

Keywords: breeding, domestication, genome editing, grain crops, perennialism, species-wide hybridization,

perennial grains, perennial agriculture

INTRODUCTION

Climate change has led to an increased focus on sustainable agricultural practices to produce
food and feed using less energy and with a lower carbon footprint (Batello et al., 2013; IPCC,
2019). For millennia, the repeated selection and breeding of plants has led to the development of
multiple, high-yielding annual grain crops finely tuned for growth under specific environmental
regimes. In the twentieth century, cropping systems were developed that took advantage of
readily available resources and agrichemical development, with the focus primarily on grain yield.
However, considering the current range of complex challenges that agriculture faces, including
climate change, pandemics, and war, the focus must now be on ensuring food security in a more
environmentally friendly and socially robust way (Beddington et al., 2012). Continued climate
change is rendering our existing cultivars increasingly vulnerable to stress, and ultimately unfit for
many regions of the world, serving as another impetus for reinventing agriculture (Altieri et al.,
2015; Asseng et al., 2015). Such a shift necessitates reduced fertilizer and pesticide application,
adaptation and adoption of plant genetic variation, and reduced tillage, which together would lower
a crop’s carbon footprint. These measures can be applied to all major crops grown today, but could
also involve alternative cropping systems, as suggested by DeHaan et al. (2005) and Glover et al.
(2010).
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Grain crops can be divided into two broad types, namely,
annuals and perennials, based on when their life cycles terminate
(Friedman, 2020). Annual plants grow for one season, produce
seed, initiate senescence, and die. Annualism is linked to seed
dormancy traits, i.e., under conditions of environmental stress,
the seeds become part of the soil seed bank, with dormancy
broken upon return of favorable conditions. Thus, annuals have
a short juvenile phase coupled with rapid seed production that
favors species survival (Lundgren and Des Marais, 2020). At
present, all the main cereal grain crops are annuals, requiring
annual replanting and cultivation.Worldwide, maize (Zea mays),
rice (Oryza sativa), and wheat (Triticum aestivum) account
for 28% of global primary crop production (FAO, 2021).
However, while annual crops deliver high yields, extensive tilling,
field preparation, crop management, and routine agrichemical
application are required for optimal outcomes.

On the contrary, in natural ecosystems, perennial plant species
dominate net primary productivity; defined as the difference
between energy fixed by autotrophs and their respiration (Díaz,
2001). Thus, in almost every major terrestrial biome, including
forests, grasslands, savannahs, deserts, and tundra, annuals
tend to be outcompeted by perennials (Tilman, 1988). In
agriculture, many environmental benefits are associated with
perennialism. Once planted, perennial crops can be grown for
several seasons and harvested annually, reducing the need for
tillage, while their deep rooting habits help to actively increase
soil carbon over time (Figure 1; Paustian et al., 2016; Ledo
et al., 2020; Peixoto et al., 2022). Perennialism is also associated
with greater nutrient uptake, environmental resilience, weed
suppression, reduced soil erosion and nutrient leaching, and
increased biomass of soil microbial communities, highlighting
the potential contribution of perennial crops to no-till agriculture
(Lundgren and Des Marais, 2020; Audu et al., 2022; Soto-
Gómez and Pérez-Rodríguez, 2022). From a social and economic
perspective, perennial grain crops have the potential to improve
rural economies through reducing the need for costly external
inputs and labor intensity (Crews et al., 2018).

COMPARATIVE PHYSIOLOGY OF
ANNUALS AND PERENNIALS

The perennial habit is associated with a wide range of
physiological traits, likely necessitated by the greater range of
environmental and seasonal cues encountered by these plants
compared to their annual counterparts (Lundgren and Des
Marais, 2020).

Perennial species live for many years, with most plants
cycling back and forth between growth and reproduction over
multiple seasons (Figure 1). During the first growing season,
seeds are sown, germinate, and plants undergo a juvenile
phase, with growth in the subsequent seasons initiated from
both the crown and their extensive available root systems
(Figure 2A; Thomas et al., 2000; Friedman and Rubin, 2015).
One distinguishing feature between annual and perennial grass
species is the ability of perennials to produce vegetatively
propagating organs, such as the rhizomes of perennial wild rice

(Oryza longistaminata; Guo et al., 2021), wild sorghum (Sorghum
halepense; Paterson et al., 2020), and intermediate wheatgrass
(Thinopyrum intermedium; Figure 2A; DeHaan et al., 2020), or
the bulbous structure of the perennial grass species Hordeum
bulbosum (Westerbergh et al., 2018).

Underlying the distinct life cycles of annual and perennial
plants are differences in resource allocation. Annuals
predominantly direct their resources toward reproduction,
while perennials support both maintenance of vegetative organs
and seed production (Figure 1). The high grain yields and
improved agronomic performance of domesticated annual
cereals (Harlan et al., 1973; Kantar et al., 2016) results from
the significant re-allocation of carbon during monocarpic
senescence, the final stage of the plant’s life cycle. Therefore, the
fast growth and high reproductive effort of annuals contribute to
their high yielding ability. In contrast, the delayed reproduction
and long-term survival strategy of perennials may reduce
resources allocated to reproduction via seed or grain (Friedman,
2020). Despite this, the pattern of resource allocation can vary,
with some perennial species displaying fast growth and high
reproductive output (Verboom et al., 2004; González-Paleo
and Ravetta, 2015), as exemplified by the tropical perennial
herbaceous crops enset (Ensete ventricosum) and banana (Musa
sp.), which can produce 50 t ha−1 of starchy fruit per year
(Kreitzman et al., 2020). Consequently, a better understanding of
the mechanisms underlying such specific adaptations could aid
adaptation to specific environments, for which the manipulation
of reproductive phases to increase environmental synchronicity
could improve agronomic performance and grain yield.

During monocarpic senescence in wheat, 80% of leaf
nitrogen and phosphorus is remobilized and reassimilated
into the developing grain, with leaves maintained until
process completion (Buchanan-Wollaston, 2007). Senescence is
subject to tight genetic and environmental control, ensuring
synchronicity of a plant’s life cycle with changing seasons and
environmental stress. In wheat, delayed senescence is associated
with extending grain fill duration, positively influencing grain
yield (Spano et al., 2003; Pinto et al., 2016; de Souza Luche et al.,
2017; Chapman et al., 2021). Furthermore, among the annual
grain crops such as maize, rice, barley (Hordeum vulgare), and
sorghum (Sorghum bicolor), delays in senescence or “staygreen”
traits are associated with stress tolerance (Gregersen et al., 2013;
Thomas and Ougham, 2014). In perennial species, senescence
coincides with decreasing daylength and temperatures, with
plants effectively shutting down for winter, reallocating resources
to facilitate their overwintering and survival (Figure 2A;
Lundgren and Des Marais, 2020).

THE TRADE-OFF BETWEEN
PERENNIALISM AND YIELD

Any trait considered advantageous may have a price and
represent a trade-off with respect to another trait. This raises the
question, “What is the cost of perennialism in terms of yield?” In
an evolutionary sense, there need not be constraint between the
two traits even though natural selection never favored evolution
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FIGURE 1 | A perennial grain crop would offer a sustainable alternative to present day annual crops. (A) Annual crops live only for a single season with annual

cultivation dependent on machines for tilling and sowing. In addition to promoting soil erosion, tillage breaks open soil aggregates, exposing the previously protected

organic matter to microbes resulting in elevated respiration and losses of CO2 to the atmosphere. (B) Perennial crops need tilling and sowing only in the first year and

thereafter are viable for several seasons. Some perennial grain crops require vernalization, and are typically autumn sown with grain harvested in the following years.

Perennial grain crops develop an extensive root system that stores carbon underground, and also grows during cool periods of the year. Depending on the cropping

history and management, both annual and perennial crops can contribute to soil carbon sequestration, with the contribution of perennial grain crops significantly

greater due to the reduction in tilling and greater allocation of photosynthates to root systems over time. Such differences are illustrated using barley H. vulgare

(annual) and H. bulbosum (perennial) as examples.

of both traits in a species (Garland, 2014). However, even when
reproductive allocation vs. longevity has a trade-off in a wild
species, life history strategies that develop under natural selection
may not necessarily be predictive of trade-offs under artificial
selection. For example, breeding of annual grain crops has been
effective in selecting for reduced competitive ability (Reynolds
et al., 1994). In the same way, breeding is expected to increase
grain yield of perennials through the reduction in allocation
towards their competitive ability (Figure 2B; DeHaan et al.,
2005). Since some perennial crops can have capacity for above-
ground biomass production similar to, or greater than, annual
crops (Dohleman and Long, 2009), there might not be a trade-off
between longevity and yield.

In cereals, delayed senescence can be associated with
physiological differences, akin to those observed between
annual grain crops and their perennial counterparts, with

both representing trade-offs regarding resource allocation. For
example, in annual sorghum (S. bicolor), staygreen traits are
associated with reduced tillering, deeper roots, altered stomatal
conductance, and improved nitrogen dynamics (Borrell et al.,
2003, 2014). In annual cereal grain crops, staygreen traits
can be associated with a reduction in nitrogen remobilization
efficiency. This represents a trade-off between maintenance
of photosynthetic tissue and re-allocation of resources to the
grain, potentially negatively impacting grain yield. For example,
Borrill et al. (2015) reported that the additional photosynthates
of NAM RNAi wheat (T. aestivum) plants were stored as
stem fructan and not remobilized. Similarly, a study in maize
(Z. mays) found that while post-anthesis nitrogen uptake of
staygreen lines was greater compared to non-staygreen types,
nitrogen remobilization to the grain was lower (Chibane et al.,
2021). However, in perennial cereals, such stored nitrogen may
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FIGURE 2 | Grain yield of intermediate wheatgrass (T. intermedium) varies over time, which existing genomic selection practices need to be designed to overcome.

(A) Grain yield of intermediate wheatgrass is typically greatest in the first 2 years of propagation, with stem reserves and photosynthates allocated toward the grain

(Continued)

Frontiers in Plant Science | www.frontiersin.org 4 July 2022 | Volume 13 | Article 898769

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Chapman et al. Perennials as Future Grain Crops

FIGURE 2 | (orange arrows). As plantings establish, intermediate wheatgrass outcompetes weeds (interspecific competition), with plants increasingly competing

among themselves (intraspecific competition). Over time, the greater resources are allocated toward clonal growth and rhizomatous spread (pink arrows), in place of

grain production (orange arrows), alongside deeper rooting (blue arrows), facilitating overwintering and survival. (B) The declining grain yields of intermediate

wheatgrass over time are associated with differential resource allocation. However, phenotyping conducted in 1–2 years fails to capture this. (C) Genomic selection

(GS) is routinely applied in intermediate wheatgrass breeding. GS relies on the creation of a training set representative of the genotypic and phenotypic variation found

within the wider breeding program. Using an iterative approach, phenotypic and genotypic data are integrated to identify trait genetic associations to predict future

plant performance (arrows indicate stages, blue = 1, red = 2). (D) In absence of multi-year phenotyping (dashed line; * in B) existing GS pipelines cannot select for

yield stability. Additional phenotyping of the same plant stands in 3–4 years (represented by increasingly green rectangles) would help address this, for which there

may be little consensus between the earlier, and these newer, selections (different colored squares).

potentially be available for re-allocation in subsequent years
(Crews et al., 2016).

In perennial grain crops, a fine balance must be met between
allocation of resources to harvestable grain and seasonal survival
(Lundgren and Des Marais, 2020). This includes maintenance
of rhizomes, bulbous structures, stolons, or dormant tiller buds
that emerge from old tillers, from which plants regrow in the
coming year following senescence and overwintering (Figure 2A;
Palmer et al., 2015; Lindberg et al., 2020; Lundgren and Des
Marais, 2020). Leaf anatomy of perennials and annuals can
differ, with substantial dynamism reported during the plant’s
lifespan, particularly in response to stress (Jaikumar et al.,
2016; Lundgren and Des Marais, 2020). For example, under
cold stress, the photosynthetic rate and Rubisco concentration
of 5-year-old intermediate wheatgrass (T. intermedium) plants
were significantly greater when compared to 2-year-old plants
(Jaikumar et al., 2016). In contrast, overall net daily rate of
photosynthesis of perennialH. bulbosumwas less than two-thirds
that of annual H. vulgare (Burnett et al., 2016). The balance
between grain production, survival, and vegetative growth of
intermediate wheatgrass also shifts as plantings age (DeHaan
et al., 2013; Tautges et al., 2018), as illustrated by the 45–80%
lower grain yields of 3 vs. 1-year-old plant stands (Hunter et al.,
2020; Figures 2A,B).

In intermediate wheatgrass, the significant reduction in grain
yield over time is likely attributable to increased intraspecific
competition as plants spread over time and with greater carbon
accumulation within the root zone (Figure 2B; Law et al., 2021).
Consequently, Lundgren and Des Marais (2020) suggest these
larger root systems compete for available photosynthates, as
evident when comparing Bromus and Lupinus annual–perennial
species pairs. To balance these competing demands, mechanical
means could be adopted to reduce tillering of older stands,
thereby reducing intraspecific competition (Law et al., 2021) and
potentially redirecting root reserves.

A short lifespan of a plant species, whereby the age of
reproductive maturity is reached at an earlier stage, may allow
the species to adapt faster to changing conditions. For this
reason, ignoring other factors, it has been proposed that annual
species could adapt more rapidly than perennials to the more
extreme and the unpredictable environments associated with
climate change (Jump and Peñuelas, 2005; Berger et al., 2016;
Norton et al., 2016; Lundgren and Des Marais, 2020). Thus, there
may be potential trade-off between perennialism and adaptive
capacity. However, although generation time was a constraint
that has in the past limited progress in the breeding of perennials,

modern technology is providing many short-cuts. Thus, marker-
assisted selection and more recently, genomic selection has
enabled rapid cycling of generations in perennials (McClure et al.,
2014; Crain et al., 2021a,b). Lately, with the advent of genome
editing, generation time of the edited plant may even become
irrelevant. Available technologies for accelerated breeding and
domestication will be discussed further below in this review.

THE DIFFERING MATING HABITS OF
PERENNIALS AND ANNUALS

Within the Poaceae, self-incompatibility (SI) is widespread
and generally more prevalent in perennial crops compared
to annuals (Baumann et al., 2000). Many of the perennial
relatives of common grain crop species are self-incompatible
and outcrossing (Table 1). Self-incompatibility reduces the
ability to readily create homozygous and inbred lines, as is
standard practice during breeding of barley, rice, and wheat,
and can reduce seed set owing to pollen limitation (Aizen and
Harder, 2007). Consequently, reducing or converting promising
perennial grain crop species from being self-incompatible
to self-compatible, as achieved during domestication of
sunflower (Helianthus annuus) (Liu and Burke, 2006), is a key
breeding target.

In the grass family, SI is determined by the gametophytic
SI system, controlled by the S and Z loci (Lundqvist, 1957;
Cornish et al., 1979). Self-incompatibility occurs when both
S and Z alleles of the pollen and pistil match; a mismatch
between S and Z alleles results in compatibility (Baumann et al.,
2000). In the self-incompatible species Lolium perenne (2n =

2x = 14), the S locus was mapped to homoeologous group
1 and was found to encode a domain of unknown function
(DUF) gene (Shinozuka et al., 2010). Meanwhile, in both L.
perenne and rye (Secale cereale; 2n = 2x = 14), the Z locus
was mapped to homoeologous group 2 and shown to encode
another domain of unknown function gene, DUF247, alongside
a closely linked ubiquitin-specific protease (USP) (Hackauf
and Wehling, 2005; Shinozuka et al., 2010; Manzanares et al.,
2016). In intermediate wheatgrass (T. intermedium; 2n = 6x
= 42), similar SI mechanisms appear to be involved, whereby
assessment of progeny combinations resulting from a polycross
led to the identification of S and Z loci gene candidates (Crain
et al., 2020b). Consequently, the knockout of these SI candidate
loci could increase the fertility of intermediate wheatgrass,
and other perennial grain species, stimulating development
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TABLE 1 | Comparison of mating type and ploidy level of annual grain crops and their perennial relatives for which interspecific crosses have been performed.

Annual Mating type Ploidy Perennial Mating type Ploidy Traits mapped (QTLs) Study

Barley

(H. vulgare)

Inbreeding 2n = 2x = 14 H. bulbosum Outcrossing 2n = 2x = 14;

2n = 4x = 28

–

Wheat

(T. aestivum)

Inbreeding 2n = 6x = 42 Thinopyrum

species

Outcrossing 2n = 2x = 14

to

2n = 10x = 70

–

Rice

(O. sativa)

Inbreeding 2n = 2x = 24 Oryza rufipogon,

Oryza rhizomatis,

O. longistaminata,

Oryza officinalis,

Oryza australiensis

Outcrossing 2n = 2x = 24 Cold tolerance (qCT2.1),

rhizatomous growth (Rhz2,

Rhz3)

Rhizome development

(qRED1.2, qRED3.1,

qRED3.3, qRED4.1,

qRED4.2)

Hu et al., 2003, 2011;

Sacks et al., 2008; Fan

et al., 2020; Yuan et al.,

2020

Rye

(Secale cereale)

Outcrossing 2n = 2x = 14 Secale strictum

(S. monatum)

Outcrossing 2n = 2x = 14 Perenniality (QTL-P2,

QTL-P3, QTL-P4, QTL-P5,

QTL-P7)

Gruner and Miedaner,

2021

Sorghum

(S. bicolor)

Predominantly

inbreeding

2n = 2x = 20 S. halepense,

Sorghum

propinquum

Predominantly

inbreeding

2n = 4x = 40 Rhizomatousness,

overwintering, height and

flowering time, dwarfing

(Dw1, Dw3), dry stalk (D),

maturity, biomass yield

Washburn et al., 2013;

Cox et al., 2018;

Habyarimana et al.,

2020; Kong et al., 2021

Maize

(Z. mays)

Outcrossing 2n = 2x = 20 Zea diploperennis,

Zea perennis

Outcrossing 2n = 2x = 20;

2n = 4x = 40

Rhizome formation, tillering,

staygreen, perennial

regrowth (reg1, reg2, reg3)

Westerbergh and

Doebley, 2004;

Coatney, 2015; Ma

et al., 2019;

Swentowsky et al.,

2021

In many cases, interspecific crosses have facilitated QTL mapping of perennial traits. Quantitative trait locus mapping could not be performed for barley or wheat interspecific hybrids

due to the low rates recombination.

(-) QTL mapping was not performed for perennial traits.

of self-compatible varieties (Do Canto et al., 2016). Conversely,
outcrossing is associated with greater genetic diversity, whereby
the high intraspecific diversity of perennial grain species
could deliver greater yield stability and ecosystem services
when compared to monocultures (Reiss and Drinkwater, 2018;
Kreitzman et al., 2022). Furthermore, the ability to genetically
control both self-compatibility and incompatibility would allow
optimal management of diversity, potentially prompting creation
of hybrid cultivars (Do Canto et al., 2016), as has been achieved in
annual rye (Secale cerale) to great success (Geiger and Miedaner,
1999).

PROMOTING AND IDENTIFYING
OPPORTUNITIES FOR PERENNIAL
GRAINS IN AGRICULTURE

Grain yields of perennial grain crops undergoing domestication
are currently lower compared to their annual counterparts. For
example, the average grain yield reported for wheat grown in
Europe is 5.8 t ha−1 (USDA, 2021), which is significantly greater
than the 0.3–1.5 t ha−1 reported for intermediate wheatgrass
(Duchene et al., 2019). When considering this transition, yield
should not be the defining characteristic concerning perennial
grain crop choice and adoption. For example, growth of lower
yielding perennial grain crops could be a great alternative to

their higher yielding annual counterparts in areas where their
true yield potential is unrealizable. These “yield-gap” scenarios
may be associated with soil degradation, strong disease pressure,
or low commodity prices, combined with high input costs
making production uneconomic, and could complement existing
agricultural practice. Therefore, the reduction in input costs, the
long-term environmental benefits, and potential dual-use options
associated with perennial grain crops, including intermediate
wheatgrass, could offset their lower productivity, for which
economic analysis has begun (Law et al., 2022).

Regarding intermediate wheatgrass, a survey of growers
in the USA revealed cultural acceptance of these ideas.
When questioned about their motivations to trial intermediate
wheatgrass, growers indicated that their primary areas of interest
were improved soil health and microbial communities, reduced
tillage requirement, the value of the crop in intercropping
and weed suppression, and general interest in the value
of perennials on-farm (Lanker et al., 2019; Meijer, 2020).
Additionally, following grain harvest regrowth of leaves and
stems may be used for grazing livestock, forage, hay, or bedding,
or as biomass for biofuel production, potentially increasing
the economic return, while the crop’s extensive root system
would improve soil structure (Ryan et al., 2018; Law et al.,
2022).

When considering perennial grain crop adoption, it need
not be an either–or situation. The cultivation of perennial
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grains could complement existing farming practices to aid
ecological intensification, supporting the transition from high
input intensification that has supported yields of modern,
conventionally grown, annual grain crops (Igbozurike, 1978;
Bommarco et al., 2013; Yahya et al., 2017). Natural ecosystems
are characterized by spatial diversity, i.e., different species
grow in the same plot. In annual cropping systems temporal
diversity is common, with annual crop rotation using a range
of species helping suppress many common pests (Jalli et al.,
2021). In perennial systems, intra and interspecific diversity must
be deployed in space, through polycultures, for effective pest
regulation (Cox et al., 2005). Polyculture, or intercropping—the
process of growing two or more crops alongside one another—
has been shown to increase stand structural complexity and
floristic diversity (Igbozurike, 1978; Yahya et al., 2017; Bybee-
Finley and Ryan, 2018; Hirschfeld and Van Acker, 2019).

Compared to monocultures, polycultures are associated
with significant environmental benefits, including reduced
nitrate leaching, and suppression of weeds, pests, and diseases
(Hauggaard-Nielsen et al., 2001, 2003; Thorsted et al., 2006;
Picasso et al., 2008). Polycultures are also associated with
agronomic improvement, including the increased grain yield
and quality reported for cereal–legume intercrops under low-
nitrogen conditions (Jensen, 1996; Bedoussac et al., 2015; Crews
et al., 2022). Incorporation of perennial grains into polycultures
may be additionally advantageous (Weißhuhn et al., 2017),
through increasing soil carbon sequestration (Paustian et al.,
2016; Sprunger et al., 2020). Further research is required
to identify optimal planting densities and species mixes, as
recently investigated for intermediate wheatgrass–alfalfa mixes
(Jungers et al., 2017; Li S. et al., 2020). In annual cereal–
legume polycultures, the legume typically contributes very little
biologically fixed nitrogen to the cereal, whereas the cereals
in perennial polycultures benefit from the accumulation of
leguminous fixed nitrogen over time, increasing yield stability
and soil fertility (Crews et al., 2022). Therefore, a future
research target could be the identification of leguminous
perennial species for intercropping with perennial grains to
gain maximal environmental benefit, and, potentially, greater
economic return through delivering two harvestable crops for
human consumption (Schlautman et al., 2018).

ELUCIDATING THE GENETIC AND
PHYSIOLOGICAL BASIS OF
PERENNIALISM

Perennialism is a highly complex trait, unlikely to be conferred by
a single gene. Ancestral state reconstructions using phylogenetic
approaches demonstrate that annual species are generally derived
from perennial ancestors, often via multiple independent events
within a genus (Friedman and Rubin, 2015; Friedman, 2020).
Such events can be observed in phylogenetic trees of many plant
families, whereby annual species occur within clades derived
from a perennial ancestor. In barley, the divergence of life history
strategies occurred around 6 million years ago, giving rise to
annual H. vulgare and perennial H. bulbosum (Blattner, 2006),

with similar perennial relatives existing for many annual crop
species (Table 1; Liston and Wheeler, 1994; Albach et al., 2004;
Frajman and Schönswetter, 2011; Li et al., 2022). Together, this
indicates that “annuality” is derived from the perennial life form,
independently evolving multiple times. Further supporting this
hypothesis is the observation that genes contributing to perennial
traits, such as rhizome formation, are dominant, with loss-of-
function mutations of such genes commonly found in annuals
(Hu et al., 2003).

Significant effort has been made to elucidate the genetics
of perennialism in multiple grain crop species. One approach
has been to cross annual grain crops with their perennial
relatives to create segregating populations for performance of
quantitative trait locus (QTL) mapping (Figures 3A,B; Table 1).
The development of such interspecific hybrids is not without its
difficulties. For example, in rice, there are multiple reproductive
barriers that result in hybrid sterility, including the presence
of lethality genes (Li J. et al., 2020). In rye, crossing of
annual rye (S. cereale) with perennial S. strictum resulted
in multivalent formation during meiosis and chromosomal
translocations, reducing fertility (Gruner and Miedaner, 2021).
Similarly, reductions in fertility were observed when attempting
to introduce perennial traits from perennial Thinopyrum and
Agropyron species into T. aestivum, with crossing efficiencies as
low as 18% reported (Armstrong, 1936). Such observations likely
relate to the genetic instability associated with ploidy variation
as genomic composition of the Thinopyrum genus, ranging from
diploid (2n = 2x = 14) to autoallodecaploid (2n = 10x =

70), with aneuploid and amphidiploid events routinely reported
(Nemeth et al., 2015; Cui et al., 2018). Generation of novel
interspecific hybrids can also be limited by low recombination
frequency, as seen for crosses between barley and H. bulbosum
(Johnston et al., 2009), curtailing trait mapping.

Crosses between annual O. sativa and perennial O.
longistaminata species have led to the identification of multiple
QTLs relating to rhizome formation (Figure 3; Table 1), for
which two dominant QTLs, Rhz2 and Rhz3, were originally
identified (Hu et al., 2003) and subsequently an additional five
major loci (Fan et al., 2020). Similarly, in rye, QTL analysis
performed for an interspecific S. cereale (annual) x S. strictum
(perennial) population identified five QTLs accounting for 74%
of variation in perennation (Gruner and Miedaner, 2021). Here,
perenniality was assessed according to the number of new tillers
emerging from initial shoots from the stubble (Figure 3; Gruner
and Miedaner, 2021). Interestingly, perenniality within this S.
cereale x S. cristatum population was found to be influenced
by the environment, particularly planting density (Gruner and
Miedaner, 2021).

If perenniality in rye is similar to that of maize (Zea
sp.), such a narrow definition of the perennial trait may not
account for wider physiological differences associated with the
differences in life cycles. For example, genetic analysis conducted
using populations derived from crossing annual Z. mays with
its perennial relative Z. diploperennis led to identification of
QTLs associated with tillering (Westerbergh and Doebley, 2004),
staygreen (Coatney, 2015), and perennial regrowth (Ma et al.,
2019; Swentowsky et al., 2021) traits (Figure 3B). Furthermore,
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FIGURE 3 | The genetics of perennialism and de novo domestication of perennial grain crops. (A) Interspecific crosses between perennial relatives and their annual

counterparts have been attempted to facilitate QTL analysis and genetic mapping of traits associated with perennialism. (B) Perennialism is a complex trait, associated

with distinct physiological characteristics and responses to the environmental cues, stresses, diseases, and pests. (C) Accelerated domestication of perennial grasses

through gene editing of domestication related genes, as identified in their annual relatives, could be used in de novo domestication and generation of high-yielding

perennial grain crops, illustrated for Sorghum sp. The QTL plot reported is for the illustrative purposes only and emphasizes the polygenic nature of perennialism.
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the variation associated with each QTL varies, totaling 27% for
a single QTL reported for staygreen (Coatney, 2015), while in
combination, the loci reg1, reg2, and reg3 accounted for nearly
all variation in perennial regrowth (Swentowsky et al., 2021),
re-emphasizing perenniality is a multi-genic trait.

Perception of daylength likely varies between annual and
perennial plants. A certain combination of daylength and
temperature ensures adequate vernalization of autumn-sown
annual cereals (Figure 1). Subsequently, the vegetative-to-floral
transition is triggered in response to increasing daylengths. In
annual plants, this event occurs once, but in perennial plants
such light cues are repeatedly perceived and responded to, and at
least three candidate genes, including MADS-box SEPELLATA2,
have been identified in Miscanthus and switchgrass (Panicum
virgatum) (Jensen et al., 2021). In contrast, within the dicot
lineage, a single gene, PERPETUAL FLOWERING1 (PEP1), has
been identified as the primary regulator in the perennial species
Arabis alpina (Wang et al., 2009).

Increased stress resilience of perennial species enables them to
tolerate late-seasonal stresses (Westerbergh et al., 2018; Lundgren
and Des Marais, 2020), for which annual grain crops have
been bred to avoid, primarily through the manipulation of time
to flowering and maturation. Therefore, to aid environmental
persistence, the genetic basis of cold, heat, drought, and freezing
tolerance among perennials needs to be studied. In barley,
genome sequencing of perennial H. bulbosum and annual H.
vulgare is facilitating such research. As an alternative to the
creation of interspecific annual–perennial crosses, presence and
absence variant (PAV) analysis has been conducted between the
two species to identify genetic differences (Fuerst et al., 2021).
Within the H. bulbosum genome, Fuerst et al. (2021) identified
a significant enrichment of developmental and disease resistance
genes absent among annual Poaceae species, alongside those
associated with bulb formation relating to starch biosynthesis.
These findings, and further interrogation of this PAV dataset,
should help identify the genes and processes responsible for
perennial-to-annual conversion, making them available for
reverse engineering.

Taken together, based on the assumption that annualism is a
derived trait (Friedman, 2020), loss of function of just a few genes
could, in principle, underly the perennial–annual transition.
However, to establish perennialism in an annual species may
require the introduction of a much larger number of genes, many
of which currently are unknown, and potentially unique to the
tertiary gene pools of grain crop species.

MAJOR ACHIEVEMENTS IN
INTRODUCING PERENNIALISM INTO
ANNUAL GRAIN CROPS

In breeding, wide hybridization between different species has
been successfully used to introgress novel traits (Dwivedi
et al., 2008; Kopecký et al., 2022) and create new crops,
including triticale (Triticum sp. x Secale sp.) (Zillinsky, 1973).
Using this strategy, crossing of annual grain crop species

to their close perennial relatives has been attempted to
combine perennial traits with the high-yielding ability associated
with annuals (Figure 3A), for which rice is most advanced.
Perennial rice was developed through hybridization between
annual rice (Oryza sativa ssp. indica) and the rhizomatous
perennial relative, O. longistaminata (Tao and Sripichitt, 2000;
Sacks et al., 2003). Following backcrossing to annual rice
and subsequent breeding, perennial rice cultivars with grain
yields comparable to annual rice and capable of persisting
for eight harvests are now available (Huang et al., 2018;
Zhang et al., 2019; Hu et al., 2022). However, among the
major challenges are stability of the perennial trait, fertility
among progeny, and maintenance of perennialism during
development of high-yielding lines. Although the development
of perennial paddy rice may have involved only minor
genetic changes, the generation of perennial crops for regions
experiencing freezing or drought stress will likely require
multiple, unlinked, and currently unknown genes to aid
stress tolerance.

Similarly, perennial grain sorghum is being developed
through hybridization of annual grain sorghum (S. bicolor)
with perennial S. halepense (Figure 3A). Although hybrid
progeny often struggle to survive in cold temperate climates,
production of high-yielding perennial varieties could be feasible
under warmer conditions (Cox et al., 2018). Moreover, the
development of new diploid perennial sorghum lines, which can
be readily crossed to locally adapted grain sorghum varieties,
could hopefully accelerate development of perennial sorghum
throughout the crop’s current production range (Cox et al., 2018).
Other perennial grains currently under development through
wide hybridization are rye (Daly et al., 2022) and perennial wheat
(Hayes et al., 2018), with work underway to enhance perennial
survival and ensure genetic stability.

TOWARD DOMESTICATION OF EXISTING
PERENNIAL GRAIN CROPS

An alternative strategy to annual-to-perennial conversion is
accelerated domestication of existing, low-yielding perennial
grain species (Figure 3C; Østerberg et al., 2017), paralleling the
repeated selection of major domestication genes and breeding
improvement overmillennia (Olsen andWendel, 2013). Previous
crop domestication events underpinning the transition from
wild to crop species are shown to result from the artificial
selection of natural mutations in genes controlling agronomically
important traits (Haas et al., 2019). These “domestication genes”
influence traits related to improving primary and harvestable
grain yield for farmers, regulating plant structure, dormancy,
and spike morphology, including threshability, harvestability,
and lodging resistance (Olsen and Wendel, 2013; Haas et al.,
2019).

Presently, plant breeding has been used to increase
productive capacity of perennial species, in conjunction with the
optimization of agronomic practices (Crews and Cattani, 2018;
Crews et al., 2018). One such wild perennial grain is intermediate
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wheatgrass (T. intermedium), a perennial grass that has mostly
been utilized for forage but is now being developed for use as a
perennial grain crop through de novo domestication. Currently,
the crop is produced at a small scale in the USA, sold under the
trade name Kernza R©, and incorporated into specialty products
(DeHaan and Ismail, 2017). The yield potential of intermediate
wheatgrass is currently half that of wheat grown under similar
conditions (Culman et al., 2013), making the development of
high yielding genotypes a key priority. Therefore, breeding
programs have been initiated with the aim of increasing both
agronomic performance and grain yield (DeHaan et al., 2005,
2018, 2020), for which progress is being greatly accelerated
through the application of genomic selection at the seedling
stage (Crain et al., 2021a,b).

Other seed-bearing species that are currently targets for
accelerated domestication include the perennial sunflower
relative Silphium integrifolium (Van Tassel et al., 2017), perennial
flax (Linum sp.) (Tork et al., 2019), and various perennial legume
species (Schlautman et al., 2018). Few studies have examined the
biochemical and genetic differences underpinning differences in
growth, development, and physiology of annual and perennial
grain species. With respect to our common domesticated crops,
such as wheat, rice, maize, and barley, such knowledge could

aid breeding and genetic improvement. However, based on the

fact that the domestication of wild annual relatives of barley
and wheat began 10,000 years ago, there are concerns that

domesticating perennial grain crops may take too long (Cassman
and Connor, 2022).

Crews and Cattani (2018) proposed the deployment of two
major approaches for the development of new perennial grain
crops: de novo or direct domestication and wide hybridization
(Figure 3). Applications of the de novo domestication strategy
to intermediate wheatgrass, H. bulbosum, and other potential
perennial crops (Westerbergh et al., 2018; DeHaan et al., 2020)
can learn from previous domestication events, for which the
genes regulating traits including brittle rachis, threshability, plant
height, grain protein content, and seed size have been identified.
As the de novo domestication approach for intermediate
wheatgrass progresses, nested association mapping population
and genome-wide association studies, using genotyping by
sequencing, are facilitating QTL analysis and refinement of
genomic selection practices (Zhang et al., 2016, 2017; Larson
et al., 2019; Crain et al., 2020a; Altendorf et al., 2021b,c, 2022;
Figure 3).

Conversely, the wide hybridization approach is based on
crossing annual cultivars and perennial wild relatives with
the goal of obtaining high-yielding perennials. However, using
crosses and selection for perennial crop improvement is
complicated due to the complex genetics, polyploid nature,
heterozygosity, self-incompatibility, and long generation times
of these crops (Schaart et al., 2016). Fortunately, high-quality
genome sequences of perennial plants, improved molecular
screening methods, and new breeding technologies support the
development of highly productive perennial crops capable of
fulfilling demands associated with more sustainable agricultural
practices (DeHaan et al., 2020).

CONSIDERATIONS WHEN DEVELOPING
PERENNIAL GRAIN CROP BREEDING
PROGRAMS

When screening diversity panels, mutants, or new hybrids
for desired characteristics for future exploitation to aid crop
improvement, selection accuracy typically depends on the
assessment of large populations, potentially spanning a large area.
However, phenotyping methods are often subjective and labor-
intensive, which may limit both the quantity and quality of data
collectable for large-scale breeding programs. High-throughput
phenotyping platforms (HTPs) have developed rapidly in the
last few years, utilizing a wide range of ground-based sensors
or airborne platforms, including drones, for the collection of
phenotypic and climatic data (Araus and Cairns, 2014; Crossa
et al., 2021). Collected data are later analyzed using image-
processing pipelines (Rahaman et al., 2015) and are increasingly
integrated and used successfully in the breeding of major food
crops (Yang et al., 2020). In perennials, such technology has
gained significant traction regarding breeding of forage crop L.
perenne (Yates et al., 2019; Jayasinghe et al., 2021), and could
similarly aid perennial grain crop development. For example,
to better assess perennialization and yield stability traits of
perennial grain crops, repeated phenotyping of the same plant
stands over multiple years would be highly desirable (Figure 2D).
In intermediate wheatgrass, genomic selection is currently
performed based on phenotypic data over three or more years
(Figure 2C; Crain et al., 2021a,b), allowing for rapid progress and
improvement of traits requiring multi-year phenotyping.

The desire for multi-year phenotyping when breeding
perennial crops has significant implications for breeding
program size (Figure 2D). In annual crop breeding, only around
10–20% of lines are selected per season for continuation, with
the rest discarded, making way for new material. However,
phenotyping, and recurrent annual selection of each breeding
cycle over a 3–4-year period would require multiple breeding
cycles to be phenotyped simultaneously, with the program
running the risk of exponential growth due to maintenance
of overlapping cycles, particularly if the cycles are selected
concurrently. Consequently, this would necessitate a major
increase in the amount of phenotypic assessment performed and
associated investment.

When breeding perennial grain crops, attention must be
paid to the cropping practice to be used. Spaced plants,
polycultures, and monocultures provide different competition
environments for which the response of different perennial grain
crop candidates should be tested to design optimum production
systems. In this regard, classical quantitative genetic parameters
and QTL identification for biomass, morphology, and forage
nutritive value have been investigated (Mortenson et al., 2019;
Altendorf et al., 2021a).

Upon selection of potential perennial grain crop candidates
and identification of desirable genetic variants, subsequent
breeding steps are likely required for trait introgression, likely
relating to the removal of undesired background mutations,
disruption of linkage drag, or making target loci homozygous.
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The long generation time of perennials makes this process
very time-consuming, but just as has been performed in
multiple annual crops, “speed breeding” methodologies could
be a useful tool to accelerate breeding and research programs
(Watson et al., 2018). For example, through the optimization of
photoperiod, temperature, plant density, and watering regime,
speed breeding protocols can significantly shorten generation
times, as exemplified in spring wheat, in which use of speed
breeding techniques can achieve six generations per year instead
of the two to three under glasshouse conditions (Watson et al.,
2018). Speed breeding is particularly promising when paired with
genomic selection models, since models developed based on field
performance for many years could be implemented in a rapid-
cycling speed breeding program. Moreover, HTP approaches
could be further developed to screen germplasm in resource-
limited environments and for pathogen and pest resistance
(Ghanem et al., 2015).

USING INDUCED RANDOM MUTAGENESIS
TO UNLOCK THE POTENTIAL OF
PERENNIAL GRAINS

While the genetic regulation of perenniality is complex, the
introduction and identification of novel alleles for domestication
and agronomic trait improvement, e.g., high yield, within
existing perennial germplasm should aid perennial grain crop
development. To unlock the potential of perennial grains, it is
essential to introduce beneficial alleles for these traits, be they
naturally occurring, induced, or edited (Fernie and Yan, 2019;
DeHaan et al., 2020). Based on reverse genetic techniques, such
beneficial genetic variants can be identified using the recently
developed method FIND-IT (fast identification of nucleotide
variants by digital PCR) (Knudsen et al., 2021). FIND-IT utilizes
the high sensitivity of droplet digital PCR to identify chemically
induced SNPs (Single Nucleotide Polymorphism) present in
large mutant populations, including knockout and promoter
mutations, in addition to non-synonymous codonmutations and
those in miRNA binding sites (Knudsen et al., 2021). Compared
to conventional TILLING (targeting induced local lesions in
genomes) approaches (Barkley and Wang, 2008), the FIND-IT
method can handle 50–100 times larger population sizes, greatly
increasing the likelihood of finding specificmutants. The number
of background mutations introduced by the chemical treatment
for the FIND-IT technique is similar to that introduced by
tissue culture techniques associated with transformation systems
needed for gene editing technologies (Graham et al., 2020)
and is easily tolerated in the downstream breeding pipeline.
Furthermore, given that most chemically induced mutations are
thought to be recessive (Parry et al., 2009; Rakszegi et al., 2010),
FIND-IT could be used to identify genetic variants that may
otherwise be lost during phenotypic screens, selection, and from
breeding programs.

As our knowledge of target perennial crops improves,
future introgression of beneficial variants, alongside identified
QTLs, could be used in the deployment of marker-assisted

selection for trait improvement. In intermediate wheatgrass, such
efforts may be challenging due to the polyploid, outcrossing,
and highly heterozygous nature of this species, for which
other promising perennials, including perennial legumes and
sunflower (Helianthus) species share commonalities (Cox et al.,
2006; Kantar et al., 2014; Crews and Cattani, 2018). Therefore,
the use of traditional introgression techniques conducted via
line-breeding approaches, as conducted for annual species,
may be inappropriate and require rethinking. Furthermore,
when breeding perennials, phenotyping over multiple seasons is
required to assess yield stability and long-term climate resilience,
necessitating maintenance of plant stands over several years, in
sharp contrast to annuals.

USING PRECISION MUTAGENESIS BY
GENOME EDITING TO DOMESTICATE
PERENNIAL GRAINS

The development of genome editing techniques has enabled
the introduction of precise and predictable mutagenesis of
domestication genes and therefore may be used for accelerated
domestication of wild perennial grain crops (Figure 3C). The
recent results for wild annuals such as groundcherry (Physalis
pruinosa) (Lemmon et al., 2018), ancestral tomato (Lycopersicon
pimpinellifolium) (Li et al., 2018; Zsögön et al., 2018), and
wild allotetraploid rice (Oryza alta) (Yu et al., 2021) suggest
previous domestication of wild plants could be mimicked
through mutagenesis of fewer than 10 genes.

Regeneration is the prerequisite of genome editing in
plants. Unfortunately, most perennial grain crop candidates are
regeneration recalcitrant (McCown, 2000), with low regeneration
efficiencies representing a major bottleneck to genome editing.
To improve plant regeneration efficiency, boosters, a type of
developmental regulator, can be used. For example, WUSCHEL
(WUS) and BABY BOOM (BBM) have been shown to improve
the regeneration frequency of a variety of transformation
recalcitrant annual grain crops, including maize, sorghum, and
indica rice (O. sativa ssp. indica) (Lowe et al., 2016). Optimized
promoters have been used to drive the spatiotemporal expression
of WUS and BBM, preventing their adverse effects (Lowe
et al., 2018). In addition, growth-regulating factors (GRFs),
GRF-interacting factors (GIFS), and GRF–GIF chimeras have
been used to boost the regeneration of annual plant species
(Debernardi et al., 2020; Kong et al., 2020; Luo and Palmgren,
2021), but their use in perennials requires testing. Recently,
TaWOX5 was proven to improve wheat regeneration, reducing
genotypic dependency of plant transformation protocols (Wang
et al., 2022). Due to the genetic similarity of wheat to both
T. intermedium and H. bulbosum, identification and use of
TaWOX5 orthologs, and similar boosters, may improve perennial
crop transformation. Gene editing through de novo induction of
meristems (Maher et al., 2020) may, in future, allow for the direct
transformation of soil-grown perennial species, which would
help bypass the need for time-consuming, and often inefficient
transformation techniques based on cultured cells.
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UNDERSTANDING THE
TRANSCRIPTIONAL LANDSCAPE AS A
SHORT-CUT TO TRAIT IMPROVEMENT

Many promising perennial grain crops are polyploid, including
intermediate wheatgrass, H. bulbosum (Westerbergh et al., 2018)
and S. halepense (Paterson et al., 2020). Polyploidy results
in multiple gene copies, which can originate from a single
(autopolyploid) or multiple (allopolyploid) species. In maize,
and particularly hexaploid wheat, significant transcriptional
dynamism has been reported, whereby not all homoeologs
contribute equally to gene expression (Ramírez-González et al.,
2018; Wang et al., 2018). For example, in wheat, patterns of
unbalanced gene expression have been reported relating to the A,
B, and D subgenomes, with instances of subgenome dominance,
balanced, or tissue-specific homoeologous expression (Ramírez-
González et al., 2018). With advances in genomics, it may
be possible to test if such transcriptional dynamism exists
in perennial polyploids, opening the possibility of modulating
homoeologous allelic variation through targeting of dominant
gene copies for improvement of quantitative traits.

More widely, targeting of microRNAs (miRNAs) could also
be used to modulate the expression of both homologous and
homoeologous gene copies. MicroRNAs are small molecules
that target specific mRNA targets based on their sequence
complementarity. ThroughmiRNA binding, mRNAs are targeted
for degradation or repression of translation, contributing to
the regulation of developmental and physiological processes.
In rice, the disruption of miR396 recognition sites in OsGRF4
(GROWTH REGULATING FACTOR4) results in increased levels
of GRF4 transcripts, contributing to the enlarged grain size of
transgenic rice lines (Li et al., 2016). In polyploids, targeting
of miRNA binding sites either through mutagenesis or CRISPR
could be a way to obtain gain-of-function mutations. In
addition, the similarity between homoeologous gene copies
would alleviate the need to identify mutations in all subgenomes,
reducing the time required to introduce a given phenotype into
existing germplasm.

Hordeum bulbosum: A CASE STUDY OF A
PERENNIAL BARLEY CANDIDATE
SPECIES

As an example of the challenges related to domestication of a
perennial grain crop, H. bulbosum will be briefly outlined, while
those related to T. intermedium (Kernza R©) have been reported
elsewhere (DeHaan et al., 2020).

For the major crop species H. vulgare, multiple perennial
relatives exist within the Hordeum genus. Of these, H. bulbosum
is the closest relative, and was selected as the candidate species
for development of perennial barley following in-field evaluation
of 17 perennial Hordeum species in Uppsala, Central Sweden
from 2013 to 2016 (Westerbergh et al., 2018). Perenniality of
H. bulbosum is made possible by the meristems in buds located
below its bulbous storage organ at the base of the tillers, enabling
the plant to persist through a dry summer and cold winter
in a dormant state (Westerbergh et al., 2018). Furthermore,

field evaluation of 90 diploid and tetraploid H. bulbosum
accessions, totaling ∼700 genotypes, conducted in Central
Sweden from 2017 to 2021 also revealed significant genetic
and phenotypic diversity (Westerbergh, in prep). Accessions
evaluated were primarily sourced through the Nordic Genetic
Resource Centre (NordGen) and selected to represent the species’
original distribution from regions around the Mediterranean
Sea to Central Asia. The best performing genotypes have been
selected, with offspring used for breeding and development of
perennial barley.

Could the wide hybridization or accelerated domestication
strategies be used successfully for development of perennial
barley? Following crosses between barley and H. bulbosum,
the elimination of H. bulbosum chromosomes is common,
resulting in barley haploids (Gernand et al., 2006) with few
viable hybrids available for further crosses. Nevertheless, under
certain conditions introgression lines between barley and H.
bulbosum have been generated, carrying single H. bulbosum
segments at terminal chromosomal ends in a barley background
(Pickering, 1991; Johnston et al., 2009; Wendler et al., 2015).
These introgression lines did, however, not show perennial
winter survival when cultivated in the field in Central Sweden
(Westerbergh et al., in prep). This is likely due to the low
recombination frequency and the incomplete transfer of genes
for perennial traits from H. bulbosum into the barley genome.
Therefore, the difficulties associated with obtaining perennial
offspring from this annual-perennial interspecific Hordeum
hybrid make this approach for perennial crop development less
attractive to pursue. Conversely, the successful identification
of perennial H. bulbosum genotypes among wild accessions
favors adoption of the de novo domestication approach to
develop perennial barley, for which knowledge of the close
relationship between H. vulgare and H. bulbosum and their
respective genetic resources will assist. Early target traits for
introduction include domestication traits. In common with other
wild barley relatives, all investigated H. bulbosum accessions had
two-row spikes and brittle rachis phenotypes in which the rachis
breaks at the points where spikelets have developed (Westerbergh
et al., 2018), making the non-brittle rachis trait key for H.
bulbosum domestication.

A high-quality genome sequence is useful for the targeted
plant breeding approaches. The genomes of H. bulbosum and
H. vulgare are highly similar (Jakob et al., 2004), which may
indicate that the two species encode orthologous copies of
the same domestication genes. However, unlike H. vulgare, H.
bulbosum has both a diploid and an autotetraploid form (2n
= 2x = 14; 2n = 4x = 28), and is outcrossing (von Bothmer
et al., 1995; Komatsuda et al., 2004). Diploid Hordeum species
have large (∼5.5 Gb) genomes, containing highly repetitive
and complex regions that make whole-genome sequencing
and assembly challenging. However, in 2017, the International
Barley Genome Sequencing Consortium (IBSC) used hierarchical
shotgun sequencing to successfully assemble and sequence the
genome of H. vulgare cv. Morex (Beier et al., 2017). In parallel,
next-generation sequencing methods were used to produce an
extensive pool of molecular markers and SNP information for
most of the publishedH. vulgare/H. bulbosum introgression lines.
Concurrently, genotyping-by-sequencing was used to create
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high-density genetic maps of H. bulbosum, in addition to a
partial de novo genome assembly forH. bulbosum, for which gene
models were predicted (Wendler et al., 2017). Notably, the H.
bulbosum genome is enriched with developmental and disease-
responsive genes absent among annual Poaceae species (Fuerst
et al., 2021).

For the tetraploid form of H. bulbosum, four alleles of
a given gene may be present in a single individual. Within
larger wild H. bulbosum populations, each locus likely harbors
many allelic variants. Polyploidy in general therefore makes
identification of mutants using phenotypic evaluation difficult,
especially for rare phenotypes like non-brittle rachis, or low-
frequency, recessive alleles; thus, necessitating the sequencing of
all allelic variants to design a working strategy. Novel variation
in collections or induced by mutagenesis can be identified by
TILLING approaches (Barkley and Wang, 2008) or the FIND-
IT method (Knudsen et al., 2021). If a recessive mutation is
required to produce a desired phenotype, each allele may need
to be mutated followed by breeding and selection to obtain
homozygosity at all loci.

The goal of domesticating and breeding H. bulbosum is
to develop the first perennial alternative to barley to produce
sustainable high yields. Through combining multiple methods,
including utilization of existing diversity within H. bulbosum
for beneficial traits affecting harvestable yield, integration of
phenotypic and genotypic data for the purposes of phenotypic
marker-assisted breeding, and genomic selection this goal should
be achievable. Furthermore, chemical mutagenesis or gene-
editing can be used to introduce novel genetic variation for
modification of traits lacking variation within H. bulbosum, e.g.,
brittle rachis, and will also be useful in targeting of known genes
controlling quality and yield to complement this.

CONCLUSION

Diversity and perenniality are the key to producing stable
and sustainable agroecosystems. The success in obtaining a

perennial rice cultivar through traditional breeding practices
demonstrates that it is indeed possible to obtain a perennial
grain crop with yields comparable to annual grain crops. Among
the wild relatives of cereal grains, many species are already
perennial and adapted to diverse habitats, for which their great
genetic diversity would benefit development of wide-ranging
perennial grain crops and cultivars. In addition, knowledge of
how perennials allocate resources with respect to vegetative
growth and seed yield will be necessary during the breeding
process to reliably deliver high grain yields from one year to
the next. By applying new breeding techniques such as CRISPR
and FIND-IT, important domestication traits can be introduced
and the speed of development of perennial grain crops can be
substantially increased.
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