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Abstract

Biofuels obtained from biomass have the potential to replace a substantial fraction of petroleum-
based hydrocarbons that contribute to carbon emissions and are limited in supply. With the
ultimate goal to maximize biomass yield for biofuel production, this review aims to evaluate
prospects of different hybrid breeding schemes to optimally exploit heterosis for biomass yield in
perennial ryegrass (Lolium perenne L.) and switchgrass (Panicum virgatum), two perennial
model grass species for bioenergy production. Starting with a careful evaluation of current
population and synthetic breeding methods, we address crucial topics to implement hybrid
breeding, such as the availability and development of heterotic groups, as well as biological
mechanisms for hybridization control such as self-incompatibility (SI) and male sterility (MS).
Finally, we present potential hybrid breeding schemes based on SI and MS for the two bioenergy
grass species, and discuss how molecular tools and synteny can be used to transfer relevant

information for genes controlling these biological mechanisms across grass species.



Introduction

Biofuels have the potential to replace a substantial fraction of petroleum-based hydrocarbons that
contribute to carbon emissions and are limited in supply. Maize, sugarcane, and soybean are
currently used to produce biofuels [1]. However, additional crops that are not directly
compromising feed and food production are required to implement more sustainable bioenergy
production systems. As part of the efforts to tap renewable energy sources, the Department of
Energy (DOE) created the Bioenergy Feedstock Development Program (BFDP) to identify and
evaluate plant species with promising biofuel potential [2-5]. The screening for energy crops
included 100 species of short-rotation trees and 35 herbaceous species [6], and identified four
woody species and switchgrass (Panicum virgatum) as model species for bioenergy research [7].

Grasses, especially perennial grasses grown for forage production, are advantageous for
bioenergy production because due to their perennial nature, farming practices such as tillage are
not required as often as for annual crops [8]. Moreover, they have low water and nutrient
requirements, a high rate of carbon fixation, and are consequently effective in biomass
production [9]. In addition, perennial grasses have a low lignin/cellulose ratio, convenient for
biomass conversion.

Both of our target species are characterized by a highly effective self-incompatibility (SI) system
which promotes cross pollination, thereby maintaining a high level of heterozygosity [10]. Such
allogamous species are usually improved as population or synthetic varieties, which exploit
heterosis only partially. To increase productivity and sustainability of grasslands for bioenergy
production, novel tools and innovative breeding strategies are needed. Hybrid varieties have the
potential to outperform populations and synthetic cultivars. Indeed, heterosis for traits related to

biomass yield such as plant height and dry matter yield have been described for both, perennial



ryegrass and switchgrass hybrids. For switchgrass, hybrids have been assessed for yield on single
plant and sward level in field trials: in a spaced plant study, the hybrids of selected genotypes
from the cultivars ‘Kanlow’ and ‘Summer” yielded between 0.18 (15.4%) and 0.35 (30%) kg per
plant more biomass than the average of both parents [11]. When the corresponding cultivars
were evaluated in swards, high parent heterosis ranged from 30 to 38% [12]. Similar studies to
determine heterosis for dry matter yield (ADMY)) in swards were performed for ryegrass [13-15].
The genetically most distant crosses yielded 15.5 t/ha ADMY, which represented panmictic mid-
parent heterosis of 13% [13]. For spaced plants, heterosis was as high as 31% in population

hybrids of perennial ryegrass [16,17].

Self-incompatibility (SI) and male sterility (MS) are important biological mechanisms which can
be exploited to control pollination in hybrid breeding schemes. Despite intense research efforts
during the last decades, little is known about the genetic control of SI and MS in perennial
grasses such as ryegrass and switchgrass. For the gametophytic SI system which is assumed to be
conserved in grass species [18], molecular genetic characterization is most advanced in perennial
ryegrass [19], enabling the opportunity to use ryegrass as a model species for the genetically
more complex switchgrass. Similarly, cytoplasmic MS has been characterized and commercially

used in rye [20] and other annual grass species such as maize [21].

Conserved synteny between grass genomes provide the opportunity to transfer genetic
knowledge and sequence resources between grass species [22]. Approximately 30 large
chromosomal blocks are present in most grass genomes with different rearrangements [23-27].
The level of synteny among grass genomes of species such as rice, barley, maize, sorghum,
Brachypodium and others is between 40 and 73% [28]. More recent studies proposed that grass

genomes have evolved from a common ancestor genome with a minimal size of 33.6 Mb



structured in five proto-chromosomes [29] from which grass species evolved by whole genome
or segmental duplications, diploidization, small-scale rearrangements (translocations, gene
conversions), and gene copying events [30]. Microsynteny can be used for identification of
orthologous genes or genome regions in related species. Information available on complete and
ongoing grass genome sequencing projects such as for rice, maize, sorghum, Brachypodium and
possibly soon for bioenergy grass species such as ryegrass, switchgrass and Miscanthus sinensis
will benefit marker development and gene identification in non-model bioenergy grass species

[23,31].

This review will focus on two perennial grass species for bioenergy production, namely
switchgrass (Panicum virgatum) and perennial ryegrass (Lolium perenne L.). As perennial
ryegrass is one of the few diploid perennial grass species for which substantial genomic tools are
available [32,33], the potential to use synteny for the transfer of genetic knowledge and sequence
resources between grass species is elucidated. In particular, this review aims to 1) evaluate
current population and synthetic breeding schemes, 2) to review heterotic patterns that suggest
possibilities to exploit heterosis, and 3) to address limitations and opportunities provided by the
reproductive biology of these grasses

Current population and synthetic breeding schemes in switchgrass and perennial ryegrass
Ryegrass and switchgrass are mainly developed as population or synthetic cultivars due to SI
systems, which promote outcrossing in both species [34-36]. Whereas population breeding is
characterized by a continuous improvement through recurrent selection, synthetic breeding refers
to crosses among a limited number of selected parents followed by multiplication through
repeated open pollination. Both, population and synthetic cultivars, represent panmictic

populations since they are based on open pollination ensuring random mating (Posselt, 2010).



These population-based breeding schemes have been continuously improved. For example,
Casler and Brummer (2008) determined by simulation studies that among and within family
selection yielded higher genetic gains compared to recurrent selection for half sib and full sib
families in most cases. For yield related traits, population improvement based on phenotypic or
genotypic selection has been applied for several years resulting in low genetic gains. Humphreys
(1997) reported an average yield gain of 4% per decade for forage yield which is approximately
four times lower than the gains achieved for grain crops. This limited progress is likely due to
negative correlations between the different target traits forage yield, seed yield, and forage
quality [37,38] and long breeding cycles in allogamous perennial grass species [39]. Another
reason might be incomplete exploitation of heterosis in population and synthetic breeding
schemes [37].

On the positive side, open pollinated cultivars are heterozygous and heterogeneous.
Heterozygosity can result in stable yields as reported for sorghum [40,41]. Other studies in faba
bean (Vicia faba) [42] and barley [43] have demonstrated that genetic diversity within a
population can provide a buffer in response to biotic or abiotic stress. For yield improvement,
narrow based synthetics might be advantageous due to higher selection intensity compared to
broad based synthetics or traditional population varieties obtained by recurrent selection
schemes. However, narrow based synthetics are susceptible to inbreeding depression [44].
Therefore, the optimal number of founders in a synthetic cultivar might be a trade-off between
the genetic diversity available and the selection intensity required for efficient polycross
breeding. Choosing a diverse set of parents aided by molecular markers is a possible strategy to
reduce the impact of inbreeding depression, in particular with low-cost markers becoming

increasingly available [44]. In perennial ryegrass, progeny from wide crosses are consistently



higher yielding. Molecular markers can be efficiently used to assess diversity among parental
genotypes to determine the optimum number of genotypes of a polycross [45]. A major
advantage of population or synthetic compared to hybrid varieties is, that seed production is
possible at substantially lower costs. Thus, from a farmer’s perspective, lower yields might be

compensated for by lower seed costs.

Prospects for hybrid breeding in perennial grasses

Hybrid performance is mainly determined by the degree of heterosis, which is defined as
superiority of the heterozygous hybrid over its homozygous parents [46]. Heterosis displayed by
F1 progeny of two random mating populations is known as panmictic-midparent heterosis [44].
In allogamous grass species, the contribution of heterosis to hybrid performance is difficult to
estimate due to heterozygosity of parents and confounding polyploidy effects [47-49].
Biologically, there is a potential to more efficiently exploit heterosis in hybrid breeding schemes
in perennial bioenergy grasses, because these cross-pollinated species are (i) wind pollinated, (ii)
produce a large amount of seed per plant, and (iii) exhibit a strong self-incompatibility

mechanism which can be used for cost-effective hybrid seed production.

Identification of heterotic patterns and development of heterotic groups

An important requirement to efficiently exploit heterosis in plant breeding is the identification or
development of heterotic groups as available in maize [46]. Heterotic groups are complementary
gene pools for creation of high-performing hybrids. Most likely, breeding efforts based on
recurrent reciprocal selection (RRS) will be required to develop heterotic groups, as it has been

the case for maize [50]. For identification and further improvement of potential heterotic groups,



molecular markers applied to characterize genetic diversity within elite populations will play a
crucial role. Different marker technologies were consistently able to discriminate heterotic
groups in maize [51]. It is in addition possible to use markers to identify genetically divergent
populations. In ryegrass, various marker technologies including diversity arrays technology
(DArT), simple sequence repeats (SSR), and single nucleotide polymorphisms (SNP) have been
used to study genetic diversity [52-54]. When studying genetic variation within and among
various ryegrass varieties and accessions, most of the genetic variation was found within rather
than between ryegrass varieties or accessions [55] and among population variation only
explained around 29% of the genetic varation [56]. Analyses of molecular variance (AMOVA)
showed that Northern and Southern German ecotypes of ryegrass can be classified as distinct
germplasm pools[56]. A more recent comprehensive analysis of population structure in European
ryegrass varieties identified two groups representing maritime and continental varieties,
respectively [57]. Both studies show that geographically distinct groups of accessions might
form different gene pools and, therefore, represent an excellent starting point for RRS programs
to establish continuously improved heterotic pools.

Martinez-Reyna and Vogel (2008) assessed different accessions of switchgrass for potential
heterotic patterns based on geographic separation. Tetraploid upland and lowland cultivars as
well as western and eastern populations and combinations of separate subspecies of switchgrass
were evaluated for combining ability. In a spaced plant study, the tetraploid lowland cultivar
“Kanlow” and upland cultivar “Summer” represented two distinct heterotic pools [11]. Hultquist,
S et al. (1996) used restriction fragment length polymorphisms (RFLP) to discriminate upland

and lowland ecotypes, which have demonstrated to be potential heterotic groups. Thus,



geographically separated populations are a starting point to assess potential heterotic groups and

this can be further aided by the use of new marker technologies

Biological mechanisms for effective hybrid seed production

The production of hybrid seed requires a directional cross between a pollen donor and a pollen
recipient. In current production schemes, self-pollination of the recipient line or genotype has to
be prevented. This can be achieved either by manual emasculation or genetic mechanisms,
among which SI and cytoplasmic MS are the most important non-transgenic systems. In
perennial grasses like ryegrass and switchgrass with small hermaphrodite flowers, manual
emasculation to control pollination is laborious and time consuming in terms of commercial seed
production. Therefore, use of SI or MS is crucial for effective hybrid breeding.

SI is a genetic mechanism that allows flowering plants to prevent self-fertilization, thereby
maintaining a high degree of heterozygosity (de Nettancourt 1977). The gametophytic SI
mechanism in grasses is controlled by a two loci, S and Z (Lundqvist 1962). Involvement of
additional loci independent of S and Z has been revealed by studies on the breakdown of SI in
perennial ryegrass [58]. Recently, genes differentially expressed during a SI response have been
identified using cDNA-AFLP [59] and suppression subtractive hybridization [60]. Still, none of
the SI determinants in grasses has been cloned to date. Approaches to find SI loci in ryegrass
included genetic mapping and exploitation of synteny between rye and rice [61,60]. Subsequent
fine-scale comparative genetic and physical mapping found a high degree of micro-synteny for
the Z locus and suggested that combined synteny and map-based cloning strategies are promising
for isolating genes involved in SI response in grasses [62]. As the map-based isolation of SI loci

is most advanced in perennial ryegrass, information on genetic mechanisms and markers for



genes controlling SI as well as SI-based hybrid breeding strategies might soon become available
and transferrable between perennial grass species [19].

For several reasons, Sl is a promising tool for hybrid seed production in perennial grasses. SI can
be used for combining any pair of genotypes without the necessity to develop male sterile and
maintainer genotypes as in the case of cytoplasmic male sterility (CMS). Moreover, it benefits
from the ability to vegetatively propagate perennial grasses to multiply parental components for
hybrid seed production. More importantly, SI can either be overcome by self-fertility genes as
described for perennial ryegrass [58], or by environmental conditions such as high temperature,
modifying the expression of incompatibility genes and finally enabling self-fertility by pseudo-
compatibility [63].

For switchgrass, a two-locus SI system has been described [34] as in ryegrass. Switchgrass is a
species with reported ploidy series ranging from 2n = 2x = 18 to 2n = 12x = 108 [64]. During
meiosis, polyploids may show preferential pairing of duplicated genomes. Occasionally,
chromosomes of unlike genomes pair to form quadrivalents or pairs of bivalents. Initial studies
in tetraploid genotypes suggest preferential pairing of chromosomes [65]. Furthermore, a recent
genetic mapping experiment confirmed a great amount of preferential pairing for almost all
chromosomes [66]. High ploidy levels make it difficult to determine the genetics of SI, among
others due to the expected large numbers of alleles per locus. Therefore, it is not clear yet, if
there are dominance interactions between alleles at the loci involved in SI, which are absent in
diploid gametophytic SI [18]. Even though the SI process is not clearly elucidated in switchgrass,
progress in fine mapping of S and Z in ryegrass provides an opportunity to identify SI

determinants in various perennial grasses with conserved SI system based on S and Z [19]



MS has been described for ryegrass [67] but not for switchgrass so far [68]. Male sterility can be
structural or functional [69]. Structural MS can cause abnormal dehiscence of anthers, preventing
pollination, whereas functional MS is caused by interruption in either micro- or
macrogametogenesis driven by cytoplasmic or nuclear genetic factors [70]. Male sterility can
either be genic or cytoplasmic, which affects the appropriate breeding strategy [69]. In perennial
ryegrass, there are two reported sources of MS, one was induced by intergeneric crosses to
Festuca pratensis and the other by interspecific crosses between L. perenne and L. multiflorum
[67], the latter causing CMS. In addition, nuclear restorers were identified for L. perenne [71,72].
Recently, molecular studies have shown that the presence of an element named LpCMSi in the
mitochondrial genome of ryegrass affects CMS [73]. This information can be used to obtain
male sterile lines (commonly called A lines, genotypes or populations) by crossing elite
genotypes lacking restorer genes onto genotypes carrying CMS or MS genes. CMS systems are
generally species-specific due to a high diversity of mitochondrial genes [74,75]. In addition,
male sterility and restoration take place in different stages of pollen development for each plant
species [76,77]. Restorer genes from Oryza sativa, Petunia hybrid, Raphanus sativus, and
Sorghum bicolor are members of the pentatricopeptide-repeat (PPR) protein family and are all
involved in decreasing the accumulation of CMS locus transcripts [76,77]. This initially
suggested homology between restorer genes, but the protein structure and mechanisms for
fertility restoration differ between and within species. In maize, different restorer genes have
been cloned and characterized such as Rfl, Rf2, Rf3, and Rf9 which have a high allelic diversity
[78]. In contrast to other restorers described previously, Rf2 in maize is an aldehyde

dehydrogenase [79]. This indicates fertility restoration is not conserved within or across species.



Therefore, it is not likely that genetic information for genes involved in ryegrass (C)MS can be

transferred across a broader range of grass species based on synteny.

Hybrid breeding strategies for perennial grasses

The different hybrid breeding strategies applicable in perennial grasses are varying in the levels
of inbreeding and genetic heterogeneity of hybrid seed, as well as the biological mechanism to be
used for hybrid seed production.

Population hybrids

Crosses between pairs of populations which are normally a set of subpopulations or cultivars
have been used for the development of population hybrids in switchgrass [11]. As a result,
progeny will be a mixture of inter- and intrapopulation crosses. With the goal to maximize the
amount of hybrid seed (derived from interpopulation crosses), different strategies can be applied:
populations can be grown side by side but at different ratios. As a consequence, one population
will contribute more pollen to the pollen cloud compared to the other, which can be used as
pollen recipient population for seed production. For example, two populations can be grown in a
3:1 ratio of pollen donor to pollen recipient (Figure 1A). Therefore, the seed harvested from the
pollen recipient would consist of at least 75% hybrid seed. Moreover, populations used as pollen
donors could be improved by conventional breeding schemes for high quantities of pollen
production and grown side by side, with the difference that one population will contribute for
example three times more pollen to the pollen cloud compared to the recipient population (Fig

1B).



Chance hybrids

The percentage of hybrid seed can be increased if three or more populations are used for
intercrossing, as suggested by Brummer (1999). If more populations are added, the amount of
non-hybrid seed will decrease even more. The concept of producing a mixture of inter- and
intrapopulation hybrids resulting from a cross between two populations has been described as
chance hybrids [80], also known as semihybrids [81]. In contrast to population hybrids, a basic
semihybrid design as the one proposed by Brummer et al. (1999), requires the identification of at
least two populations with good combining ability. In addition, use of at least Syn2 seed within
each population would increase the frequency of desired alleles and the inbreeding coefficient
within each population which will increase the chance of obtaining hybrid seed. However, as the
number of heterotic combinations between groups is limited, the use of more than a pair of
populations will result in little or no genetic gain.

The chances of capturing heterosis in a semihybrid design are greater to what is currently
obtained with synthetic breeding for different reasons. For instance, in broad-based synthetics,
selection causes increase of frequencies desired alleles from Synl to Syn3 [81], resulting in an
increased inbreeding coefficient. In contrast, in a semihybrid breeding scheme, different alleles
will be enriched in the two parental populations prior to hybrid seed production, thereby
maximizing the chances to capture heterosis. Alternatively, F1 hybrids can be advanced for
hybrid seed production resulting in a similar or higher heterozygosity level as the one described
above. (Charles Brummer Personal Communication). In this case SI can be used to avoid self-

pollination of plants in hybrid seed production fields



In polyploid switchgrass, preferential pairing reduces the number of possible gametes. This
increases the chance to capture heterosis, if genotypes with different allele frequencies are
crossed.

The challenge is to select true hybrid progeny in a semihybrid design. Herbicide resistance has
been suggested as a possibility to select hybrid progeny in a semihybrid [81]. To have an
efficient selection method, the two populations will have to differ in their ability to resist to two
different herbicides. The source of resistance can occur naturally in a population or can be
introduced via genetic transformation. The progeny of the cross between these two populations
need to be sprayed with both herbicides. As a result, most of the surviving progeny should be
hybrids between two populations [81]. However, it may be difficult to keep herbicide tolerances
restricted to particular parental populations. Moreover, fixation of respective herbicide tolerance
genes might be challenging in polyploid species, which leads to a substantial fraction of
susceptible hybrids in hybrid seed production.

An alternative strategy is to limit the number of S-Z haplotypes within each of the parent
populations (Syn2 population or population hybrids). Thereby, the amount of intrapopulation
offspring can be significantly decreased (Fig. 2) and the amount of hybrid seed increased. This
strategy will require molecular markers for S and Z. Linked markers are already available for S
and Z in ryegrass [48,59,82,62], which can be used to predict S and Z haplotypes. In the near
future, functional markers for S and Z may become available, which would increase accuracy of
SI haplotype prediction, in particular because. Since S and Z are not linked loci, the possible
number of haplotype combinations is large. Selection of a low number of S and Z haplotypes
would decrease the chance of intrapopulation crosses. SI underlies frequency dependent selection

(FDS), i.e., rare alleles are at a selective advantage. Thus, the number of initial SI haploypes in a



semihybrid design could be rather low and FDS would still ensure sufficient inter-population
compatibility and fertility.

S and Z markers could be used in breeding programs to select for unique S-Z haplotypes within a
population and different between populations. In a practical example, a single pair cross between
two diploid genotypes completely heterozygous for S and Z would result in progeny with sixteen
possible genotypes. Around 1092 individuals need to be screen to obtain at least 50 individuals
with a unique S-Z genotype. The same has to be done in the other heterotic group, thus
approximately 4400 data points are needed to identify parents for each population that
accomplish two basic requirements: have genotypes with identical S-Z haplotypes within
populations but different S-Z haplotypes among populations. It is noteworthy that the
effectiveness of this design relies on the possibility of keeping populations with good combining
ability apart and to increase the number of favorable alleles only within groups. With such a
scheme, testing thousands of plants for S and Z markers would be a time efficient and non-

expensive procedure

Single cross hybrids

In a strict sense, the parents of a single cross hybrid are two inbred lines. However, inbred line
development in perennial grasses is impaired due to SI and inbreeding depression. Single cross
hybrids from heterozygous parent genotypes are a more likely scenario for perennial grass
species, and result in segregating F1 populations, comparable to double cross hybrids in maize.
The use of inbred lines will require initial inbreeding and an additional step to restore self-
incompatibility. Moreover, inbred line based hybrids are genetically homogenous. This is in

contrast to the situation where heterozygous parents are used and the resulting hybrid seed is



heterogeneous (Fig. 3). If S-Z haplotypes are different between hybrid parents, exclusively
hybrid seed will be produced. In the short term, obtaining inbred lines from switchgrass may not
be feasible due to SI and the fact that SF genes have not been identified and described yet. The
fact that heterotic patterns were reported for biomass yield in spaced plant evaluations in
switchgrass [11] and ryegrass [56,13] suggest, that it may be possible to identify heterozygous

genotypes with superior specific combining ability.

Repeated testing and maintenance of genotypes that display good combining ability is essential
for hybrid seed production based on heterozygous parents. Perennial grasses are easy to
propagate vegetatively. As a result, selected ryegrass and switchgrass clones can be grown side
by side in production fields and a high degree of hybridization will be ensured by SI. Preliminary
data show that SI in switchgrass is not fully effective [83] which may require a initial screening
of selected genotypes to avoid self-fertilization. Hybrid seed can be harvested from both parents,
maximizing seed yield. The main limitation of this approach is the time required to obtain a
sufficient number of clones and the time that it will take to establish these clones in production
fields. Under greenhouse conditions at lowa State University, a well-established switchgrass or
ryegrass plant can produce up to twelve clones every 6 weeks and it can take up to 5 months
before resulting plants can be transplanted to the field. However, in vitro culture techniques can
aid to produce large numbers of plantlets in a short period of time. For example, nodal culture of
a single switchgrass plant can produce 500 plants ready for planting within 12 weeks [2].

In the longer run, it is preferable to develop inbred lines mainly because seed in large amounts is
more desirable and cost effective for establishing hybrid seed production fields compared to

generating plantlets by vegetative propagation. This is doable in ryegrass, where self-fertility loci



have been reported [84]. However, there are reports of strong inbreeding depression [85,58].
This poses a challenge for line development in terms of fitness and seed production. Reduced
fitness of inbred lines resembles the initial stages of maize hybrid breeding. However, this
bottleneck has been overcome by using RRS in maize [50].

Another challenge is production of inbred lines using self-fertility mechanisms, while
maintaining the possibility to use SI for controlled crosses in hybrid seed production fields. Self-
fertility in perennial ryegrass is monogenically inherited and dominant. Two independent loci
affecting SF have been described [84]. Self-fertility loci would be fixed during inbred line
development. Therefore, a mechanism to restore SI is required, before controlled crosses can be
performed effectively. Up to date, there are no reports of mechanisms to interrupt or break down
SF, once SF genes are introduced to a genotype which makes this approach not practical for
hybrid seed production. Alternatively, pseudo-compatibility induced by high temperatures can be
used to overcome SI temporarily [86,63]. In a study on pseudo-compatibility, seed set increased
from an average of 2.3%, obtained under natural conditions, to an average of 31% after
temperature treatment [63]. However, control of temperature at a large scale might not be
achievable in terms of costs and logistics. Instead, it is possible to use environments with optimal
temperatures to achieve pseudo-compatibility for inbred seed production. Still, the risk of using
temperature-based mechanisms is, that selfing can be triggered by high temperatures in hybrid
seed production fields. Therefore, a mechanism for pseudo-compatibility that can be better
manipulated (such as application of a sprayable compound) would be preferable.

In ryegrass, the main limitation is the low amount of seed produced by self-pollination due to a
limited number of reproductive tillers. This limitation affects seed yield and also the vegetative

propagation coefficient discussed above. Heritability for tiller number is rather low [87].



Therefore, several cycles of selection might be required to obtain inbred lines with sufficient
seed yield. In contrast, switchgrass may require a large-scale phenotypic screening of various
genotypes or a TILLING population, as a first step towards identification of SF mechanisms as
observed in ryegrass.

CMS is an alternative to produce single cross hybrids. The production scheme requires a male
sterile A line, and a B line that can be used to maintain male sterility. When using CMS to
produce F1 hybrids based on inbred parents, it will be required to introgress self-fertility into
elite germplasm or to induce pseudo-compatibility for inbred line production. Male sterility
would be introduced to inbred lines within one heterotic group to be pollinated by lines from the
other heterotic group. Therefore, this approach is limited to the use of inbred parents because A
and B lines have to be isogenic except for their CMS element. In contrast to, e.g., maize CMS
breeding schemes [88], restorers are not required since the target trait is biomass yield and not
seed production. However, additional efforts are required to maintain nurseries for A and B lines.
Another limitation of using CMS in ryegrass is, that it might be leaky under certain
environmental conditions, so that viable pollen is produced by “male sterile” genotypes [89],
resulting in a certain fraction of self-fertilization [14,15]. Currently, there are no cultivars of
ryegrass on the market, developed by using CMS. This is not due to the leaky systems but
because the variety candidates developed did not meet the distinctiveness requirements for
variety registration (Posselt, personal communication). New sources of CMS have been reported
and seem to be more promising for hybrid seed production due to reduced susceptibility to
temperatures [74]. In summary, SI or CMS are promising biological mechanisms to enable
hybrid seed production in perennial grasses. However, CMS based system can be harvested only

in females in contrast to a SI-based system in which hybrid seed can be harvested on both.



Anyway, a major effort to move towards hybrid breeding is to develop heterotic groups to ensure
sufficient levels of heterosis and hybrid performance for economic seed production.

Finally it is noteworthy that there are no reports of male sterility in switchgrass. Therefore, using
self-incompatibility for hybrid breeding in switchgrass may be the method of choice, as
proposed by Martinez-Reyna and Vogel (2008). This scheme might be further improved by using
the information available from ryegrass, e.g., sequences for S-Z determinants. This sequence
information can be used to identify candidate genes in switchgrass that can be used as markers

for parent selection in breeding programs.

Conclusions

Reportedly up to 30% of increase yield performance has been achieved by traditional breeding
[90]. Hybrid breeding may represent an increase in seed production cost, therefore the yield
gains obtained by hybrid breeding should be significantly higher than 30%. For instance, Perrin,
et al (2008) report a $16.39 ha'! seed cost for a annualized yield of 5.0 Mg ha! [91] , if seed
production increases seed cost to $24.59 ha™! (50% increase), hybrid cultivars obtained from any
breeding strategy should yield at least 7.5 Mg ha! for farmers to break even. Significant heterosis
effects for biomass yield found in initial studies for switchgrass and ryegrass suggest a potential
to exploit heterosis to obtain high yielding hybrids To efficiently capture heterosis, efforts to
identify and develop heterotic groups exhibiting good combining abilities are required.
Molecular markers, and novel genotyping approaches using second generation sequencing will
constitute an efficient tool to achieve these goals. Moreover, collaborative efforts of public
breeders to identify these genetic patterns will aid to avoid mixing different gene pools. For our

model species, both SI and MS are prospective biological mechanisms to control pollination for



efficient hybrid seed production. SI may be the method of choice for population hybrids, if
molecular markers allow haplotype identification at S and Z. Allelic markers for SI loci will be
very useful for parent selection in population hybrids designs and help establishing a very
resource efficient breeding system. CMS is also promising, particularly because no restoration of
fertility is required. This is especially important, if inbred lines are used for hybrid seed
production. However, it still requires the development of isogenic or nearly isogenic male sterile
and maintainer lines, which may increase the time and effort needed to complete a breeding
cycle. For species or genotypes, in which SF genes or CMS systems are not available, large-scale
phenotypic of various genotypes constitute a first step towards the identification of similar
mechanisms in the species of interest. Synteny between grass genomes will allow to use
perennial ryegrass as a model for SI and SF, and enable a candidate gene approach to identify

orthologues in switchgrass and other bioenergy grasses.
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Figure 1. Breeding schemes using self-incompatibility to produce population hybrids
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Figure 2. A breeding scheme using self-incompatibility to produce population hybrid using two
populations grown in a 1:1 ratio

Dashed arrows represent limited compatibility among individuals within the same population and full arrow
represents complete pollen-compatibility. SiZjrepresents a limited group of haplotypes within the population that
differ from the S¢Z, set of haplotypes from the other population.



Determine heterotic
patterns

)

Inbred line development
within each heterotic

group

v

v

Self-fertility genes

Pseudo-compatibility

«

Restore Sl

v

Clone parental inbred

Y

lines

v

F1 Hybrid (heterozygous
and homogeneous)

v

Select heterozyous
parents from different
heterotic groups

A 2

Clone genotypes with
good combining ability

Hybrid seed production
fields

A 4

F1 Hybrid (heterozygous
and heterogeneous)

Figure 3. Flow diagram of phases and decision making processes for single cross hybrid production




References

1. Coyle W (2006) The future of biofuels. Pacific Food System Outlook 2006-2007. Pacific Economic
Cooperation Council,

2. Mclaughlin SB, Kszos LA (2005) Development of Switchgrass (Panicum Virgatum) as a bioenergy
feedstock in the United States. Biomass & Bioenergy 28:515-535

3. Walsh ME, De la Torre D, Shapouri H, Slinsky S (2003) Bioenergy Crop Production in the Unitated
States. Environmental and Resource Economics 24:313-333

4. Somers DJ, Kirkpatrick R, Moniwa M, Walsh A (2003) Mining single-nucleotide polymorphisms from
hexaploid wheat ESTs. Genome 46 (3):431-437

5. Shepherd P (2000) National Renewable Energy Laboratory: Developing Bioenergy Fuels. Biopower
FactSheet:2

6. Kszos LA, Downing ME, Wright LL, Cushman JH, MclLaughlin SB, Tolbert VR, Tuskan GA, Walsh ME
(2000) Bioenergy Feedstock Development Program Status Report (trans: Laboratory ORN). Department
of Energy, Tennessee

7. MclLaughlin SB, Walsh ME (1998) Evaluating Environmental Consequences of Producing Herbaceous
Crops for Bioenergy. Biomass & Bioenergy 14 (4):317-324

8. Lewandowski I, Scurlock J, Lindvall E, Christou M (2003) The development and current status of
perennial rhizomatous grasses as energy crops in the US and Europe. Biomass & Bioenergy 25:335-361

9. Searchinger T (2008) Use of US croplands for biofuels increases greenhouse gases through emissions
from land-use change. Science 319 (5867):1238

10. de Nettancourt D (1997) Incompatibility in Amgiosperms Sex Plant Reprod 10:185-199

11. Martinez-Reyna JM, Vogel KP (2008) Heterosis in Switchgrass: Spaced Plants. Crop Science 48:1312-
1320

12. Vogel K, Mitchell R (2008) Heterosis in Switchgrass: Biomass Yield in Swards. Crop Science 48
(November-December):2159-2164

13. Posselt U (ed) (2010) Identification of Heterotic Pattermd in Perennial Ryegrass. Sustainable Use of
Genetic Diversity in Forage and Turf Breeding. Springer Science+Business Media,

14. Posselt UK (2003) Heterosis in grasses. Czech Journal of Genetic and Plant Breeding 39:48-53

15. Boller B SF, Streckeisen P, Baert J, Bayle B, Bourdon P, Chosson J-F, Dijkstra J, Eickmeyer F, Feuerstein
U, Jakesova H, Jonsson H-A, Hartmann S, Hendrickx J, Johnston D, Krautzer B, Lellbach H, Posselt UK,
Romani M, Rossl G, Russi L, Schulze S, Tardin M-C, Thiemt E, van Hee F, Wilkins PW, Willner E, Wolters L
(2003) The EUCARPIA multisite rust evaluation - results 2001. Pflanzenziichg 59:198-207

16. Foster C (1971) Interpopulation and intervarietal hybridization in Lolium perenne breeding:
Heterosis under non-competitive conditions. Journal of Agricultural Science 76:107-130

17. Esparza Martinez JH, Foster AE (1998) Genetic analysis of heading date and other agronomic
characters in barley (Hordeum vulgare L.). Euphytica 99 (3):145-153

18. Yang B, Thorogood D, Armstead |, Barth S (2008) How far are we from unravelling self-
incompatibility in grasses. New Phytologist:1-14. doi:10.1111/j.1469-8137.2008.02421.x

19. Klaas M, Yang B, Bosch M, Thorogood D, Manzanares C, Armstead IP, Franklin FCH, Barth S (2011)
Progress towards elucidating the mechanisms of self-incompatibility in the grasses: further insights from
studies in Lolium. Annals of botany. doi:10.1093/aob/mcr186

20. Geiger HH, Miedaner T (2009) Rye Breeding. In: Carena MJ (ed) Cereals, vol 3. Springer, New York, pp
157-181

21. Laughnan JR (1983) Cytoplasmic male sterility in maize. Annual review of genetics 17 (1):27

22. Bennetzen JL, Freeling M (1993) Grasses as a single genetic system - genome composition,
colinearity and compatibility. Plant Cell 12:1021-1029

23. Devos KM (1997) Comparative genetics in the grasses. Plant Molecular Biology 35 (1):3



24. Gale MD (1998) Plant comparative genetics after 10 years. Science 282 (5389):656

25. Devos KM (2000) Genome relationships: the grass model in current research. Plant Cell 12 (5):637
26. Feuillet C, Keller B (2002) Comparative Genomics in the Grass Family: Molecular Characterization of
Grass Genome Structure and Evolution. Annals of Botany 89 (1):3-10

27. Devos KM (2005) Updating the 'crop circle'. Curr Opin Plant Biol 8 (2):155-162

28. Gaut BS (2002) Evolutionary dynamics of grass genomes. The New phytologist 154 (1):15

29. Salse J (2008) Identification and characterization of shared duplications between rice and wheat
provide new insight into grass genome evolution. Plant Cell 20 (1):11

30. Bolot S (2009) The 'inner circle'of the cereal genomes. Current opinion in plant biology 12 (2):119
31. Donnison |, Farrar K, Allison GG, Hodgson E, Adams J, Hatch R, Gallagher JA, Robson PR, Cifton-
Brown J,Morris P. (2009) Functional Genomics of Forage and Bioenergy Quality Traits in the Grasses. In:
Yamada T SG (ed) Molecular Breeding of Forage and Turf. Springer Science, New York,

32. Farrar K, Asp T, Libberstedt T, Xu ML, Thomas AM, Christiansen C, Humphreys MO, Donnison IS
(2007) Construction of two Lolium perenne BAC libraries and identification of BACs containing candidate
genes for disease resistance and forage quality. Mol Breed 19 (1):15-23

33. Studer B, Kolliker R, Muylle H, Torben A, Frei U, Roldan-Ruiz I, Barre P, Tomaszewski C, Meally H,
Barth S, Skgt L, Armstead |, Dolstra O, T L (2010) EST-derived SSR markers used as anchor loci for the
construction of a consensus linkage map in ryegrass (Lolium spp.). BMC Plan Biology (10)

34. Martinez-Reyna JM, Vogel KP (2002) Incompatibility Systems in Switchgrass. Crop Science 42:1800-
1805

35. Cornish MA, Hayward MD, Lawrence MJ (1979) Self-Incompatibility in Ryegrass. Heredity 43 (1):129-
136

36. Fearon CH, Hayward MD, Lawrence MJ (1984) Self-incompatibility in Ryegrass VII. The Determination
of Incomaptibility Genotypes in Autotetraploids Families of Lolium perenne L. Heredity 53:403-413

37. Casler M, Brummer C (2008) Theoretical Expected Genetic Gains for Among-and-Within-Family
Selection Methods in Perennial Forage Crops. Crop Science 48:890-902

38. Casler M (2001) Breeding forage crops for increased nutritional value. Advances in Agronomy 71 (51-
107)

39. Humphreys MO (1997) The contribution of conventional plant breeding to forage crop improvement.
Proceedings of the 18th International Grassland Congress. Association Mgmt Centre, Calgary

40. Reich V, Atkins R (1970) Yield stability of four population types of grain sorghum, Sorghum bicolor
(L.) Moench in different environments. Crop Science (10):511-517

41. Haussmann BIG (2000) Yield and yield stability of four population types of grain sorghum in a semi-
arid area of Kenya. Crop Science 40 (2):319

42. Stelling D (1994) Yield Stability in Faba Bean, Vicia faba L. 2. Effects of Heterozygosity and
Heterogeneity*. Plant breeding 112 (1):30

43. Einfeldt C (1999) Effects of heterozygosity and heterogeneity on yield and yield stability of barley in
the dry areas of North Syria. University of Hohenheim, Stuttgart

44, Posselt U (2010) Breeding Methods in Cross-Pollinated Species. In: Boller B (ed) Fodder Crops and
Amenity Grasses. Springer Science+Business Media, pp 39-87

45. Kolliker R, Boller B, Widmer F (2005) Marker assisted polycross breeding to increase diversity and
yield in perennial ryegrass (Lolium perenne L.). Euphytica 146:55-65

46. Lamkey KR, Edwards JW (1999) Quantitative genetics of heterosis. In: Coors JG, Pandey S (eds)
Genetics and exploitation of heterosis in crops. ASA and CSSA, Madison, WI,

47. Breese EL (1981) Interspecies hybrids and polyploidy. Philosophical transactions - Royal Society
Biological sciences 292 (1062):487

48. Zeven AC (1980) Polyploidy and plant domestication In: Lewis WH (ed) Polyploidy: biological
relevance. Plenum Press, New York, pp 385-408



49. Dewey DR (1980) Some applications and misapplications of induced polyploidy to plant breeding. In:
Lewis WH (ed) Polyploidy: Biological Relevance. Plenum Press., New York, pp 445-470

50. Hallauer AR, Carena MJ, Miranda JB (2010) Quantitative Genetics in Maize Breeding. Springer,

51. Lubberstedt T, Melchinger AE, DuAYle C, Vuylsteke M, Kuiper M (2000) Relationships among Early
European Maize Inbreds: IV. Genetic Diversity Revealed with AFLP Markers and Comparison with RFLP,
RAPD, and Pedigree Data. Crop Sci 40 (3):783-791. doi:10.2135/cropsci2000.403783x

52. Kubik C, Sawkins M, Meyer WA, Gaut BS (2001) Genetic Diversity in Seven Perennial Ryegrass
(Lolium perenne L.) Cultivars Based on SSR Markers. Crop Science 41:1565-1572

53. Kopecky D (2009) Development and mapping of DArT markers within the Festuca-Lolium complex.
BMC Genomics 10 (1):473

54. Kopecky D, Bartos J, Christelova P, Cernoch V, Kilian A, Dolezel J (2011) Genomic constitution of
Festuca 3 Lolium hybrids revealed by the DArTFest array. Theoretical and applied genetics (122):355—
363

55. Kolliker R (1999) Genetic variability of forage grass cultivars: A comparison of Festuca pratensis
Huds., Lolium perenne L., and Dactylis glomerata L. Euphytica 106 (3):261

56. Bolaric S, Barth S, Melchinger AE, Posselt UK (2005) Molecular genetic diversity within and among
German ecotypes in comparison to European perennial ryegrass cultivars. Plant Breed 124 (3):257-262
57. Brazauskas G (2011) Nucleotide diversity and linkage disequilibrium in five Lolium perenne genes
with putative role in shoot morphology. Plant science 179 (3):194

58. Thorogood D, Armstead |, Turner LB, Humphreys MO, Hayward MD (2005) Identification and mode
of action of self-compatibility loci in Lolium perenne L. Heredity 94:356-363

59. Van Daele | (2008) Identification of transcribed derived fragments involved in self-incompatibility in
perennial ryegrass (Lolium perenne L.) using cDNA-AFLP. Euphytica 163 (1):67

60. Yang B, Thorogood D, Armstead |, Franlin FC, Barth S (2009) Identification of genes expressed duting
the self-incompatibility response in perennial rygrass (Lolium perenne). Plant Molecular Biology 70:709-
723

61. Hackauf B, Wehling P (2005) Approaching the self-incompatibility locus Z in rye (Secale cereale L.) via
comparative genetics. Theor Appl Genet 110 (5):832—-845

62. Shinozuka H, Cogan N, Smith K, Spangenberg G, Forster J (2009) Fine-scale comparative genetic and
physical mapping supports map-based cloning strategies for the self-incompatibility loci of perennial
ryegrass (Lolium perenne L.). Plant Mol Biol 72 (3):343-355

63. Wilkins P, Thorogood D (1992) Breakdown of self-incompatibility in perennial ryegrass at high
temperature and its uses in breeding. Euphytica 64:65-69

64. Nielsen E (1944) Analysis of variation in Panicum virgatum. J Agric Res 69 (327-353)

65. Missaoui AM (2005) Investigation of genomic organization in switchgrass (Panicum virgatum L.) using
DNA markers. Theoretical and applied genetics 110 (8):1372

66. Okada M (2010) Complete switchgrass genetic maps reveal subgenome collinearity, preferential
pairing and multilocus interactions. Genetics 185 (3):745

67. Wit F (1974) Cytoplasmic male sterility in ryegrasses (Lolium SPP.) detected after intergeneric
hybridization. Euphytica 23 (1):31-38

68. Vogel KP, Lamb J (2007) Forage breeding. In: Forages : the science of grassland agriculture.
Blackwell, pp 427-438.

69. Fehr W (1993) Principles of cultivar development, vol 1. Macmillian Publishing Company, New York
70. Palmer RG, Alberten MC, Horner HT, Skorupska H (1992) Male sterility in Soybean and Maize:
Developmental comparison. The nucleus 35 (1):1-18



71. Kiang A, Connolly V, McDonnell D, Kavanagh T (1993) Cytoplasmic male sterility (CMS) in Lolium
perenne L. 1. Development os a diagnostic probe for the male-sterile cytoplasm. Theoretical applied
Genetics 86:781-787

72. Kiang AS, Kavanagh TA (1996) Cytoplasmic male sterility (CMS) in Lolium perenne L. 2. The
mitochondrial genome of a CMS line is rearranged and contains a chimaeric atp 9 gene. Theor Appl
Genet 92 (3):308-315

73. McDermott P (2008) The mitochondrial genome of a cytoplasmic male sterile line of perennial
ryegrass (Lolium perenne L.) contains an integrated linear plasmid-like element. Theoretical and applied
genetics 117 (3):459

74. Ruge B, Linz A, Gaue |, Baudis H, Leckband G, Wehling F (2002) Molecular characterization of
cytoplasmic male sterility in Lolium perenne. In: Braunschweig-FAL (ed) Proc. 24th EUCARPIA Fodder
Crops and Amenity Grasses Section Meeting, vol 59. Vortr. Pfl.-Zlichtg, pp 121-127

75. Moore ERB (1997) 16S rRNA gene sequence analyses and inter-and intrageneric relationships of
Xanthomonas species and Stenotrophomonas maltophilia. FEMS microbiology letters 151 (2):145

76. Chase CD (2007) Cytoplasmic male sterility: a window to the world of plant mitochondrial-nuclear
interactions. Trends in genetics 23 (2):81

77. Choi IY (2007) A soybean transcript map: gene distribution, haplotype and single-nucleotide
polymorphism analysis. Genetics 176 (1):685

78. Gabay-Laughnan S, Kuzmin EV, Monroe JM, Roark LM, Newton KJ (2009) Characterization of a Novel
Thermo-sensitive Restorer of Fertility for CMS-S in Maize. Genetics:genetics.108.099895.
doi:10.1534/genetics.108.099895

79. Cui X (1996) The rf 2 nuclear restorer gene of male-sterile T-cytoplasm maize. Science 272
(5266):1334

80. Burton GW (1948) The performance of various mixtures of hybrid and parent inbred pearl millet. J
Amer Soc Agron 40:908-915

81. Brummer EC (1999) Capturing Heterosis in Forage Crop Cultivar Development. Crop Science 39 (4)
82.Van Daele | (2008) Mapping of markers related to self-incompatibility, disease resistance, and quality
traits in Lolium perenne L. Genome 51 (8):644

83. Todd J, Wu Y, Goad C (2011) Switchgrass Selfing Confirmed by SSR Markers. 2011 International
Annual Meetings. ASA CSSA SSSA, San Antonio

84. Thorogood D, Hayward MD (1991) The genetic control of self-compatibility in an inbred line of
Lolium perenne L. Heredity 67:175-181

85. Thorogood D, Hayward MD (1992) Self-compatibility in Lolium temulentum L: its genetic control and
transfer into L. perenne L. ans L. multiflorim Lam. Heredity 68:71-78

86. Wricke G (1978) Pseudo-Selbstkompatibilitdt beim Roggen und ihre Ausnutzung in der Ziichtung. Z
Pflanzenzuecht 81:140-148

87. Boelt B, Studer B (eds) (2009) Breeding for Grasses Seed Yield. Fodder Crops and Amenity Grasses
Springer,

88. Duvick DN (1959) The use of cytoplasmic male-sterility in hybrid seed production. Economic botany
13 (3):167

89. Connolly V, Wright-Turner R (1984) Induction of cytoplasmic male-sterility into ryegrass (Lolium
perenne). Theoretical applied Genetics 68:229-453

90. McLaughlin SB (2002) High-value renewable energy from prairie grasses. Environmental science &
technology 36 (10):2122

91. Perrin R (2008) Farm-scale production cost of switchgrass for biomass. BioEnergy Research 1 (1):91




