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Abstract: The importance of haploid and doubled haploid (DH) techniques for basic and applied
research, as well as to improve the speed of genetic gain when applied in breeding programs,
cannot be overstated. They have become routine tools in several major crop species, such as maize
(Zea mays L.), wheat (Triticum aestivum L.), and barley (Hordeum vulgare L.). DH techniques in
perennial ryegrass (Lolium perenne L.), an important forage species, have advanced to a sufficiently
successful and promising stage to merit an exploration of what their further developments may
bring. The exploitation of both in vitro and in vivo haploid and DH methods to (1) purge deleterious
alleles from germplasm intended for breeding; (2) develop mapping populations for genetic and
genomic studies; (3) simplify haplotype mapping; (4) fix transgenes and mutations for functional gene
validation and molecular breeding; and (5) hybrid cultivar development are discussed. Even with
the comparatively modest budgets of those active in forage crop improvement, haploid and DH
techniques can be developed into powerful tools to achieve the acceleration of the speed of genetic
gain needed to meet future agricultural demands.
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ryegrass (Lolium perenne L.); plant breeding

1. Introduction

Biomass, produced by agriculture, is humanity’s main source of food, feed, and functional
materials, such as fibre for cloth, construction wood, and industrial starches. In the latter half of the
previous century, our agricultural systems generated higher yields than ever before during the Green
Revolution. Presently, driven by predictions of global population growth, changing environmental
conditions and the claim to arable land made by the biofuel sector, it is crucial that the yields increase
sharply once again [1]. A doubling of the speed of yield growth is necessary in order to be able to feed
the world’s population in 2050 [2]. Since the Green Revolution, however, the agricultural paradigm
has changed. More output with less input, in terms of agrochemicals, fertilizers, and water, on the
existing cultivated land area is the current mandate [3]. Sustainability issues, such as biodiversity
conservation, maintaining ecological services, and safeguarding soil fertility should be addressed by
modern agriculture in order to achieve both global food security and environmental sustainability [4].

Aside from the undesirable option of expanding the agricultural area, production increases can
be achieved in two ways. Firstly, by optimizing management practices, for example through precision
agriculture or increasing water and nutrient supply to marginal lands, the gap between attainable
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and actual yields may be decreased [3,5]. The second and generally considered most sustainable way
to increase outputs is via genetic crop improvements by plant breeding, raising potential yields [6,7].
Perhaps even more importantly, plant breeding enables the integration of novel traits, which is essential
in achieving yield stability in the changing climatic conditions we are facing [8]. There has, therefore,
been a shift in emphasis towards breeding for crop characteristics, such as nutrient and water use
efficiency, tolerance to drought or salt stress, and the ability to produce high and stable yields under
sub-optimal conditions [9]. The challenge for contemporary plant breeding is to not only integrate
new traits into our crops, but to accelerate the genetic gain of its breeding programs at the same time,
in order to achieve a doubling in speed of yield increase.

The potential impact of haploid and doubled haploid (DH) techniques on improving the
speed of genetic gain when applied in breeding programs, as well as their importance and diverse
applicability in basic and applied research, cannot be overstated and has been the subject of numerous
reviews [10–14]. DH techniques have been, and are being, used to accelerate the breeding programs of
a range of crops, most notably maize (Zea mays L.) and barley (Hordeum vulgare L.) [15,16]. A plethora
of in vivo and in vitro protocols exist to accommodate the widely varying degrees of response between
species to DH induction [11]. Even so, a number of scientifically (Arabidopsis thaliana) and economically
important species, such as tomato (Solanum lycopersicum L.), cotton (Gossypium spp.), grape (Vitis spp.),
trees, and medicinals are still considered recalcitrant [14].

This review aims to illustrate the importance of allocating time and resources towards further
developing the efficiency and efficacy of haploid and DH techniques for forage crop breeding.
In forage-based agriculture, to which close to 70% of the world’s agricultural land is devoted
(FAOstat, 2013), the challenges described above are no less pressing [17]. This extensive area is
not only at the basis of global meat and milk production, but also plays a major role in ecosystem
processes, such as nutrient cycling and carbon sequestration, as well as being a reservoir for the
preservation of biodiversity [18]. Technologies, such as DH induction, can play a key role in accelerating
breeding of forages, which we will illustrate using the economically important crop perennial ryegrass
(Lolium perenne L.) as an example.

2. Haploids and Doubled Haploids: Their Production and Use in Breeding and Research

Haploids are defined as plants with a single chromosome set (n) and DHs as 100% homozygous
individuals stemming from chromosome doubled haploids (2n). The preferred method for the
production of haploid or DH plants differs per species and depends on protocol availability, as well
as efficiency in terms of investments and yields. Immature microspores, which are abundant in most
flowering plants, can be induced to develop into embryos and, subsequently, into plants in vitro
(androgenesis) [19,20]. Isolated microspore culture (IMC), although technically more challenging,
is preferred over anther culture (AC) because of its higher efficiency [19] and has been routine in
barley, tobacco (Nicotiana tabacum L.) and rapeseed (Brassica napus L.) breeding for some time [14].
Response to in vitro DH induction is highly genotype-dependent and colchicine may be needed for
chromosome doubling [11]. Additionally, factors such as donor plant growing conditions, stress
pre-treatment, medium composition and culture conditions all influence the embryo induction rates,
number of regenerated plants and, especially in Poaceae species, the ratio between green and albino
regenerants [11,21–23]. After roughly 50 years of research into DH induction methods it must be
concluded that there probably is no single ‘master switch’ to stimulate the formation of embryos from
any species of microspore [20]. Successful protocols, therefore, differ significantly between, and even
within, species or are not yet available at all [24–26].

Haploid seed production can be induced in vivo by using irradiated or heat-treated non-functional
pollen, pollen of distantly related species followed by uniparental genome elimination (wide
hybridization), or pollen from haploid inducer genotypes [13]. DH wheat (Triticum aestivum L.)
plants, for example, can be efficiently produced via wide crosses with maize, embryo rescue, and
chemical chromosome duplication [27]. In hybrid maize breeding, haploid inducer lines are routinely
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used to obtain an average of 10% haploid kernels on the seed parent. The resulting haploid seedlings
are treated with colchicine to obtain DHs [16]. Ovule culture (gynogenesis) is mainly used in species
recalcitrant to androgenesis, since its efficiency is much lower due to the smaller number of ovules
available per flower. The value of the DH can make gynogenesis an economical option, however,
for example in sugar beet (Beta vulgaris L.), onion (Allium cepa L.), and some tree species [28].

Haploid and DH technologies have found wide application, especially in the field of plant
breeding, for those crops where protocols are sufficiently effective [29]. Major reductions in the time
needed for cultivar development have been realized, since the availability of DHs eliminates the need
for the 5–7 generations of selfing traditionally required to produce inbred lines [14]. In combination
with marker assisted selection (MAS), DH induction has significantly increased the efficiency of
backcross breeding [30]. By applying DH induction to one of the early backcross generations,
genotypes carrying the trait to be introgressed, as well as having the highest possible proportion
of the elite genome, can be selected quickly. DHs have been released directly as cultivars in barley [31],
rice (Oryza sativa L.) [32], rapeseed [33], wheat [27], and other crops, or used as parents of F1 hybrids
of vegetables and maize [16], in order to benefit from hybrid vigour (heterosis) [34,35]. In ornamental
breeding, haploid plants have commercial value of their own because of their smaller size compared
to diploids [36].

Furthermore, DH populations have been invaluable for QTL discovery, especially in cereals, since
their immortality enables robust phenotyping data to be gathered in different locations and over several
years [37]. In outcrossers, which suffer from inbreeding depression, using at least one DH parent to
create mapping populations has been effective [10]. Genome sequencing studies have used haploids
or DHs to reduce the complexity of assembly, for example in peach (Prunus persica), citrus (Citrus spp.),
coffee (Coffea spp.), apple (Malus pumila), and pear (Pyrus spp.) [13]. Microspores of tobacco, rapeseed,
wheat, and barley are exploited in transformation and mutagenesis programs, in order to fix mutations
and transgenes in a single step through subsequent DH induction [38–42]. For example in Brassicas,
microspore mutation studies have enabled modifications of disease resistance, cold tolerance, and fatty
acid composition [43]. Additionally, in vitro microspore culture systems have allowed for detailed
study of embryogenesis, early cell fate decisions, embryogenesis, and totipotency [44–46]. All of these
applications of haploid and DH techniques, as well as many others not mentioned here, could confer
the same benefits to perennial ryegrass breeding and research as they have done, and currently do,
in species for which effective and efficient DH induction protocols are available [14].

3. Perennial Ryegrass

3.1. Perennial Ryegrass Breeding

Perennial ryegrass, the economically most significant forage grass worldwide, is popular for
its good yields, high digestibility for animals, and excellent grazing tolerance. Natural populations
are diploid (2n = 2x = 14) but both diploid and artificially-created tetraploid cultivars are available.
Compared to diploids, tetraploid plants are larger, have a higher nutritive value for animals and
better abiotic and biotic stress tolerances, but reduced sward density and lower persistence [47–49].
In contrast to the thousands of years of breeding effort in annual grasses, such as wheat, barley, and
rice, perennial grass breeding is not even a century old [50]. Nevertheless, important improvements
in yield potential, persistency and disease resistance, as well as feeding value—through increased
water-soluble carbohydrate content, for example—have been achieved [51,52]. The allogamous nature
of this species, due to its highly effective gametophytic self-incompatibility system [53], has, until now,
restricted breeding to the population level, resulting in marked genetic diversity and heterozygosity
within cultivars [54]. Modern perennial ryegrass varieties are synthetic populations, selected from
the progeny of a polycross between elite genotypes, obtained by recurrent selection, with a good
agronomical performance [50]. As a consequence, genes governing key agricultural traits are rarely
completely fixed and cultivar characterization for variety registration purposes is complicated [55].
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Compared to cereal grain yield increases, perennial ryegrass yield gains have been described
as low [52]. Commonly cited causes for this relatively slow progress, calculated as an increase in
dry matter yield of just 3.2% per decade [51], are (1) the longer breeding cycle of perennial forage
crops; (2) the absence of a harvest index trait to facilitate partitioning of dry matter into the marketed
product; (3) a lack of commercial exploitation of heterosis; (4) a focus on breeding for other traits
than yield, such as resistance to crown rust (Puccinia coronata), reduced aftermath heading and early
spring growth [56]. In effect, the modest yield increases in perennial ryegrass are most likely due to
constraints stemming from life history traits and the techniques available to forage breeders rather
than physiological limitations or lack of genetic variation [51]. If genetic gains are to be improved,
it is, therefore, imperative to expand the arsenal of breeding tools, as well as to find ways of working
with, or around, the characteristic life cycle of perennial ryegrass. As has been shown in other crops,
DH techniques have excellent credentials to help address both of these challenges [14].

3.2. Doubled Haploids in Perennial Ryegrass

Perennial ryegrass DH production through AC (Figure 1) was first attempted in the late 1970s.
Initially, only embryos and albino plants were obtained, until the first green regenerants were reported
in 1984 [57]. During the following decades, contemporary protocols for barley [58] and wheat [59]
AC were adapted for use in perennial ryegrass by optimizing the pre-culture temperature stress,
in vitro carbohydrate source, growth regulator additions, and culture conditions, such as light and
temperature [58,60–62]. The total number of regenerated plants was thus increased, although the
percentage of albinos remained high and genotypes capable of producing green plants by androgenesis
were described as being rare exceptions [59,63]. For example, only 71 out of 229 genotypes, derived
from 15 cultivars, produced regenerants after DH induction, and only one genotype produced green
plants [64]. Only one study recounts green plant regeneration via IMC in perennial ryegrass, while
in vitro gynogenesis or in vivo haploids have never been reported [65].
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Figure 1. Different stages of perennial ryegrass (Lolium perenne L.) anther culture (AC) and doubled
haploid (DH) production. (A) Fresh anthers on DH induction medium; (B) anthers of a responsive
donor genotype producing many embryo-like structures (ELS) on DH induction medium, six weeks
post AC; (C) anthers of an unresponsive donor genotype, six weeks post AC; (D) green and albino
putative DH plantlets growing from ELS cultured on DH regeneration medium, four weeks post
subculture; (E) albino plantlets growing from ELS, four weeks post subculture; (F) putative DH plantlet
on regeneration medium; (G) flowering DH plant in the field; and (H) a vigorous vegetative DH plant
in the field (photographs by Begheyn, R. F.).
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As in other crops, the ability to (1) form embryos or embryo-like structures (ELS); (2) regenerate
plants; and (3) the ratio of green and albino regenerants, is under genetic control in perennial
ryegrass [59,61,63,66]. Anther donor genotype was found to determine 73% of the variation in embryo
yield [59] and 80% of the variation in green plant production [63]. Evidence of transgressive segregation
was reported when a 60% higher green plant yield, up to 59 green plants per 100 anthers, was observed
in the progeny of crosses between three genotypes responsive to AC [66,67]. Based on these results,
Halberg et al. proposed the so-called ‘inducer approach’: introducing the ability to produce high
numbers of green plants into recalcitrant germplasm by crosses with genotypes exhibiting that ability
(the inducers; not to be confused with in vivo haploid inducers) [66]. Evidence for the efficacy of the
inducer approach was reported by Madsen et al., who achieved a 7.3-fold increase in green plant yield
in crosses between inducers and regular breeding germplasm [63]. The inducer approach was also
effective in darnel ryegrass (L. temulentum L.) where, using an adapted perennial ryegrass AC protocol,
a higher responsiveness was achieved through intercrossing good responders [68].

Androgenic capacity is recessively inherited in perennial ryegrass and probably controlled by
a relatively small number of genes with a large effect [63], similar to what is supposed to be the case
in barley [69]. The ability to develop ELS seems to be controlled by additive gene effects, while total
plant regeneration capacity and green plant percentage seem to be controlled by dominance [67].
There may be different genes with epistatic interactions affecting green and albino plant production
(as was found in wheat, [70]). However, since it has been hypothesised that in vitro conditions cause
the mutations that lead to plastid development defects, albinism rates are likely to be influenced
more by environment than by genetics [67,71]. To date, no QTL studies on androgenetic capacity in
perennial ryegrass have been published. In the cereals, a limited number of reports exist, typically
finding between 1 and 8 QTL for each component trait, explaining 3%–65% of the variation [72].
For example, two QTL, explaining 53% of the variation in green plant regeneration, were recently
found in wheat [73]. In a triticale (×Triticosecale) QTL study on androgenic responsiveness, 28 QTL on
five chromosomes were found, explaining 5%–22% of the phenotypic variation [74].

Relatively high spontaneous chromosome doubling rates, between 50% and 80%, are common
in perennial ryegrass AC [59,61,66,75]. Colchicine, a toxic chromosome doubling agent, is, therefore,
usually not applied, making the whole procedure safe for human health [76]. Isozyme pattern
characterization studies have confirmed that nearly all diploid regenerants are, in fact, homozygous.
Andersen et al., for example, reported that only three out of 913 anther-derived plants were
heterozygous [65]. Non-diploid regenerants are mostly haploids, but also include a small percentage
of homozygous polyploids. Apart from ploidy level, confirmation of homozygosity and reports of
obvious signs of inbreeding depression, there is a marked lack of information on the performance of
the DH plants. One field study compared the biomass and seed yields of DH lines and their parents,
finding reductions of 80 and over 90%, respectively [77]. A different field trial evaluated seed set in
75 DH lines selected for their vigorous growth and found a 70% lower performance compared to their
parents [65]. Nevertheless, one DH clone produced 5.08 g seeds/plant compared to the 1.44 g of its
parent, suggesting that it is possible to identify DH plants with both vigorous growth and excellent
fertility. Self-fertility of DH plants was investigated in a study by Madsen et al. and their seed set was
found to be very low at 0–0.4 seeds per spike [78].

4. Future Applications of Haploid and Doubled Haploid Techniques in Perennial Ryegrass

Strategies to accelerate perennial ryegrass breeding in order to increase yield gains have been,
and are being, discussed [56,79–82], but the role that DH techniques could play in this context has
hardly ever been considered. DH techniques have the potential to help unlock and increase the genetic
variation available for selection, as well, as facilitate the development of more rapid and efficient
selection and breeding procedures [83]. An effective perennial ryegrass AC protocol is available;
however, transitioning to IMC would certainly increase efficiency and yield even further. Major leaps
in efficiency are likely to be achievable for both methods, since adaptations which increase the yields
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of already highly successful protocols continue to be published regularly [11,84,85]. Only this year
for example, a two- to four-fold increase in the number of embryos and regenerated plants in both
barley and wheat was reported, achieved through the addition of dimethyl sulfoxide (DMSO) to the
pre-treatment medium [86].

In vivo haploid induction has never been reported in perennial ryegrass even though, due to
low genotypic specificity and relatively simple technical demands, it could prove highly practical.
Additionally, segregation distortion due to in vitro androgenesis, resulting in higher allele frequencies
of the donor most amenable to tissue culture, can thus be avoided [29,87–91]. Recently, two DH inducer
lines of annual ryegrass (L. perenne L. subsp. multiflorum (Lam.) Husnot [syn. L. multiflorum Lam.])
have been registered which, when crossed with tall fescue (L. arundinaceum (Schreb.) Darbysh. [syn.
Festuca arundinacea Schreb.]), produce F1 hybrids that can yield low percentages of both tall fescue
and annual ryegrass DHs [92]. Selection could be performed on the vigorous F1 hybrids prior to
inflorescence harvest and the subsequent recovery of 1–5 DHs per plant [93]. Perhaps this technique
could be applied to perennial ryegrass as well. Alternatively, it might be worthwhile to investigate the
existence of perennial ryegrass haploid inducing genes, such as CENH3 discovered in Arabidopsis [94],
which seems to also affect centromere disruption and genome elimination in maize [95], barley, and
sugar beet [96].

Dwivedi et al. have recently published a comprehensive review of the myriad applications of
DHs in plant breeding and research [14], many of which may be applicable in perennial ryegrass as
well. However, it is important to realize that the costs associated with the implementation of the DH
applications which have been proposed, or indeed are already applied elsewhere, may be prohibitive
in a forage crop. The significantly lower economic value of perennial ryegrass compared to crops,
such as maize, barley, and rice, limits the available resources for using and further developing DH
techniques. Nevertheless, there definitely are exciting possibilities for exploiting DHs within the
budgetary reach of perennial ryegrass researchers and breeders, some of which will be highlighted in
this section.

4.1. Purging Deleterious Alleles

Recessive deleterious mutations are thought to play a major role in inbreeding depression, which
is observed when allogamous species, such as perennial ryegrass, are selfed [97]. Such recessive
alleles are masked in heterozygous genotypes, but are carried at one or more loci in a majority of
gametes. To purge deleterious alleles from germplasm intended for breeding, DH induction has been
proposed as the most effective method. By fixing maize landraces as DH lines, the genetic basis of elite
maize germplasm could be broadened [98]. In one field study, for example, genetically highly diverse
and distant lines with a grain yield similar to elite lines could be selected [99]. The introgression
of interesting traits from landraces without incurring yield impairments is thus enabled by using a
DH selection phase. Introgression breeding is commonly practiced in the Lolium-Festuca complex as
well, for example, to improve winter hardiness, crown rust resistance, and drought tolerance [52].
A recent study revealed extensive genetic variation in European ecotypes of perennial ryegrass, much
of which has not yet been exploited in modern cultivars [54]. Germplasm intended for population
and synthetics breeding can benefit from the inclusion of a DH step to reduce deleterious genetic load.
Given the status of DH techniques in perennial ryegrass, purging deleterious alleles from natural
populations for introgression breeding is not feasible using current in vitro methods. The development
of an in vivo haploid induction system would be exceedingly useful for work with natural populations
of the Lolium-Festuca complex.

4.2. Doubled Haploids for Genetics and Genomics

To accelerate perennial ryegrass breeding, increased knowledge on the genetics underlying traits
of interest allows for a more informed and, thus, effective selection process to exploit available genetic
variation. DH technologies can significantly reduce the time and costs required for genomics and
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genetics studies of perennial ryegrass, as it has done in other crops [13,14]. Since the existing DH
induction procedure is not yet successful in all genotypes, it may be sensible to restrict some of the
methods proposed in the following section to a few ‘model genotypes’ at this time. These genotypes
should be selected for their ability to produce large numbers of green, chromosome-doubled, vigorous
and fertile DHs. Similar to the highly androgenetic barley cultivar ‘Igri’ [39,89,100–102], such model
genotypes may yield a wealth of information which can then be used in perennial ryegrass breeding.

4.2.1. Transformation and Mutation

An efficient transformation system is an important tool for functional gene validation and
molecular breeding. Protocols to transform (embryogenic) calli using Agrobacterium, particle
bombardment, and electroporation have been published and successfully used in perennial ryegrass
(reviewed in [103]), although problematically low regeneration efficiencies are often reported.
Additionally, it is challenging to perform the selfings needed in order to fix a transgene for further
evaluation in this SI species. In vitro or in vivo microspore transformation, either by Agrobacterium,
particle bombardment or cell-penetrating peptides (CPPs), and subsequent DH induction and
regeneration can overcome both these issues [104]. Agrobacterium-mediated transformation was
successfully used in concert with IMC in barley and resulted in single-copy [39] and even transcription
activator-like effector nuclease (TALEN)-mediated gene knock-out DH transformants [102]. Similar
successes were reported in other crops, such as wheat [38] and rapeseed [33]. Linear DNA, enzymes,
and proteins could be delivered into triticale [105] and wheat [106] microspores by CPPs. These types
of peptides can thus be used for both transformation and transgene-free genome editing, if for example
proteins and guide RNAs of the CRISPR/Cas system are introduced [107].

Mutation techniques combine well with DH technology, because, as with transgene approaches,
homozygous and stable integration of (recessive) mutations does not require additional generations
of selfing [108]. Additionally, DHs or their microspores are excellent targets for mutagenesis since
the absence of background variation in their genomes allows for easy identification of mutants.
Both seeds derived from DHs, as well as haploid microspores, have been mutagenized in a range of
crop species, such as wheat, barley, and rice [109]. A number of microspore mutagenesis studies have
been performed to target oil quality characteristics in several Brassica species and significant diversity
could be induced for these traits [43]. The detection of false-positives can be prevented by using DH
starting material for TILLING experiments, a technique that has recently received attention to advance
forage grass breeding [79]. In barley, seeds of a DH line were used for a TILLING experiment [110],
however, DH derived microspores would be a better target in perennial ryegrass in order to circumvent
the need for selfing.

Combining mutagenesis and transformation studies with DH techniques significantly reduces the
time and costs required to obtain modified homozygotes for genotype-phenotype validation, as well
as generate and fixate genetic variation [42]. Markedly smaller populations are required to obtain
genotypes with multiple homozygous transgene inserts or mutations when DH induction is used
instead of self-fertilization [111]. Considerable reductions in space can be gained if the selection of
regenerants can be done during the in vitro stage. Small tissue samples for DNA extraction and further
analysis may be taken from in vitro cultures, for example, to detect genotypes with modifications
to the gene of interest in reverse genetics screens. Alternatively, a selection agent, such as NaCl or
a pathogen-derived substance, can be added to the culture medium after mutagenesis, in order to
obtain DH mutants with tolerances to certain stresses [10].

4.2.2. Population Development for Mapping

Chromosome maps as well as a vast number of mapped genetic markers have been established
through DH techniques in a range of species, such as rapeseed [112], wheat [113], and barley [114].
Indeed, the genetic map of the International Lolium Genome Initiative (ILGI) was constructed from
a cross between a DH and a heterozygous perennial ryegrass genotype [115,116]. Segregating DH
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populations provide excellent opportunities to find marker-trait associations through linkage mapping
and have been extensively used in many crops [117]. Tuvesson et al. describe how a DH mapping
population for marker-trait associations can be created and maintained in rye, a crop which, like
perennial ryegrass, suffers from inbreeding depression [30]. Two distinct DHs are used to produce an
F1 population, individuals of which are then subjected to DH induction. Both the parental DHs and
the F1-derived DHs are crossed to a tester in order to keep them alive. Lolium-Festuca hybrids exhibit
high levels of recombination within their gametes and thus offer unique opportunities to determine
genome organization, elucidate genetic control of key agricultural traits and map markers [118].
Such introgression mapping combines well with DH induction and this approach has already been
successfully used to obtain and select useful gene combinations for freezing-tolerance [119].

Inducing a large number of DHs from a single, highly heterogeneous genotype could circumvent
the construction of a designed population altogether and allow for direct haplotype mapping (Figure 2).
Every single microspore-derived plant is a unique product of recombination between the chromosomal
pairs of the donor and an analysis of the inheritance of markers and genes is, therefore, possible in
such a population. Single pollen grain PCR-based sequencing methods for recombination studies have
been described in barley, maize, sorghum, and other crops [120–122]. However, a major advantage
of DH induction over these approaches is that it allows for phenotyping, in addition to genotyping.
Additionally, a sufficiently high number of DHs can be regenerated from the microspores of a single
plant to allow for fine-mapping or even map-based cloning approaches, without being dependent on
the seed set of specific crosses.
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Figure 2. Schematic representation of a direct haplotype mapping strategy by DH induction
of microspores derived from a single, heterozygous genotype exhibiting a trait of interest.
Through recombination during meiosis in the donor plant, the microspore population represents
a large diversity of possible haplotypes. Both donor and microspore-derived DH plants are genotyped
and phenotyped so that statistical methods can be used to infer the haplotype associated with the trait
of interest (in this case the dark blue, yellow, and red alleles).
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4.3. Doubled Haploids for Hybrid Breeding

Hybrid breeding has made a significant contribution to the acceleration of yield gains of many
important crops through the exploitation of the phenomenon of heterosis [123]. In perennial ryegrass,
DH induction may well be the most practical method for the development of homozygous lines
for hybrid breeding (Table 1). Currently, most breeding germplasm is recalcitrant to DH induction,
necessitating the introgression of androgenic capacity [63,66]. Using modern mapping approaches,
it should be feasible to obtain markers associated with the few major genes expected to control ELS
formation and green plant regeneration [63,67], in order to accelerate their introgression into elite
material [72].

Table 1. Comparison of three methods to obtain inbred or 100% homozygous lines in perennial ryegrass.

Repeated
Self-Fertilization

In Vitro Doubled
Haploid Induction

In Vivo Doubled
Haploid Induction

Method available yes yes 1 no

Genotype specificity low high unknown

Efficiency low high 2 unknown

Required skill low moderate low 3

Space required high low high

Lab requirements none high low

Generations required 5–6 4 1 1

Diploid regenerants 100% 50%–80% unknown 5

Obstacles self-incompatibility
inbreeding depression

albinism
inbreeding depression inbreeding depression

Side effects of procedure 6 allows selection every
generation

gametoclonal variation
somatoclonal variation
ploidy level variation
segregation distortion

part of inducer genome
could integrate

1 Anther culture, possibly isolated microspore culture; 2 Up to several hundreds of plants per 100 cultured
anthers using current anther culture techniques; 3 High if embryo rescue is required; 4 Some residual
heterozygosity (theoretically 1.6% after six generations); 5 If the chosen method generates haploids, colchicine
will be needed to double the chromosomes; 6 Can be positive or negative depending on end-use.

Even though inbreeding depression is severe in perennial ryegrass DHs, reports of vigorous
and fertile plants do exist [65]. In the early days of maize [124] and rye hybrid breeding [125],
both allogamous cereals suffered from inbreeding depression as well, and selection among inbred lines
was successfully used to improve their vigour and fertility to economically practical levels. Similar to
the purging of deleterious alleles described above, DH induction may, thus, be used as a selection tool
against inbreeding depression (Niels Roulund, personal communication; [97]). Additionally, negative
effects from inbreeding depression may be averted if diploid or tetraploid single-cross hybrids are
used as parents to produce double-cross hybrids. Indeed, tetraploid cultivars are of special interest
in the context of hybrid breeding, because polyploids often exhibit progressive heterosis the larger
the genetic diversity between their component genomes is [35,126]. A single-cross hybrid between
two homozygous autotetraploids (AABB) will display heterosis, but a double-cross hybrid from two
distinct single-cross hybrids (ABCD) is nearly always more heterotic [127]. Conversely, tetraploid
Lolium-Festuca hybrids have been converted into diploids by AC to reduce vigour and plant size
for turf applications [128]. DH techniques can, thus, allow breeders to manipulate ploidy level and
homozygosity in order to maximize the exploitation of heterosis in future perennial ryegrass cultivars.

Hybrid seed production requires efficient multiplication of inbred lines, as well as an effective
method to control pollination. Elucidation of the SI system and the development of markers for its
components are now within reach [129–131] and should enable maintenance and multiplication of DH
lines through seed. Interestingly, repeated selfing of DHs has been proposed as a method to cause the
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breakdown of SI, since rare mutations in SI genes in pollen grains can, thus, be selected [78]. Schemes to
produce F1 seed of perennial ryegrass based on population hybridization [50,126], cytoplasmic male
sterility (CMS) [82,132], and SI [82,133,134] have been proposed (see also [135]), although opinions
differ on which method is the most practically and economically feasible.

5. Concluding Remarks

DH techniques in perennial ryegrass have advanced to a sufficiently successful and promising
stage to warrant a tentative glance at what future developments in this field may bring to both
breeding and research [12]. Some exceedingly useful applications require the realization of relatively
small improvements to existing in vitro protocols which could be derived from successful work in
barley, rye, and wheat [86]. For example, highly androgenic genotypes may be used as models in
DH or microspore transformation and mutagenization studies, or for direct haplotype mapping [39].
Homozygous line production for hybrid breeding, however, will require either improved in vitro
protocols that are effective in recalcitrant genotypes or the introgression of androgenic capacity into
breeding germplasm [63,66]. Additionally, investigations into and improvement of the agronomic
performance of perennial ryegrass DHs, as well as an efficient seed production system, are required for
an economically feasible production of hybrid cultivars. An alternative strategy to significantly reduce
genotype specific responses to in vitro DH production, would be the development of in vivo haploid or
DH inducers [92]. These would also allow the purging of deleterious alleles from natural populations,
thus enabling a broadening of the genetic variation available for breeding without incurring high
levels of performance impairment [99].

All of the haploid and DH techniques discussed here should reduce the time, space,
and investment required to perform effective perennial ryegrass research and breeding. Since this
species can be regarded as a model for other grasses, any progress made should be beneficial to them
as well. Even with the comparatively modest budgets of those active in forage crop improvement,
haploid and DH techniques can be developed into powerful tools to achieve the acceleration of the
speed of genetic gain needed to meet future agricultural demands.
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The following abbreviations are used in this manuscript:

AC anther culture
DH doubled haploid
CENH3 centromere-specific histone 3 variant
CRISPR clustered regularly interspaced short palindrome repeats
DMSO dimethyl sulfoxide
ELS embryo-like structures
IMC isolated microspore culture
MAS marker-assisted selection
QTL quantitative trait locus/loci
SI self-incompatible/self-incompatibility
TALEN transcription activator-like effector nuclease
TILLING targeting induced local lesions in genomes
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