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Preface to “Genetics and Breeding for Productivity 
Traits in Forage and Bioenergy Grasses” 

Forage crops provide the major components of pasture-based livestock production systems in 
temperate regions, and are also important for feeding of animals in developing countries of the tropics 
and sub-tropics. Productivity traits for forage crops include biomass, seasonality of yield, vegetative 
persistence, influence of flowering time, digestibility and nutritive quality. Traditionally, vegetative 
biomass yield has been the major breeding objective, but nutritive quality traits (such as content of 
sugars, proteins and lipids) have become increasingly important. Accurate measurement of productivity 
characters has been difficult, limiting genetic gain in traditional breeding. The increasing availability of 
genomic and phenomic data for a range of forage crop species now allows characterisation and 
selection at the individual plant level. 

In parallel, a number of grass species (such as switchgrass and miscanthus) have been developed 
for bioenergy purposes, and productivity characters, including  biomass delivery and biochemical 
content, are also critical for improvement of these crops. While some of these traits are shared priorities 
with forage grasses, others are of particular interest for bioenergy production. This increased specialisation 
of grass cultivars creates both challenges and opportunities for grass breeders. 

The aim of the Special Issue on Genetics and Breeding for Productivity Traits in Forage Crops 
was to provide a forum for contemporary studies of the genetics, genomics and phenomics of 
productivity traits in forage and bioenergy grasses, along with the application of such data to breeding 
practices and cultivar development. A total of 15 papers have been published, including review and 
original research articles and are here collated into a single volume. Aspects of both transgenic- and 
sequence polymorphism-based approaches to crop improvement are included, along with classical 
breeding methods (such as doubled haploid production). The range of target species described in these 
articles includes perennial and Italian ryegrass, red clover, alfalfa, brachiaria, napier grass. Collectively 
these studies demonstrate that forage crops, which have historically lagged behind many major row 
crops in terms of development and implementation of molecular breeding systems and strategies, are 
rapidly benefitting from the implementation of such technologies. 

John W. Forster and Kevin F. Smith 
Special Issue Editors 
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Abstract: High molecular weight fructans are the main class of water-soluble carbohydrate used
for energy storage in many temperate grass species including perennial ryegrass (Lolium perenne L.).
As well as being important readily mobilisable energy reserves for the plant, fructans are also involved
in stress tolerance. Fructans are also readily digested by grazing ruminants and hence are a valuable
source of energy for sheep, beef and dairy production systems in temperate regions. This paper
describes the re-programming of the expression of fructan biosynthesis genes through the transgenic
manipulation of 6-glucose fructosyltransferase (6G-FFT) and sucrose:sucrose 1-fructosyl-transferase
(1-SST) in perennial ryegrass. Transgenic events were developed with altered fructan accumulation
patterns with increases in fructan accumulation and greatly increased accumulation of fructan in leaf
blades as opposed to the traditional site of fructan accumulation in the pseudostem. This altered site
of fructan accumulation has potential benefits for animal production as leaf blades form the major
part of the diet of grazing ruminants. Some of the transgenic events also exhibited enhanced biomass
production. This combination of high quality and enhanced yield is of great interest to forage plant
breeders and whilst the expression of these phenotypes needs to be confirmed under field conditions,
the identification and characterisation of the transgenic events described in this paper validate the
potential for the manipulation of fructan biosynthesis in perennial ryegrass.

Keywords: fructan; ryegrass; Lolium perenne; transgenic; cisgenic

1. Introduction

Fructans are a class of water soluble carbohydrate whose primary function is to provide a readily
accessible energy reserve for plant growth. Fructans are associated with various advantageous characters
in grasses, such as cold and drought tolerance [1,2], increased tiller survival, good regrowth after

Agronomy 2017, 7, 36 1 www.mdpi.com/journal/agronomy
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cutting or grazing, improved recovery from stress, early spring growth and increased nutritional quality.
Fructans represent the major non-structural carbohydrate store in 15% of plant species [3] and play a
key role in forage quality. Ruminant livestock grazing on high fructan diets shows improved animal
performance including increased mass and milk production, and increases ammonia assimilation [4–6].

Fructan synthesis and metabolism in grasses and cereals are complex. Fructans consist of linear or
branched fructose chains attached to sucrose. The chain length of plant fructans ranges from three up to a
few hundred fructose units. Different types of fructans can be distinguished based on the linkage types
present. In perennial ryegrass, three types of fructans have been identified: inulins, inulin neoseries and
levan neoseries with four fructosyltransferse (FT) enzymes involved in this fructan profile. The enzyme
1-SST (sucrose: sucrose 1-fructosyltransferase) catalyses the first step in fructan biosynthesis while the
remaining enzymes elongate the growing fructose chain (1-FFT: fructan: fructan 1-fructosyltransferase,
6G-FFT: 6-glucose fructosyltransferase, and 6-SFT: sucrose: fructose 6-fructosyltransferase). The enzymes
1-FEH or 6-FEH (fructoexohydrolase) reduce fructan chain length by releasing fructose molecules.

Fructans accumulate in the stems and leaf sheaths with the majority of the accumulation in
the leaf sheaths or pseudostem at the base of the tillers. This has driven research and development
efforts towards increasing water soluble carbohydrate levels in grasses used in improved pastures,
both through molecular breeding and biotechnology. Fructan synthesis and metabolism is complex.
In grasses, the level and composition of fructans can be increased in stems and leaf sheaths through
the engineered expression of fructosyltransferase (FT) genes [7–9]. This, however, does not increase
significantly the level of high degree of polymerization fructans (high DP fructans) in leaf blades, the
tissues which are normally eaten by the large grazing animals in the field. In leaf blades, the expression
of members of FT family genes involved in fructan polymerization is generally low, but can be induced
by a number of abiotic stresses. Thus, accumulation of high DP fructans in leaves could provide more
accessible nutrition for grazing animals.

Therefore, fructans in mature leaf blades accumulate less than in leaf sheaths and stems [10]. In
order to specifically increase the level of fructans in leaf blades, a strategic approach was devised that
coordinately expresses fructan biosynthesis genes in photosynthetic tissues. This involved metabolic
re-programming of photosynthetic cells for enhanced sucrose and fructan production.

2. Results

2.1. Production of Transgenic Plants

The results of the biolistic transformation of embryogenic calli of perennial ryegrass are illustrated
in Figure 1. The bombardment of 500 calli for each of the transformation vectors led to the recovery
of between nine and 44 transgenic plants per vector that were confirmed to be positive for both the
selectable marker and gene of interest (Table 1).

Table 1. Summary of the transformation progress for perennial ryegrass with wheat photosynthetic-
regulated expression of Lp1-SST and Lp6G-FFT and fusion open reading frames (ORFs).

Species Genotype Transforming DNA
No Plates

Bombarded
No calli

Bombarded
No +ve

Transgenics
No Plates
Analysed

hph +ve
Plants

GOI +ve
Plants

L. perenne FLP 418-20 TaRbcS::Lp1-SST::Tarbcs +pACH1 10 500 46 46 37 32
L. perenne FLP 418-20 TaRbcS::Lp6G-FFT::Tarbcs +pACH1 10 500 50 50 48 38

L. perenne FLP 418-20 TaRbcS::Lp1-SST-Lp6G-FFT::Tarbcs
(1) + pACH1 10 500 47 47 47 44

L. perenne FLP 418-20 TaRbcS::Lp1-SST-Lp6G-FFT::Tarbcs
(3) + pACH1 10 500 26 26 26 23

L. perenne FLP 418-20 TaRbcS::GUS::Tarbcs +pACH1 10 500 13 13 11 9
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Figure 1. Production of transgenic perennial ryegrass plants from microprojectile bombardment
of shoot meristem-derived calli. (A) Donor material for shoot meristems; high vegetative biomass,
nil-to-low root development; (B) Distribution of basal meristematic material on callus initiation medium;
(C) Proliferation of callus from basal meristematic regions; (D,E) Proliferation of embryogenic callus
derived from basal meristems; (F) Distribution of calli of high osmotic medium prior to biolistic
transformation; (G) Biolistic transformation device, PDS-1000/He; (H,I) Growth and development
of hygromycin-resistant shoots, 30–75 days after bombardment; (J) Growth and development of
hygromycin-resistant shoots in vitro; (K) Hygromycin-resistant plants established in soil and grown
under glasshouse containment conditions.

2.2. Biochemical and Morphological Characterisation of Transgenic Plants

During the regeneration of the putative transgenic perennial ryegrass lines, differences in growth
phenotypes were noticed between the lines. Both the tissue culture regenerants and corresponding
soil grown plants from both of the fusion-1 and fusion-3 transgenic lines showed a superior vigour
phenotype compared to the transgenic plants containing either TaRbcS::Lp1-SST, TaRbcS::Lp6G-FFT,
TaRbcS::GUS or control plants containing only the selectable marker, hph (Figure 2).

The plants showing the phenotype were confirmed to contain the gene-of-interest (GOI) using
real-time PCR and Southern hybridization analysis [11]. The superior growth phenotype of the
transgenic fusion-1 and fusion-3 lines was first observed during the early stages of plant regeneration
conducted on plates. Specifically, just 12 days after incubation under lights, the calli showed further
developed green shoots. The fast growth rate of the fusion transgenic plants became more evident
22 days after transferring to rooting media. Transgenic plants containing either fusion-1 or fusion-3
constructs showed an obvious increase in tiller number. In addition, the fusion transgenics consistently
showed a higher tiller density per plant compared to control lines (Figure 2).
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Figure 2. Plant regeneration phenotypes of transgenic perennial ryegrass (FLP-418-1) after
co-transformation with the light-regulated gene constructs (Table 1) and the pAcH1 vector, with
selection on hygromycin. The plants that contain either of the Lp1-SST-Lp6G-FFT fusion constructs
consistently perform better in tissue culture (far right column).

Following transfer to soil and propagation under glasshouse conditions, more specific differences
were observed between the fusion-1 and fusion-3 lines. Even though both fusion plants displayed more
vigorous growth, fusion-1 lines had longer, thicker and slightly darker green leaf blades. Also, the
plants were physically more robust with thicker leaf sheaths and leaf blades. Fusion-3 lines continued
to grow faster than the other control plants with longer leaf blades and more vigorous tiller growth,
but the leaf morphology was more similar to wild-type. An increase in root biomass was also observed
in both fusion-1 and fusion-3 soil grown plants (Figure 3).

The control transgenic lines harbouring either the Lp1-SST or Lp6G-FFT as single genes did not
show the increased growth rate that was observed in the fusion-1 and -3 lines. Their appearance is
similar to each other, although some developed more vigorously than the transgenic plants containing
either Gus or hph (Figure 3).

Leaf blades from individual plants were cut and hand sectioned and viewed under a microscope
(Figure 4). There were apparent differences in the number of cells with chloroplasts: being more in
both of the transgenic fusion lines than in the control plants. In addition, chloroplasts were present in
cells located on the abaxial side (lower part of the leaf) of transgenic plants, despite both plants being
grown under the same light conditions in the growth room. Sometimes it was observed that control
plants produced more chloroplasts in mesophyll cells located on the adaxial side (upper side which
faces the light source) than on the abaxial side, whereas the transgenic plants most often produced a
near-equal number of chloroplasts on both sides. It was not possible to determine difference in cell
size or overall cell numbers from hand-made sections.

4
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Figure 3. Mature plant phenotypes. Representative samples of transgenic plants at vegetative stage.
The plants were trimmed equally three weeks earlier. Close-up micrographs of the leaf blades (right).
The fusion consistently has wider blades compared to control plants.

Figure 4. Leaf phenotypes. Representative samples of hand sections of leaf blades at the vegetative
stage. Left shows a comparison of whole leaf sections; right shows magnified areas of leaf sections.
Ad-Adaxial, Ab-abaxial.

Biochemical analysis by HPAEC of water soluble carbohydrates extracted from independent
transformants harbouring the TaRbcs::FT-Fusion-1, TaRbcs::FT-Fusion-3, TaRbcs::Lp1-SST, TaRbcS::Lp6G-FFT,
and two control lines (hph only) showed that the fusion-1 and fusion-3 transgenic plants contained
significantly higher levels of total fructans (Figure 5), showing up to a 2.5-fold increase over the control
lines (Figure 6).
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Figure 5. Biochemical analysis (HPAEC) of fructan level and composition present in transgenic
TaRbcs::Fusion-3 (1), TaRbcs::Fusion-1 (2) and control plants (3) harbouring only the selectable marker
(hph gene).

(A) (B) 

(C) (D) 

Figure 6. Biochemical analysis (HPAEC) of total fructans present in whole tillers of (A)
TaRbcs::Lp1-SST-Lp6G-FFT fusion-1, (B) TaRbcs::Lp1-SST-Lp6G-FFT fusion-3, (C) TarbcS::Lp1-SST, and
(D) TarbcS::6G-FFT transgenic lines compared to control lines (lanes 6′ and 1′), harbouring only the
selectable marker (hph gene).

In addition, the levels of 1-kestose were up to four times higher in fusion-1 lines, and three
times higher in fusion-3 lines compared to the hph controls (Figure 7). In the TaRbcs::Lp1-SST plants,
1-Kestose increased up to three-fold whereas total fructan content only increased 0.5-fold. In contrast,
1-kestose levels in the TaRbcS::Lp6G-FFT transgenic plant lines showed marginal increases in 1-kestose
(up to 0.5-fold) and only one line showed a small increase in total fructans (Figure 7). Analysis of
sucrose contents of all the lines revealed that some of the high fructan lines also showed an increase in
total sucrose content (Figure 8).

6
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(A) (B)

(C) (D)

Figure 7. Biochemical analysis (HPAEC) of 1-kestose present in whole tillers of (A)
TaRbcs::Lp1-SST-Lp6G-FFT fusion-1, (B) TaRbcs::Lp1-SST-Lp6G-FFT fusion-3, (C) TarbcS::Lp1-SST, and
(D) TarbcS::6G-FFT transgenic lines compared to control lines (lanes 6′ and 1′), harbouring only the
selectable marker (hph gene).

(A) (B)

(C) (D)

Figure 8. Biochemical analysis (HPAEC) of sucrose present in whole tillers of (A)
TaRbcs::Lp1-SST-Lp6G-FFT fusion-1, (B) TaRbcs::Lp1-SST-Lp6G-FFT fusion-3, (C) TarbcS::Lp1-SST, and
(D) TarbcS::6G-FFT transgenic lines compared to control lines (lanes 6’ and 1’), harbouring only the
selectable marker (hph gene).

7
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3. Discussion

The main storage carbohydrates in perennial ryegrass are high molecular weight fructans with a
prevalence of β(2-6) linkages [10,12,13]. The expression of enzymes involved with fructan biosynthesis
(6G-FFT, 1-SST and 6-SFT) [12,13] is highly tissue-specific and tends to be associated with the base
of leaves and leaf sheaths/pseudostems which are also the site of fructan accumulation in perennial
ryegrass which is consistent with the role of fructans as storage carbohydrates to support the regrowth
of leaves [14] and their potential role in osmoregulation and membrane protection during drought and
water stress [15].

In this research, we have demonstrated that through the development of transgenic plants with
fructan biosynthetic genes under the control of photosynthetic promotors, not only have concentrations
of fructan, kestose and sucrose been increased overall but also in the leaf blades. This is of key
importance if the aim of increasing fructan concentrations is to improve the nutritive value of perennial
ryegrass through increasing the concentration of water-soluble carbohydrates [16]. Increasing the
concentration of water-soluble carbohydrates is important for grazing ruminants as it serves to increase
both the energy concentration of the herbage but also plays a role in improving the synchrony of
fermentation in the rumen and hence the efficiency of conversion of ingested grass into animal
products [17]. Comprehensive bioeconomic modelling of the impact of an increase of 1 MJ/kg in dairy
pasture has been shown to have the potential to increase the profitability of dairy farms both directly
through the increased nutritive value of the herbage and indirectly through the reduction in the use of
purchased supplementary sources of energy such as grain or pellets [18].

The mechanism of the high biomass phenotype observed in some transgenic events in this study
is unknown and it is acknowledged that the phenotype was measured in primary transformants but it
is clear that the combination of increased productivity combined with increased concentrations could
lead to benefits over and above those described by Ludemann et al. [18].

Previous work has shown that it is important to combine high energy traits with good agronomic
adaption to the target environment, otherwise the trait is not always expressed or the seasonal growth
pattern may not suit the needs of the grazing enterprise [17,19]. The transgenic events described in
this paper are in a tissue culture-responsive genotype from an elite perennial ryegrass breeding line
and further work is planned to evaluate these events under field conditions and to further cross them
into a broader range of backgrounds to investigate the effects of genotype x environment interactions
on the expression of the transgene.

4. Materials and Methods

4.1. Identification and Cloning of Photosynthetic Promoters from Perennial Ryegrass

The expression of RbcS and Chlorophyll a/b Binding Protein (CAB) is well characterised by
light-regulated genes in higher plants.

Both LpRbcS and LpCAB genes were chosen for promoter discovery and isolation in perennial
ryegrass. Publicly available cDNA sequences (LpRbcS, EC778430 and LpCAB, EC778438) were used
as query sequences in a BLAST search of the perennial ryegrass EST database in our in-house
database. As both genes are members of multigene families, several contigs (each contig represents
an individual gene) were identified in our perennial ryegrass EST collection. Nine contigs were
identified to be homologous to the published LpRbcS cDNA sequence and thirteen contigs were found
to be homologous to the LpCAB cDNA sequence. Two contigs, LpRbcS (LPCL9_C359) and LpCAB
(LpCL1112_C12), representing the genes of the promoters to be isolated, contained (47) and (19) EST
sequences, respectively. These sequences came from a variety of libraries representing a range of
different tissues. This data was used for in silico expression analysis and indicated that both genes are
only expressed in photosynthetic tissues.

DNA sequence alignments for each of the gene family members were performed, and gene-specific
primers were designed for contigs LpRbcS_C359 and LpCAB_C12 and used to screen perennial ryegrass

8
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BAC DNA pools by PCR. The BAC clones were identified and sequenced. Primers were designed
and the Lolium perenne-specific promoter regulatory sequences were cloned, sequenced and the
cis-regulatory sequences specific for photosynthetic promoters were identified by PLACE (Table 2). The
sequences included the I-Box motif and the GT1 box for RbcS [19,20]. In addition, 16/19 nucleotides of
the LpRbcS sequence shared homology with the monocot Rbs Consenesus sequence [21]. The I-Core
box and SORLIPs cis-regulatory sequences were present in the CAB promoter. SORLIPs were found to
be over-represented in light-induced promoters in Arabidopsis [22].

These L. perenne-specific promoter regulatory sequences were subsequently used in the
construction of backbone-free expression cassettes with fructan biosynthesis genes.

Table 2. The position of the cis-regulatory sequences identified by PLACE. Common cis-acting
regulatory sequences are listed [19,21,22,24]. Positions noted are the first nucleotide in the sequence
relative to the ATG. (n.p.—not present).

cis-Acting Regulatory seq. Accession Position LpRbcS Position LpCAB
I-Box Core S000199 −184 −137

I-Box S000124 −311 −137
GT1 consensus S000198 −304 n.p.

RbcS monocot seq Schaffner et al., 1991 −173 to −151 n.p.
SORLIPs S000482 n.p. −58, −217, −647, −695

4.2. Isolation of Fructan Biosynthesis Genes

The Lolium perenne cDNA clones encoding sequences for Lp1-SST and Lp6G-FFT have previously
been isolated from a perennial ryegrass cDNA library [12,23]. The complete gene sequences of the
isolated perennial ryegrass fructosyltransferase homologues are publicly available.

4.3. Cloning of FT Translational Fusion

It has been proposed that FT proteins may physically associate with each other to facilitate the
efficient biosynthesis of fructans. Therefore, a genetic fusion was created between the open reading
frames for Lp1-SST and Lp6G-FFT.

The Lp1-SST gene was PCR-amplified with a GATEWAY recombination site incorporated in
the forward primer. A sequence that codes for three glycine residues followed by a Hind III site
was incorporated into the reverse primer, with the stop codon removed. The Lp6G-FFT gene was
PCR-amplified with a Hind III site followed by a sequence that codes for three glycine residues and
the gene-specific sequence without the ATG. The reverse primer for the Lp6G-FFT gene was flanked
by a second GATEWAY recombination site. The primer sequences are provided in Table 3. The
purified fragments were digested with Hind III and the ligated product was cloned into the Invitrogen
GATEWAY pDONR221 entry vector. When the resultant pENTRY1-Lp1-SST-Lp6G-FFT-2 entry clones
were sequenced, one sequence (fusion-1) was confirmed to be the predicted product, with eight
amino acids in the linker joining the two genes. However, another sequence (fusion-3) contained two
consecutive Hind III sites, which would result in the addition of another two amino acids, giving a
total of ten amino acids between the two FT genes upon translation.

Table 3. Primer sequences used to amplify the PCR fragments used to generate the translational fusion
of the Lp1-SST and Lp6G-FFT fructosyl transferase genes (FT Lp1-SST::Lp6G-FFT). Black sequences
are gene-specific, blue and red (Hind III RE site) sequences are nucleotides introduced to generate the
linker region, and green nucleotides represent the recombination-specific sequences.

Gene Forward Primer Reverse Primer

Lp1-SST GGGGACAAGTTTGTACAAAAAAGCAGG
CTTCATGGAGTCCCCAAGCGCCGTC

TCTAAGCCTTTCCTCCTCCCAAGTCG
TCGTTCGTG

Lp6G-FFT ACTAAGCTTGGAGGAGGAGAGTCCAG
CGCCG

GGGGACCACTTTGTACAAGAAAGCTGGG
TCCTACATGTCGTCAGCCAAGAAGGCC

9



Agronomy 2017, 7, 36

4.4. Generation of Vectors for Transgenic Assays

A number of vectors were constructed using Invitrogen Multisite GatewayTM technology
based on recombinational cloning. This methodology relies on the generation of individual entry
plasmids containing either the promoter, gene of interest (GOI), or terminator sequences flanked by
recombination sites. The recombination sites facilitate the directional triple insertion of each of the
entry plasmids into a gateway-enabled destination vector, by recombination. The final vector is then
sequenced and used directly for plant co-transformation with a plasmid for expression of a plant
selectable marker.

In order to test the function of the fusion protein, the FT fusion-1 and FT fusion-3 ORFs were
cloned under the control of the enhanced cauliflower mosaic virus (CAMV)35S2 promoter [25], using
the Invitrogen Multisite GatewayTM Technology recombination into Agrobacterium binary vector [26].

Gateway entry vectors were constructed for the (CAMV)35S2 promoter, the TaRbcS terminator
sequence, as well as FT fusion-1 and FT fusion-3 ORFs. The cloned fragments were sequence-verified
and used for three-way recombination cloning with the cloned GOI cDNA sequences into the
pPZP200ubi:bar-nos R4 R3 destination vector. In addition, constructs also included the Lp6G-FFT
and Lp1-SST single ORF driven by the (CAMV)35S2 promoter as controls. The Lp1-FFT single ORF will
also be cloned in the same manner. As a control, the GUS ORF was used for confirmation of expression.
The following constructs were made.

• pPZP200: 35S2::Lp6G-FFT::TaRbcS
• pPZP200: 35S2::Lp1-SST::TaRbcS
• pPZP200: 35S2::Lp1-FFT::TaRbcS
• pPZP200: 35S2::Lp1-SST::6G-FFT::TaRbcS
• pPZP200: 35S2::GUS::TaRbcS

4.5. Function of Lp1-SST, Lp6G-FFT and FT-Fusion Protein in Transient Transgenic Assays

For proof-of-function, transient expression of the 35S promoter constructs was conducted in
tobacco plants, as they do not naturally store fructans. The method involved agro-infiltration of the
individual constructs into N. benthamiana leaves [27,28] followed by biochemical analysis by anion
exchange. Three days after the injection, the plant material was harvested and the water-soluble
carbohydrates were extracted using a hot water extraction method. The extracts were separated
using high performance anion exchange chromatography (HPAEC). The results showed production of
fructans, with the increased production of both 1-kestose and 6G-kestose by the fusion protein data
(not shown) so vectors were designed for the stable transformation of perennial ryegrass.

4.6. Generating Vectors for Stable Transformation

A 695 kb promoter fragment from a previously published sequence containing the TATA signal from
the TaRbcS gene (NCBI accession number AB042069) was PCR-amplified with GatewayTM (Invitrogen)
recombination sites at the primer flanks. The fragment was cloned into the Invitrogen pDONRP4-P1R
entry vector using GatewayTM recombination technology. The 696 bp TarbcS gene termination signal
sequence [29] was also PCR-amplified using primers with recombination sites and cloned into the
Invitrogen pDONRP2-P3R entry vector. The cloned fragments were sequence-verified and used for
three-way recombination cloning with the cloned GOI cDNA sequences into the pDEST-R4R3 destination
vector: pDESTR1-R2R-Lp1-SST, pDESTR1-R2-Lp6G-FFT, and pDESTP1-P2R-Lp1-SST-Lp6G-FFT gene
fusion expression vectors. The following constructs for photosynthetic-regulation of expression of
fructosyltransferases by the TarbcS promoter to be used are outlined below.

• pDEST-TaRbcS::Lp1-SST::TaRbcS
• pDEST-TaRbcS::Lp6G-FFT::TaRbcS
• pDEST-TaRbcS::Lp1-SST-Lp6G-FFT::TaRbcS (fusion-1)
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• pDEST-TaRbcS::Lp1-SST-Lp6G-FFT::TaRbcS (fusion-3)
• pDEST-TaRbcS::GUS::TaRbcS

4.7. Production of Transgenic Ryegrass Plants

Biolistic co-transformation of perennial ryegrass with the vectors containing the TaRbcS regulatory
sequences, driving the expression of individual fructan genes or as a translational fusion, and the
pAcH1 vector for hygromycin resistance was conducted on embryogenic calli for perennial ryegrass
using the method of Spangenberg et al. [30]. The pAcH1 vector was previously constructed and has
been used successfully in plant transformation experiments [30–34]. The GUS marker gene was also
cloned as a positive control. Table 2 summarises the transformation and molecular analysis for the
generation of these lines. Following agarose gel electrophoresis, the resulting DNA fragment was
purified from the agarose gel prior to being used for plant transformation to produce DNA without
vector backbone sequences. The pAcH1 vector previously constructed and used successfully in plant
transformation experiments was also digested with restriction enzymes to produce a DNA fragment
for the expression of the selectable marker only [30–34].

A tissue culture responsive genotype, FLp418-20, was selected for use in these experiments on
the basis of observed shoot regeneration from embryogenic callus. Clonal replicates of this genotype
were used to provide the material for biolistic transformation using the vectors described above and
following the method of Spangenberg et al. [30] and illustrated in Figure 1.

4.8. Transgene Detection

The presence of the transgene and selectable markers were confirmed using the methods
described in detail by Badenhorst [11]. In summary, following growth in selectable media during
tissue culture, the presence of the transgene was confirmed using real-time PCR and Southern
hybridisation. Real-time PCR results were scored in comparison to positive (plasmid DNA) and
negative (non-transgenic plant DNA, no-template) control templates with the endogenous histone
H3 gene (LpHisH3) included as a control [11]. Southern hybridization of genomic DNA with
chemiluminescent detection was used to visualize the results of probes designed for the RBcS or
LpFT1 promoter, the LpFT4 terminator and the hph selection cassette [11] (results not shown).

4.9. Quantification of Carbohydrates

Concentrations of monosaccharides and fructan in plant tissue samples were quantified using a
high performance-anion exchange chromatography (HP-AEC) method described by Liu et al. [35].

5. Conclusions

Transgenic events were developed with altered fructan accumulation patterns with increases in
fructan accumulation and greatly increased accumulation of fructan in leaf blades as opposed to the
traditional site of fructan accumulation in the pseudostem. This altered site of fructan accumulation
has potential benefits for animal production as leaf blades form the major part of the diet of grazing
ruminants. Some of the transgenic events also exhibited enhanced biomass production. This combination
of high quality and enhanced yield is of great interest to forage plant breeders and whilst the expression
of these phenotypes needs to be confirmed under field conditions, the identification and characterisation
of the transgenic events described in this paper validate the potential for the manipulation of fructan
biosynthesis in perennial ryegrass.
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Abstract: Agronomic characteristics and phytoestrogen concentrations were measured on 17 cultivars
and 47 accessions of red clover (Trifolium pratense). These accessions included a range of currently
recommended cultivars—from Australia and overseas—and germplasm accessed from genetic
resource collections. All lines were grown in the field at Hamilton Vic in 2000 and 2001. Significant
genetic variation was detected for key agronomic parameters such as growth habit, leaf shape and
markings, leaf area, herbage yield, flowering time, and prolificacy. Significant variation in the
concentration of the four main phytoestrogens was found; total isoflavone concentration ranged from
0.14–1.45% DM. Maximum concentrations of daidzein, genistein, formononetin, and biochanin were
0.06, 0.08, 0.86, and 0.91% DM respectively. Multivariate analysis showed that the accessions grouped
into 10 distinct clusters that had between 1 and 10 members. Several accessions were superior
to existing cultivars—notably Mediterranean accessions with regard to cool season vigour—and
valuable for breeding programs to develop high yielding cultivars with either high (for possible
medicinal purposes) or low (for grazing) phytoestrogen concentrations.

Keywords: red clover; variability; phytoestrogen

1. Introduction

Red clover (Trifolium pratense L.) is a short-lived perennial legume [1] with a strong tap root.
The optimum temperatures for productivity in red clover are between 20 ◦C and 25 ◦C [2] and has
been widely sown in temperate regions of the former Soviet Union, Argentina, Chile, Columbia,
Mexico, USA, Canada, Japan, Australia, and New Zealand [2]. Generally, although the plant is quite
frost tolerant, herbage production in winter is poor. However, some cultivars that have been bred by
crossing superior New Zealand varieties with Mediterranean genotypes have shown improved winter
production [3]. The species is seen as an alternative to the more widely sown white clover and lucerne
in Australia and New Zealand but the need exists for further breeding and development of adapted
cultivars [4,5].
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When consumed by ruminants, oestrogenic isoflavones in red clover can result in the production
of equol, an oestrogenic substance that may impair reproductive processes. If exposed to Hamua red
clover, ewe weaners rapidly exhibit teat elongation [6] and ewes grazing red clover exhibit irregular
oestrus, cystic ovaries, and persistent glandular cysts affecting both the cervix and the endometrium.
Prolonged grazing on oestrogenic pastures for several years may result in permanent and progressive
infertility in ruminants [7]. To this end, low phytooestrogen cultivars have been developed in Australia
to provide safe grazing for sheep—e.g., Redwest and Redquin, selected from Hamua and Quinequeli,
respectively [8]. In Australia, the cultivars Genstar and Genstar Null have been selected for high
isoflavone concentrations for pharmaceutical use [9].

While the effects of red clover oestrogens on the reproduction of sheep and cattle are largely
negative, red clover extracts have been the subject of research for their application in human medicine,
especially in the treatment of menopausal symptoms in women [10]. Oestrogen plays an important role
in the human body and when oestrogen levels decrease with the onset of menopause, negative physical
effects can occur. Phytoestrogens are considered promising for preventing degenerative diseases such
as osteoporosis that are associated with oestrogen deficiency [11] although further research is required
to validate the role of red clover and red clover-derived phytoestrogens in the treatment of a range of
menopausal symptoms [12–14].

There is significant inter-varietal variation for oestrogenic isoflavone content in red clover [15].
Identification of material with a high concentration of phytoestrogens or desirable ratios of specific
oestrogens, combined with good agronomic performance, could progress the genetic improvement of
red clover for pharmaceuticals.

Various genotypes of red clover have been grouped by the use of cluster analysis for quantitative
and qualitative characters. Kouame and Quesenberry [16] evaluated more than 800 accessions of red
clover that represented 41 countries of origin. Great diversity was detected among accessions from
Eastern and Northern Europe, providing a structure for identifying a limited number of core accessions
in order to represent a large collection [16].

A set of red clover cultivars and accessions was grown out to characterise the accessions for
agronomic performance and biochemical characters. The material was selected to represent a broad
range of geographic originswith the aim of identifying new sources of germplasm for hybridization to
existing cultivars for future varietal development.

2. Results

2.1. Range and Variance of Agronomic Traits

There were significant genetic effects for all traits, for example visual assessment of winter dry
matter yield varied from 2.0 to 4.9 (on a 1–10 scale) and leaf width varied from 13.7 mm to 22.2 mm
(Table 1). The proportion of variance expressed by genetic effects was large, ranging from 0.97 for
flowering time to 0.45 for stem colour. Variance components for all traits were significant (greater than
twice the standard error) except in the case of leaf shape (Table 1). Therefore, a large proportion of
variation observed in this experiment was due to genetic effects. The mean and range of characteristics
for each trait across all entries are presented in Table 1. There was a range for leaf markings present in
the accessions that varied from no markings to a full, intermediate V mark [17] —data not shown.
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Table 1. Mean and range of characterisation measurements of red clover accessions. (σ2
g = genetic

variation, s.e = standard error; R = repeatability).

Trait Range Mean σ2
g ± s.e R

Autumn Recovery (Aut rec) 0.95–2.68 1.704 0.214 ± 0.044 0.694
Flowering Time (FT) 28.0–83.2 50.320 136.9 ± 25.60 0.877

Growth Habit, Spring/Summer (gh.ss) 2.19–5.84 3.976 1.580 ± 0.290 0.967
Leaf Shape (leaf sh) 1.10–2.40 2.166 0.035 ± 0.018 0.467

Flowering Prolificacy (prolificacy) 3.02–5.92 4.789 0.520 ± 0.104 0.820
Stem Colour (stem) 1.10–2.53 1.780 0.089 ± 0.033 0.447

Stipule Pigmentation (stipule) 1.50–3.73 2.278 0.314 ± 0.088 0.632
Cool Season Yield (DM, g/plant) (winter) 1.97–4.94 2.938 0.411 ± 0.086 0.734

Leaf Width (mm) (leaf w) 13.66–22.16 17.085 4.08 ± 1.11 0.658
Leaf Length (mm) (leaf l) 17.87–28.85 22.397 9.20 ± 2.66 0.638
Leaf Area (cm2) (leaf a) 1.56–2.44 1.944 0.063 ± 0.018 0.589

Biochanin (g/kg DM) (Bioch) 0.09–0.91 0.480 0.021 ± 0.01 0.656
Daidzein (g/kg DM) (Diadz) 0.003–0.060 0.010 0.0001 ± 0.0 0.791

Formononetin (g/kg DM) (Form) 0.06–0.86 0.354 0.011 ± 0.01 0.588
Genistein (g/kg DM) (Genist) 0.001–0.076 0.017 0.0001 ± 0.001 0.374
Total Isoflavones (g/kg DM) 0.14–1.45 0.865 0.051 ± 0.028 0.670

The BLUP estimates for agronomic and biochemical traits across red clover lines are presented in
Tables 2 and 3. The data demonstrate considerable variation for most traits. For example, the BLUP
estimates for flowering time ranged from 28 days from the commencement of data collection (SA 19676)
to 83.2 days after the commencement (M 98) (p < 0.05). Variation in leaf width was also evident with
the smallest (SA 20017) being 38 % smaller at 13.7 mm than the largest (A 9086) at 22.2 mm (p < 0.05).
Recovery of plants in autumn was closely correlated with cool season vigour which varied markedly;
17 accessions ranked ahead of the best cultivar (PAC 19, Chile). Accessions from Morocco, Tunisia,
Sardinia, and Turkey were superior for cool season vigour with yield increases up to 55% above the
best cultivar. Variation was also present for biochemical traits with BLUP estimates for biochanin
content ranging from 0.09% (SA 32.374) to 0.91% DM (S 36) and total isoflavone content ranging from
0.14% to 1.45% DM.
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Table 3. Mean effects of isoflavone concentrations (%DM) across red clover accessions.

Cultivar/Line No. Cultivar/Accession Origin Daidzein Genistein Formononetin Biochanin Total Isoflavone

1 PAC 19 Chile 0.011 0.04 0.59 0.62 1.26
3 Rajah Denmark 0.009 0.01 0.67 0.53 1.25
4 SA 26.449 Turkey 0.006 0.00 0.28 0.59 0.88
5 PI 4379 Unknown 0.019 0.04 0.47 0.57 1.10
6 SA 20.017 Turkey 0.007 0.03 0.31 0.62 0.97
7 PI 4377 Unknown 0.014 0.02 0.68 0.63 1.34
8 S48/9732 Turkey 0.008 0.05 0.33 0.33 0.71
9 El Sureno Argentina 0.005 0.08 0.59 0.78 1.45
10 SA 758 Morocco 0.008 0.03 0.13 0.10 0.27
11 Renegade USA 0.014 0.02 0.48 0.50 1.01
13 Krano Denmark 0.007 0.01 0.27 0.78 1.06
14 PI 5290 Unknown 0.008 0.01 0.51 0.67 1.20
15 T 106 Tunisia 0.060 0.01 0.29 0.17 0.53
16 SA 15.891 Turkey 0.005 0.03 0.41 0.56 0.99
18 SA 22.825 UK 0.010 0.01 0.32 0.82 1.16
19 Cherokee USA 0.010 0.01 0.37 0.74 1.13
20 SA 32.382 Turkey 0.012 0.00 0.34 0.47 0.82
21 S42/9635 Turkey 0.007 0.01 0.44 0.54 0.99
22 M 98 Morocco 0.006 0.00 0.02 0.13 0.17
23 SA 32.377 Turkey 0.013 0.03 0.22 0.31 0.58
24 SA 21.963 Uruguay 0.009 0.01 0.57 0.62 1.20
25 S36 Sardinia 0.009 0.02 0.16 0.91 1.09
26 SA 901 UK 0.003 0.01 0.29 0.76 1.06
27 SA 8.440 Russia 0.008 0.01 0.23 0.45 0.68
28 Colenso New Zealand 0.007 0.02 0.56 0.71 1.30
29 SA 32.376 Turkey 0.012 0.01 0.39 0.39 0.80
30 SA 26.500 Turkey 0.014 0.01 0.28 0.27 0.57
32 M 80 Morocco 0.006 0.00 0.58 0.07 0.14
33 S44/9664 Turkey 0.008 0.05 0.19 0.37 0.62
34 Quinqueli Chile 0.005 0.01 0.62 0.66 1.23
35 SA 18.686 Australia 0.004 0.01 0.25 0.78 1.05
37 S46/9679 Turkey 0.006 0.01 0.35 0.44 0.80
38 M 154 Morocco 0.008 0.00 0.07 0.18 0.27
42 SA 32.381 Turkey 0.009 0.01 0.31 0.35 0.67
43 S47/9706 Turkey 0.018 0.03 0.37 0.23 0.65
46 SA 19676 Afghanistan 0.005 0.00 0.08 0.23 0.31
47 Hamua New Zealand 0.005 0.01 0.52 0.70 1.23
49 PI 4378 Unknown 0.026 0.03 0.55 0.57 1.17
51 SA 32.380 Turkey 0.007 0.02 0.17 0.34 0.53
52 SA 32.374 Turkey 0.013 0.05 0.30 0.21 0.57
53 S59/9895 Turkey 0.004 0.01 0.09 0.09 0.19
54 SA 32.061 Russia 0.010 0.01 0.27 0.49 0.78
55 FLMR7 USA 0.006 0.00 0.28 0.50 0.79
56 LE 116 Uruguay 0.009 0.01 0.86 0.51 1.39
58 Kenland USA 0.007 0.04 0.12 0.19 0.36
59 Astred Portugal 0.018 0.02 0.55 0.68 1.26
61 SA 12.274 Turkey 0.004 0.01 0.56 0.72 1.29
62 P42 Unknown 0.010 0.01 0.38 0.66 1.06
63 T 98 Tunisia 0.013 0.00 0.25 0.16 0.43

S.e.d 0.011 0.340 0.231 0.271 0.408

2.2. Principal Component Analysis of Phenotypic and Biochemical Variance among Red Clover Accessions

The principal component plot (Figure 1) shows correlations between the various measured traits.
Leaf length and width measurements tended to be positively correlated with leaf area. Lines such as
number 44 (cv Concorde), which had long and wide leaves, had high prolificacy of flowering scores
and higher total isoflavone concentrations. The biplot shows that there is the potential to identify lines
with high concentrations of individual isoflavones and also with contrasting agronomic attributes.
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Figure 1. Principal component plot of biochemical and agronomic traits measured in 49 red clover
cultivars/accessions. A description of the trait abbreviations used in this figure is given in Table 1.

2.3. Cluster Analysis of Red Clover Accessions

Clustering of the data grouped the 64 accessions into ten distinct clusters that had between one
and twenty accessions (Figure 2). There were three accessions (M 98, A 9806, FLMR 7) that did not
satisfactorily cluster with any other accessions and therefore needed to be classed as separate clusters.
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Figure 2. Clustering of 64 red clover accessions based on agronomic and phytoestrogen data.
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3. Discussion

The traits measured in this experiment were similar to those descriptors used by Kouame and
Quesenberry [12]. However, the addition of phytoestrogens provides valuable new insight into genetic
variation for this important trait in the growth of red clover for pharmaceutical purposes. Many of the
traits were highly correlated (Figure 1). For example, those accessions with long leaves such as A 9806,
FLMR 7, LE 116, and SA 16658 tended also to have wide leaves and consequently had increased leaf
area. However, there were some accessions such as SA 21963 and Renegade that had long but narrow
leaves. Mediterranean accessions which displayed good autumn recovery in this experiment (e.g., S 42
and M 98) tended to have decreased flowering prolificacy. Plant breeders need to be mindful of this
information when selecting material based on its autumn yield performance in isolation from other
characteristics such as prolificacy of flowering.

There were several instances where accessions were found to have herbage yields that were
superior to Astred, a popular cultivar commonly used in Australia and New Zealand. Astred is
a stoloniferous cultivar selected from a Portuguese accession. It can reproduce through seed or
vegetatively through stolons and daughter plants. In the absence of root diseases, Astred can be a most
persistent variety; 55% ground cover has been measured after 16 years in Tasmanian pasture trials [18].

There are several different clustering approaches that have been successfully used to characterise
plant accessions into similarity groups. Kouame and Quesenberry [16] used germplasm evaluation
data from 800 accessions of red clover, which represented 41 countries of origin, and discovered large
variations for most characters over all origins. They clustered the accessions using standardised values
of 15 morphological and physiological descriptors and were able to identify three distinct groups
that corresponded to early, medium, and late maturity groups. Different similarity groups were then
identified within each of these three groups. This analysis revealed a large range of diversity among
the red clover accessions over all origins, with the most diversity occurring in accessions collected from
eastern and northern Europe, perhaps reflecting the history of breeding the species in those regions.

In this experiment, the 64 accessions evaluated fit into 10 distinct clusters. The accessions M
98, A9806, and FLMR 7 were not clustered to any other accessions and therefore were regarded as
single clusters. There were several clusters however, where accessions were tightly linked to the
commercial cultivars Astred, Colenso, and PAC 19. Accessions SA 23061 and SA 901 were tightly
clustered together with Astred, while P1 4377 and P 42 were closely linked to Colenso, illustrating
that these lines should be good sources of genetic variation similar to these commercially successful
cultivars. The accessions linked closely with PAC 19 formed a cluster that was quite distinct from all
other clusters. The mid-winter yield assessment confirmed the importance of Mediterranean material
as a source of outstanding cool season vigour as has previously been emphasised in studies on white
clover [19] and perennial grasses [20].

The fact that accessions clustered closely with the main cultivars, Astred and Colenso, shows that
there are plants with similar characteristics that may serve as potential sources of resistance to diseases
such as the root rot diseases that have limited the commercial use of red clover in Australia [21].
The study reported in this paper reflects a major characterization of red clover genetic resources
under Australian conditions and may serve as a source of novel germplasm for future breeding and
evaluation programs for either grazing or phytoestrogen production.

4. Materials and Methods

4.1. Germplasm

Over two years, 17 cultivars and 47 accessions were planted and characterized in the field.
The cultivars and accessions and their country of origin are listed in Table 2.
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4.2. Establishment

Seed of each of the 64 lines was sown in seedling trays filled with seed raising media. Seedlings
were cultivated in unheated glasshouse with natural lighting for eight weeks and then removed from
the glasshouse to harden outside prior to transplanting.

Seedlings were transplanted into a prepared seedbed in the field at Hamilton, Victoria (37◦44′

S, 142◦01′ E, alt. 200 m) in autumn 1999. Hamilton has a mean average annual rainfall of 703 mm.
The site was finely cultivated with power harrows and fertilized with 200 kg/ha of a compound (NPK)
fertilizer. The basalt-derived, duplex soil type at the experimental site was a clay-loam overlying heavy
clay. Weed mat was laid over the prepared site and holes made at appropriate intervals for the plants.

4.3. Trial Design

The seedlings were transplanted into the field experiment as a row column design, latinised
within columns. There were eight replicate blocks within which each entry was represented by a cell
of four plants, randomised within the block design.

4.4. Plant Measurements

Plant measurements were taken over a two-year period for the following characters: growth
habit (rating score 1 = erect, score 6 = prostrate), leaf markings and shape [22], leaf length, width and
area, flowering time (days after November 1st 1999 when the plant had three or more fully opened
flower heads, prolificacy of flowering (number of flowers per plant, rating score 1 = few, 9 = many),
stem colour (score 1 = green, score 5 = red) and stipule pigmentation [22]. Recovery after summer
drought was rated in autumn 2000 (1 = poor, 3 = good). Cool season vigour was assessed in July 2000;
all plants were rated (1 = poor, 10 = good) and 10 plants (1 for each rating) were randomly selected
from each block. These plants were cut at 50 mm above ground level and the harvested material
dried and weighed in order to calibrate the visual score and so provide an estimate of the yield of
dry matter for all plants. Samples for biochemical analysis were collected in October 2000 at hay
cutting time. Two young, fully developed leaves were harvested from each plant and were bulked into
three replicates.

4.5. Biochemical Analysis

The concentration of the phytoestrogens, daidzein, genistein, formononetin, and biochanin in
leaves were determined for 49 of the cultivars/accessions in the analytical laboratories of Novogen
Ltd., North Ryde, NSW. Isoflavones were analyzed using a modification of previously published
methods [23,24]. Aliquots (10 mL) of alcohol extract from leaf material were mixed with 100 mL of
glucuronidase. The mixture was incubated for 24 h at 37 ◦C after which it was extracted on a C-18
solid phase extraction column (Waters Pty. Ltd., Sydney, Australia). Isoflavones were eluted with 3 mL
of methanol and 10 mL of the extract was injected into the high-performance liquid chromatography
system. The high-performance liquid chromatography system consisted of a 25-cm, 5 nM, C-18
stationary phase column (Symmetry, Waters Pty. Ltd.) and a gradient acetonitrile/water mobile phase.
The limit of detection of the assay for each of the isoflavones measured was 5 ng/mL. The interassay
coefficient of variation (CV) was <15%.

4.6. Statistical Analysis

Data from the experiment were analysed using the method of residual maximum-likelihood
(REML) [25] to derive best linear unbiased predictor (BLUP) estimates for each of the characteristics
measured for each entry. To display the relationship among accessions and traits in the data (using
BLUP estimates), a biplot graphical representation was used. For this a principal component analysis
(PCA) was performed using S-Plus 2000 (MathSoft, Inc., Cambridge, MA, USA). The relationship
between the accessions and the traits were displayed using a point-vector plot, with points representing
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accessions, and directional vectors representing traits. The angles between the vectors reflected the
correlation structure among traits. By drawing a perpendicular line from the treatment points to the
trait vectors, the trait measurements for the accessions can be compared with the average, which is
represented by the origin. Equal scaling of the component axes was needed for accurate projection
of the points onto the trait vectors. Finally, an agglomerative, hierarchical grouping technique was
used with squared Euclidean distance as the dissimilarity measure, based on the BLUP estimates,
was carried out using S-Plus 2000 (MathSoft, Inc. Cambridge, MA, USA).

5. Conclusions

Significant variation for agronomic and biochemical traits was found amongst accessions.
In several instances, their yield attributes were superior to the current major cultivar used in Australia
and New Zealand, Astred. Clustering helped to identify several red clover accessions that were tightly
linked to commercial cultivars (viz. Astred, Colenso, and PAC 19) and a valuable source of variation
for a genetic improvement program.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4395/7/2/34/s1.
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Abstract: Brachiaria grass is an emerging forage option for livestock production in Kenya. Kenya lies
within the center of diversity for Brachiaria species, thus a high genetic variation in natural populations
of Brachiaria is expected. Overgrazing and clearing of natural vegetation for crop production and
nonagricultural uses and climate change continue to threaten the natural biodiversity. In this study,
we collected 79 Brachiaria ecotypes from different parts of Kenya and examined them for genetic
variations and their relatedness with 8 commercial varieties. A total of 120 different alleles were
detected by 22 markers in the 79 ecotypes. Markers were highly informative in differentiating
ecotypes with average diversity and polymorphic information content of 0.623 and 0.583, respectively.
Five subpopulations: International Livestock Research Institute (ILRI), Kitui, Kisii, Alupe, and
Kiminini differed in sample size, number of alleles, number of private alleles, diversity index, and
percentage polymorphic loci. The contribution of within-the-individual difference to total genetic
variation of Kenyan ecotype population was 81%, and the fixation index (FST = 0.021) and number
of migrant per generation (Nm = 11.58) showed low genetic differentiation among the populations.
The genetic distance was highest between Alupe and Kisii populations (0.510) and the lowest between
ILRI and Kiminini populations (0.307). The unweighted neighbor-joining (NJ) tree showed test
ecotypes grouped into three major clusters: ILRI ecotypes were present in all clusters; Kisii and Alupe
ecotypes and improved varieties grouped in clusters I and II; and ecotypes from Kitui and Kiminini
grouped in cluster I. This study confirms higher genetic diversity in Kenyan ecotypes than eight
commercial varieties (Basilisk, Humidicola, Llanero, Marandú, MG4, Mulato II, Piatá and Xaraés)
that represent three species and one three-way cross-hybrid Mulato II. There is a need for further
collection of local ecotypes and their morphological, agronomical, and genetic characterizations to
support Brachiaria grass breeding and conservation programs.

Keywords: analysis of molecular variance; breeding; fixation index; genetic conservation; private
allele

1. Introduction

Brachiaria grass is one of the most important tropical grasses distributed throughout the tropics,
especially in Africa [1]. The genus Brachiaria consists of about 100 documented species of which
7 perennial species of African origin have been used for pasture production in South America, Asia,
South Pacific, and Australia [2]. It has high biomass production potential and produces nutritious
herbage resulting in increased livestock productivity [3,4]. Brachiaria is adapted to drought and
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low-fertility soils, sequesters carbon through its large root system, enhances nitrogen use efficiency,
and subsequently minimizes eutrophication and greenhouse gas emissions [5–8]. Brachiaria plays
important roles in soil erosion control and ecological restoration. Brachiaria species have been an
important component of sown pastures in humid lowlands and savannas of tropical America, with
current estimated acreage of 99 million hectares in Brazil alone [9].

In Africa, the evaluations of Brachiaria species for pasture improvement started during the 1950s.
These researches focused on B. brizantha, B. decumbens, B. mutica, and B. ruziziensis for forage production,
agronomy (establishment, drought, cutting intervals, and fertilizers), compatibility with herbaceous
and tree legumes, nutritive values, and their benefit to ruminant production. These studies concluded
the suitability and broader adaptation of several Brachiaria species to different agroecological zones
in Africa [10]. However, these practices were not widespread because of ample communal grazing
lands, limited realization on roles of sown pasture in the livestock production, subsistence animal
farming, and low government priority to pasture development. Recently, the mounting demand
for livestock products in Africa has renewed interest of farmers, researchers, development agencies,
and government organizations on forages, particularly in species with good adaptability to climate
change such as Brachiaria grass. Therefore, there has been multiple repatriations of Brachiaria grass to
Africa in the form of hybrids and improved landraces [11,12]. These materials have shown positive
performance in terms of biomass production, improved forage availability and livestock productivity
in Kenya and Rwanda. These results have revealed Brachiaria as an ideal forage option for the livestock
farmers in East Africa.

Despite high popularity, the Brachiaria acreage in Africa is low and relies on a few varieties that
were developed for tropical Americas and Australia. Within a short period of introduction, some of
these varieties have shown susceptibility to pests and diseases, raising question on the expansion
of Brachiaria acreage in Africa with these varieties. There is therefore a need for an Africa-based
Brachiaria improvement program to develop varieties that are tolerant to biotic and abiotic stress for
different environmental conditions. Germplasms of broad genetic base is the prerequisite for any
crop improvement. The best approach to increase genetic variations in apomictic species such as
Brachiaria is tapping natural variations from the center of diversity. Since the 1950s, multiple missions
were undertaken in Africa to collect Brachiaria germplasms, with a current inventory of 987 accessions
of 33 known Brachiaria species [13]. Considering distribution of Brachiaria in Africa and size of the
continent, the number of samples available in collection is definitely non-exhaustive and warrants
further collection efforts. However, the existence of these genetic resources in Africa is continuously
threatened by overgrazing and clearing of vegetation for crop production and nonagricultural uses
and adverse effects of climate change.

Kenya is located within a region that represents a center of diversity for genus Brachiaria. Therefore,
high natural variation is expected among Brachiaria populations in Kenya. This study aimed to create
a collection of local Brachiaria ecotypes in Kenya, assess their genetic diversity using microsatellite
markers, and examine their genetic relationships with eight commercial cultivars. The study will
broaden geographical coverage and/or genetic base of the global Brachiaria collection and provide
invaluable information for Brachiaria improvement and conservation programs.

2. Results

2.1. Descriptive Statistics for Simple Sequence Repeat (SSR) Markers

Descriptive statistics for all marker sets were computed (Table 1). The major allele frequency
ranged from 0.2405 (Brz3002) to 0.8228 (Brz0076) with a mean of 0.5184. The number of different
alleles ranged from 3 (Brz0029) to 10 (Brz0130) with a mean of 5.45. The genetic diversity averaged to
0.6225 with a range of 0.3169–0.8021. Similarly, the polymorphic information content (PIC) ranged
from 0.3087 (Brz0076) to 0.8384 (Brz3002) with a mean of 0.5825.
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Table 1. Descriptive statistics for microsatellite markers.

Marker MAF NDA I PIC

Brz0012 0.4304 5 0.7101 0.6670
Brz0028 0.4304 5 0.6521 0.5892
Brz0029 0.6203 3 0.5124 0.4327
Brz0067 0.4051 5 0.7419 0.7061
Brz0076 0.8228 3 0.3169 0.3087
Brz0087 0.481 8 0.6983 0.6649
Brz0092 0.8101 5 0.3352 0.3240
Brz0100 0.4684 4 0.6614 0.6052
Brz0115 0.3671 7 0.8021 0.7829
Brz0117 0.6076 6 0.5371 0.4676
Brz0118 0.5063 4 0.5573 0.4613
Brz0122 0.4557 6 0.6739 0.6225
Brz0130 0.3418 10 0.7947 0.7706
Brz0149 0.7722 5 0.3874 0.3679
Brz0156 0.6456 4 0.5365 0.497
Brz0203 0.3671 7 0.7685 0.7379
Brz0212 0.5823 8 0.6195 0.5906
Brz0213 0.7468 4 0.4192 0.3932
Brz0214 0.4304 7 0.7432 0.7138
Brz0235 0.4051 4 0.7438 0.709
Brz3002 0.2405 5 0.854 0.8384
Brz3009 0.4684 5 0.6313 0.5643
Mean 0.5184 5.45 0.6225 0.5825

MAF = minor allele frequency, NDA = number of different alleles, I = Shannon’s genetic diversity, and
PIC = polymorphic information content.

2.2. Population Diversity Indices

The population diversity indices for five ecotype populations from Kenya were summarized
(Table 2). The International Livestock Research Institute (ILRI) population had highest number of
different alleles, and the Alupe population had the least. The number of private alleles was highest for
the ILRI population and the lowest for Kisii population. The information index ranged from 0.408 to
0.887 with a mean of 0.599. The observed heterozygosity was higher than expected for all populations.
The percentage polymorphic loci ranged from 46.47% (Kitui) to 86.87% (ILRI).

Table 2. Summary of population diversity indices averaged over 22 simple sequence repeat (SSR) markers.

Population N Na Np Ae I Ho He PL (%)

ILRI 60 3.633 0.833 2.21 0.887 0.76 0.499 86.67
KITUI 3 1.233 0.133 1.171 0.408 0.417 0.261 46.67
KISII 5 1.567 0.067 1.396 0.498 0.537 0.315 56.67

ALUPE 4 1.6 0.0133 1.486 0.524 0.544 0.333 60.00
KIMIN 7 2.133 0.1 1.833 0.678 0.647 0.41 70.00
Mean 15.8 2.033 0.22926 1.619 0.599 0.581 0.364 64.00

N = number of samples, Na = number of different Alleles, Np = number of private alleles, Ae = number of
effective alleles, I = Shannon’s information Index, Ho = observed heterozygosity, He = expected heterozygosity and
PL = percentage polymorphic loci.

2.3. Genetic Diversity and Relationships

The pairwise genetic distance and population matrix of Nie genetic identity were calculated
(Table 3). The genetic distance was highest between Alupe and Kitui populations (0.510), whereas
it was the lowest between ILRI and Kiminini populations (0.307). Similarly, genetic identity was
the highest between ILRI and Kiminini populations (0.636) and the lowest between Alupe and Kitui
populations (0.235). The principal coordinate analysis (PCoA) plot of ecotypes from five populations
showed no distinct clustering pattern (Figure 1). The first two principal coordinates explained 18.27%
of the total genetic variation within the test ecotypes. Specifically, the first and second coordinates
explained 10.85% and 7.42% of the total genetic variation, respectively. However, an unweighted
neighbor-joining tree of 79 ecotypes and 8 commercial cultivars showed them grouped into three
distinct clusters (Figure 2). Cluster I included 50 ecotypes from all five populations and six cultivars,
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cluster II included 21 ecotypes from three populations (Alupe, ILRI, and Kisii) and two cultivars,
and cluster III included 8 ecotypes, all from the ILRI population.

Figure 1. Principal coordinates analysis (PCoA) biplot showing the clustering of the 79 Brachiaria
ecotypes from different parts of Kenya (orange = Kitui, black = International Livestock Research
Institute (ILRI) Farm, green = Kisii, blue = Alupe, and purple = Kiminini).

Figure 2. Unweighted neighbor-joining tree using the simple matching dissimilarity coefficient
based on 22 microsatellite loci for all collected 79 Brachiaria ecotypes (ke_1 to ke_88) collected from
different parts of Kenya (orange = Kitui, red = commercial cultivars, black = ILRI Farm, green = Kisii,
blue = Alupe, and purple = Kiminini), and 8 commercial cultivars (B. brizantha cvs. Marandú,
MG4, Piatá, and Xaraés; B. decumbens cv. Basilisk; B. humidicola cvs. Humidicola and Llanero; and
three-species-ways cross-hybrid Mulato II.

28



Agronomy 2017, 7, 8

Table 3. Pairwise genetic distance based on shared allele (left) and population matrix of Nie genetic
identity (right) among the Brachiaria ecotype population from Kenya.

Population Alupe ILRI Kiminini Kisii Kitui

Alupe - 0.462 0.388 0.323 0.235
ILRI 0.393 - 0.636 0.440 0.327

Kiminini 0.448 0.307 - 0.399 0.299
Kisii 0.467 0.392 0.446 - 0.247
Kitui 0.510 0.441 0.413 0.503 -

2.4. Analysis of Molecular Variance (AMOVA)

The partitioning of the total variation in population at different levels was estimated with
AMOVA (Table 4). Within-the-individual difference contributed highest (81%) to total variation
followed by among-individual difference (17%) and among-population differences (2%). The fixation
index (FST) and number of immigration per generation (Nm) for study populations were 0.021 and
11.585, respectively.

Table 4. Analysis of molecular variance among and within populations, and within individuals for
Brachiaria accessions based on 22 SSR loci.

Source Degree of Freedom Sum of Squares Mean Squares Estimated Variance Variation (%) p Values

Among Populations 4 43.440 10.860 0.155 2% 0.023
Among Individual 74 619.649 8.374 1.215 17% 0.001
Within Individual 79 469.500 5.943 5.943 81% 0.001

Total 157 1132.589 7.313 100%

FST = 0.021 and Nm = 11.580

FST = Fixation index; Nm = Number of migration per generation.

3. Discussion

The genetic complexity, primarily apomictic mode of reproduction, and abundant natural
variations in Africa urge for a two-pronged approach (selection and breeding) for improving Brachiaria
grass in Africa. All-inclusive germplasm base with documented variations are prerequisite for the
effective breeding programs. This study collected 79 Brachiaria ecotypes in Kenya and documented
their genetic variations using microsatellite markers.

The PIC values for 22 SSR markers averaged to 0.5825, suggesting markers were capable of
differentiating 79 Kenyan Brachiaria ecotypes. The PIC value in this study is within the range reported
by Silva et al. [14], Jungmann et al. [15], and Vigan et al. [16], but was lower than that found by
Jungmann et al. [17] and Pessoa-Filho et al. [18]. Similarly, the average numbers of allele detected per
loci (5.45) was in the range reported by Silva et al. [14], Jungmann et al. [15], and Vigan et al. [16],
but was about half and one-third of that reported by Jungmann et al. [17] and Pessoa-Filho et al. [18],
respectively. However, these comparisons between studies may not be conclusive due to differences in
types and number of germplasms and markers used among studies.

The analysis of the distributions of alleles across populations is important for explaining genetic
diversity and population relationships [19]. Private alleles are important in plant breeding and
conservation as they are present only in a single population among a broader collection of populations [20].
Five ecotypes populations of Kenya were different for private alleles, with the highest number of private
alleles in the ILRI population and the least in the Kiminini population. Such variations in the private
alleles among populations most likely was the effect of the number of individuals per population, which
ranged from 3 to 60 individuals. Although no information was available on species composition of each
population, it is likely the presence of multiple species resulting in a high number of private alleles in
some populations. Irrespective of populations, HO was higher than HE, indicating mixing of previously
isolated populations. This is consistent with the human involvement in moving planting materials and
outcrossing nature of some Brachiaria species, for example, B. ruziziensis.
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The study population varied in genetic distance and genetic identity coefficients. The highest
genetic distance between Alupe and Kitui populations can be explained by the wider geographical
distance between these two locations (675 km), but the genetic distance between other populations
could not be associated to geographical proximity. Reports are available on forage research, including
seed production of B. ruziziensis in Kitale, Kenya [21,22], and involvement of Kenya Agricultural
Research Institute and Kenya Seed Company in the past in production and trading of B. ruziziensis
seeds [23]. It is likely that some of these Brachiaria seeds might have reached farmers’ fields and other
research stations in Kenya, including the ILRI, and afterwards naturalized in the wild. If this hold true,
a low genetic distance (0.307) between the ILRI and Kiminini (20 km away from Kitale) populations
could be because of shared genetic materials in early days.

The contribution of within-individual difference to total variation was 81%, whereas among-the-
individual and among-populations differences contributed 17% and 2%, respectively (Table 5). These
observations were in agreement with Vigna et al. [16] and Pessoa-Filho et al. [18], who reported
high contributions of within-the-accession/individual differences to total variation in B. brizantha
(84%) and B. ruziziensis (88%) populations. Similarly, Garcia et al. [24] and Azevedo et al. [25]
reported 73% and 65% of total variation attributed to within species or cluster, respectively. However,
Jungmann et al. [26] reported 44% of the variation in B. humidicola accessions as being due to the
subdivision of the germplasms into five groups. The FST and effective number of migrants per
generation (Nm) values of 0.021 and 11.580 indicated a relatively low genetic differentiation among
populations [27] and relatively high level of gene flow among the Kenyan ecotypes populations [28],
respectively. A low genetic differentiation among the study populations could be associated with
apomictic mode of reproduction, variable ploidy causing meiotic anomalies leading to reduced
pollen fertility, and dispersal of seeds by migratory herbivorous and human activities such as hay
transportation for feeding animals [16,26,29–32]. Polyploid plants are effective colonizers that can
occupy pioneer habitats and generate individuals that are able to exploit new niches or outcompete
progenitor species, whereas apomictic polyploid plants can fix heterosis [16,26,30].

Table 5. Microsatellite markers, primer sequences, annealing temperature (Ta), allele sizes, and number
of repeat motifs (adapted from Silva et al. [14]).

Marker Forward Primer Reverse Primer
Ta

(◦C)
Allele

Size (bp)
Repeat
Motif

Brz0012 ACTCAAACAATCTCCAACACG CCCACAAATGGTGAATGTAAC 59 160 (AT)8

Brz0028 CATGGACAAGGAGAAGATTGA TGGGAGTTAACATTAGTGTTTTT 57 158 (TA)8

Brz0029 TTTGTGCCAAAGTCCAAATAG TATTCCAGCTTCTTCTGCCTA 56 150 (AG)14

Brz0067 TTAGATTCCTCAGGACATTGG TCCTATATGCCGTCGTACTCA 51 156 (AT)9

Brz0076 CCTAGAATGCGGAAGTAGTGA TTACGTGTTCCTCGACTCAAC 58 151 (AT)7

Brz0087 TTCCCCCACTACTCATCTCA AACAGCACACCGTAGCAAGT 60 243 (GA)9

Brz0092 TTGATCAGTGGGAGGTAGGA TGAAACTTGTCCCTTTTTCG 54 251 (AT)6

Brz0100 CCATCTGCAATTATTCAGGAAA GTTCTTGGTGCTTGACCATT 56 256 (AT)11

Brz0115 AATTCATGATCGGAGCACAT TGAACAATGGCTTTGAATGA 59 252 (AT)6

Brz0117 AGCTAAGGGGCTACTGTTGG CGCGATCTCCAAAATGTAAT 60 260 (TA)5

Brz0118 AGGAGGTCCAAATCACCAAT CGTCAGCAATTCGTACCAC 57 252 (CT)11

Brz0122 CATTGCTCCTCTCGCACTAT CTGCAGTTAGCAGGTTGGTT 57 253 (CA)6

Brz0130 TCCTTTCATGAACCCCTGTA CATCGCACGCTTATATGACA 57 248 (CT)14

Brz0149 GCAAGACCGCTGTTAGAGAA CTAACATGGACACCGCTCTT 57 245 (AT)11

Brz0156 GCCATGATGTTTCATTGGTT TTTTGCACCTTTCATTGCTT 58 260 (AC)7

Brz0203 CGCTTGAGAAGCTAGCAAGT TAGCCTTTTGCATGGGTTAG 57 301 (GA)8

Brz0212 ACTCATTTTCACACGCACAA CGAAGAATTGCAGCAGAAGT 57 301 (CA)5

Brz0213 TGAAGCCCTTTCTAAATGATG GAACTAGGAAGCCATGGACA 57 296 (CA)7

Brz0214 TCTGGTGTCTCTTTGCTCCT TCCATGGTACCTGAATGACA 57 309 (AT)8

Brz0235 CACACTCACACACGGAGAGA CATCCAGAGCCTGATGAAGT 57 298 (TC)9

Brz3002 GCTGGAATCAGAATCGATGA GAACTGCAGTGGCTGATCTT 57 160 (AAT)7

Brz3009 AGACTCTGTGCGGGAAATTA ACTTCGCTTGTCCTACTTGG 55 151 (AAT)10
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This study is an effort to build a collection of Brachiaria ecotypes in Kenya and identify the
potential values of these genetic resources in the Brachiaria breeding program. It is important to
acknowledge some methodological limitations of this study while inferring population genetic
parameters such as unequal and/or small sample sizes (3–60 individuals per population), unknown
species and ploidy status of ecotypes, and dominant scoring scheme used in recording SSR fragments.
The current Brachiaria taxonomy is far from satisfactory and the problem of generic identity, and
species composition across entire taxa needs to be undertaken [1,22]. Application of robust genetic
markers and bioinformatics procedures in genetic analysis of Brachiaria spp. have been constrained by
a limited understanding of Brachiaria genetics, cytogenetic and reproductive biology, and unavailability
of reference genome. The agricultural and environmental importance of Brachiaria has recently spurred
several studies on Brachiaria, including sequencing of B. ruziziensis genome. Therefore, Kenyan
ecotypes collected in this study should be conserved and characterized further with the advent of new
genomics and bioinformatics tools developed for species with complex genome.

This is among the very first studies of this century in sub-Saharan Africa that involved collection
of local Brachiaria ecotypes from different parts of Kenya and examination of their genetic differences
using microsatellite markers. The genetic diversity data revealed that ecotypes, though representing a
few locations of Kenya, contained much more diversity than currently available 8 improved Brachiaria
varieties, which represent three species (B. brizantha, B. decumbens, and B. humidicola) and three-way
cross-hybrid Mulato II (B. brizantha × B. decumbens × B. ruziziensis). These results clearly indicate a
need for (I) further collection of local ecotypes in Kenya and other east and central African countries
that represent center of diversity of Brachiaria species to enrich the Brachiaria genepool in the gene
bank collections; (II) genetic characterization of local ecotypes and currently available gene bank
materials to understand diversity and ascertain the need for further collection; and (III) morphological
characterization of available genetic resource to identify/develop varieties suitable for different
production environments.

4. Experimental Section

4.1. Source of Plant Materials

Whole plant sample of 79 Brachiaria ecotypes were collected from five different parts of Kenya:
Alupe (n = 4), ILRI Farm (n = 60), Kiminini (n = 7) Kisii (n = 5), and Kitui (n = 3) in 2013 and
2014, and maintained in field at forage research plots of International Livestock Research Institute
(ILRI), Headquarters, Nairobi, Kenya. Seeds of eight improved varieties—B. decumbens cv. Basilisk,
B. brizantha cvs. Marandú, Xaraés, Piatá, and MG4, B. humidicola cvs. Humidicola and Llanero
(Marangatu Sementes, Ribeirão Preto, São Paulo, Brazil), and Mulato II (Tropical Seeds, Coral Springs,
FL, USA)—were planted in a variety demonstration plot at the ILRI Campus. About 4-week-old leaves
were harvested from all 79 ecotypes and 8 varieties (one sample/variety), freeze-dried, and stored
at −80◦ prior to DNA extraction. Ecotypes from all location but the ILRI Campus were collected jointly
by Biosciences eastern and central and Africa-International Livestock Research Institute (BecA-ILRI)
Hub and Kenya Agricultural and Livestock Research Organization (KALRO). The collection details
are summarized in Table 6.

Table 6. Collection details of Kenyan Brachiaria ecotypes included in the diversity assessment.

Ecotype Species Status Location Alt. (m a.s.l.) Lat. (S) Lon. (E) Collection Year

ke_1 Brachiaria spp. Wild ILRI Farm 1761 1.27085 36.72204 2013
ke_2 Brachiaria spp. Wild ILRI Farm 1783 1.27091 36.72200 2013
ke_3 Brachiaria spp. Wild ILRI Farm 1787 1.27117 36.72206 2013
ke_4 Brachiaria spp. Wild ILRI Farm 1805 1.27152 36.72212 2013
ke_5 Brachiaria spp. Wild ILRI Farm 1798 1.27306 36.72255 2013
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Table 6. Cont.

Ecotype Species Status Location Alt. (m a.s.l.) Lat. (S) Lon. (E) Collection Year

ke_6 Brachiaria spp. Wild ILRI Farm 1804 1.27307 36.72384 2013
ke_7 Brachiaria spp. Wild ILRI Farm 1810 1.27292 36.72390 2013
ke_8 Brachiaria spp. Wild ILRI Farm 1813 1.27281 36.72404 2013
ke_9 Brachiaria spp. Wild ILRI Farm 1815 1.27269 36.72436 2013
ke_10 Brachiaria spp. Wild ILRI Farm 1814 1.27262 36.72483 2013
ke_11 Brachiaria spp. Wild ILRI Farm 1808 1.27275 36.72517 2013
ke_12 Brachiaria spp. Wild ILRI Farm 1871 1.27077 36.72224 2013
ke_13 Brachiaria spp. Wild ILRI Farm 1814 1.27076 36.72532 2013
ke_14 Brachiaria spp. Wild ILRI Farm 1870 1.27073 36.72562 2013
ke_15 Brachiaria spp. Wild ILRI Farm 1852 1.27088 36.72697 2013
ke_16 Brachiaria spp. Wild ILRI Farm 1851 1.27091 36.72702 2013
ke_17 Brachiaria spp. Wild ILRI Farm 1840 1.27135 36.72716 2013
ke_18 Brachiaria spp. Wild ILRI Farm 1836 1.27152 36.72699 2013
ke_19 Brachiaria spp. Wild ILRI Farm 1832 1.27214 36.72649 2013
ke_20 Brachiaria spp. Wild ILRI Farm 1830 1.27236 36.72605 2013
ke_21 Brachiaria spp. Wild ILRI Farm 1828 1.2725 36.72592 2013
ke_22 Brachiaria spp. Wild ILRI Farm 1823 1.27268 36.72547 2013
ke_23 Brachiaria spp. Wild ILRI Farm 1825 1.27263 36.72520 2013
ke_24 Brachiaria spp. Wild ILRI Farm 1825 1.27273 36.72519 2013
ke_25 Brachiaria spp. Wild ILRI Farm 1825 1.27261 36.72560 2013
ke_26 Brachiaria spp. Wild ILRI Farm 1833 1.27213 36.72660 2013
ke_27 Brachiaria spp. Wild ILRI Farm 1835 1.27196 36.72673 2013
ke_28 Brachiaria spp. Wild ILRI Farm 1843 1.27144 36.72709 2013
ke_29 Brachiaria spp. Wild ILRI Farm 1852 1.27109 36.72713 2013
ke_30 Brachiaria spp. Wild ILRI Farm 1876 1.27067 36.72585 2013
ke_31 Brachiaria spp. Wild ILRI Farm 1837 1.27086 36.72210 2014
ke_32 Brachiaria spp. Wild ILRI Farm 1882 1.27084 36.72208 2014
ke_33 Brachiaria spp. Wild ILRI Farm 1854 1.27252 36.72235 2014
ke_34 Brachiaria spp. Wild ILRI Farm 1839 1.27264 36.72424 2014
ke_35 Brachiaria spp. Wild ILRI Farm 1826 1.27274 36.72518 2014
ke_36 Brachiaria spp. Wild ILRI Farm 1824 1.27233 36.72612 2014
ke_37 Brachiaria spp. Wild ILRI Farm 1830 1.27257 36.72567 2014
ke_38 Brachiaria spp. Wild ILRI Farm 1835 1.27165 36.72692 2014
ke_39 Brachiaria spp. Wild ILRI Farm 1847 1.27101 36.72718 2014
ke_40 Brachiaria spp. Wild ILRI Farm 1871 1.27077 36.72536 2014
ke_41 Brachiaria spp. Wild ILRI Farm 1866 1.2708 36.72210 2014
ke_42 Brachiaria spp. Wild ILRI Farm 1859 1.27134 36.72213 2014
ke_43 Brachiaria spp. Wild ILRI Farm 1842 1.27285 36.72249 2014
ke_44 Brachiaria spp. Wild ILRI Farm 1835 1.27242 36.72230 2014
ke_45 Brachiaria spp. Wild ILRI Farm 1829 1.2734 36.72302 2014
ke_46 Brachiaria spp. Wild ILRI Farm 1828 1.27315 36.72381 2014
ke_47 Brachiaria spp. Wild ILRI Farm 1829 1.27271 36.72427 2014
ke_48 Brachiaria spp. Wild ILRI Farm 1828 1.27269 36.72454 2014
ke_49 Brachiaria spp. Wild ILRI Farm 1816 1.27261 36.72550 2014
ke_50 Brachiaria spp. Wild ILRI Farm 1829 1.2717 36.72688 2014
ke_51 Brachiaria spp. Wild Kitui 1163 NA NA 2014
ke_52 Brachiaria spp. Wild Kitui 1163 NA NA 2014
ke_53 Brachiaria spp. Wild Kitui 1163 NA NA 2014
ke_54 Brachiaria spp. Wild ILRI Farm 1754 1.27778 36.38821 2014
ke_55 Brachiaria spp. Wild ILRI Farm 1857 1.2708 36.72206 2014
ke_56 Brachiaria spp. Wild ILRI Farm 1856 1.27284 36.72204 2014
ke_57 Brachiaria spp. Wild ILRI Farm 1844 1.27162 36.72208 2014
ke_58 Brachiaria spp. Wild ILRI Farm 1840 1.27203 36.72217 2014
ke_59 Brachiaria spp. Wild ILRI Farm 1822 1.2732 36.72357 2014
ke_60 Brachiaria spp. Wild ILRI Farm 1822 1.27321 36.72358 2014
ke_61 Brachiaria spp. Wild ILRI Farm 1810 1.27281 36.72506 2014
ke_62 Brachiaria spp. Wild ILRI Farm 1821 1.27176 36.72678 2014
ke_63 Brachiaria spp. Wild ILRI Farm 1824 1.27155 36.72697 2014
ke_67 Brachiaria spp. Wild Kisii 1750 0.68575 34.78978 2014
ke_68 Brachiaria spp. Wild Kisii 1750 0.68486 34.78914 2014
ke_69 Brachiaria spp. Wild Kisii 1750 0.68484 34.78910 2014
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Table 6. Cont.

Ecotype Species Status Location Alt. (m a.s.l.) Lat. (S) Lon. (E) Collection Year

ke_70 Brachiaria spp. Wild Kisii 1750 0.68471 34.78896 2014
ke_71 Brachiaria spp. Wild Kisii 1750 0.68473 34.78884 2014
ke_72 Brachiaria spp. Wild Alupe 1200 0.49766 34.12480 2014
ke_73 Brachiaria spp. Wild Alupe 1200 0.49781 34.12480 2014
ke_74 Brachiaria spp. Wild Alupe 1200 0.49847 34.12319 2014
ke_76 Brachiaria spp. Wild Alupe 1200 0.49855 34.12284 2014
ke_82 Brachiaria spp. Wild Kiminini 1750 0.89104 34.91368 2014
ke_83 Brachiaria spp. Wild Kiminini 1750 0.89102 34.91378 2014
ke_84 Brachiaria spp. Wild Kiminini 1750 0.89126 34.91338 2014
ke_85 Brachiaria spp. Wild Kiminini 1750 0.89144 34.91310 2014
ke_86 Brachiaria spp. Wild Kiminini 1750 0.89139 34.91302 2014
ke_87 Brachiaria spp. Wild Kiminini 1750 0.8913 34.91272 2014
ke_88 Brachiaria spp. Wild Kiminini 1750 0.89131 34.91264 2014

4.2. Genomic DNA Extraction

The DNA was extracted using the cetyl-trimethyl ammonium bromide (CTAB) [33] method with
slight modifications. About 150 mg of the young leaves were cut into small pieces, ground in liquid
nitrogen, and added with 800 μL of 2% CTAB buffer. The suspension was transferred into clean
microfuge tubes and incubated at 65 ◦C for 30 min, followed by incubation at room temperature
for 5 min and centrifuged at 3500 rpm for 10 min. After centrifugation, 400 μL of supernatant was
transferred into new microfuge tubes and 400 μL of chloroform iso-amyl alcohol (24:1) was added to
each tube and mixed by inversion for 10 min. Tubes were spun at 3500 rpm for 10 min, aqueous phase
was transferred to clean microfuge tubes, and 400 μL of chloroform iso-amyl alcohol (24:1) was added
again to each tube and spun for 10 min at 1100 rpm; this process was repeated twice. After the final
centrifugation, the DNA was precipitated in 300 μL of cold isopropanol (100%) and inverted about
50 times to facilitate the mixing and precipitation, and incubated overnight at −20 ◦C. The following
day, the microfuge tubes were removed from the freezer, thawed and spun at 3500 rpm at 4 ◦C for
20 min. The isopropanol was decanted and the genomic DNA pellet was air-dried. The DNA pellet was
rinsed with 300 μL of 70% (w/v) ethanol and dissolved in 100 μL of low-salt TE buffer containing 3 μL
of 10 mg/mL of 1% RNase solution and incubated in a water bath at 45 ◦C for 90 min. DNA quality
and quantity were checked by 0.8% agarose gel (w/v) and NanoDrop Spectrophotometer. The genomic
DNA was adjusted to the final concentration of 20 ng/μL and stored at 4 ◦C for PCR amplification.

4.3. PCR Amplification and Genotyping

The genomic DNA was amplified using AccuPower®PCRPreMix with Bioneer negative dye
(Bioneer, Alameda, CA, USA). A reaction volume of 10 μL containing 0.4 μL MgCl2 (final concentration
of 2 mM MgCl2), 0.4 μL each of forward and reverse primers labeled with different fluorescent
dyes (6-FAM (blue), VIC (green), NED (black), and PET(red)), 2 μL template DNA (20 ng/μL),
and 6.8 μL of sterile distilled water was used for PCR amplification. A total of 22 SSR markers
(Table 5) initially developed for B. ruziziensis with the proven transferability to other species were
used in this study [14]. The PCR conditions were: initial denaturation for 5 min at 94 ◦C followed
by 35 cycles at 94 ◦C for 30 s, 57 ◦C for 60 s, 72 ◦C for 2 min, and final extension at 72 ◦C for 10 min.
The amplicons’ integrity was checked using agarose gel electrophoresis in 2% agarose gel (w/v)
stained with 2.5 μL of GelRed solution. The agarose gel images were visualized under Ultra-Violet
and the digital image was captured. The size of amplified fragments was estimated comparing with
1 kb DNA ladder (Thermo Fisher Scientific, Waltham, MA, USA). The SSR fragment sizes and allele
variations in the repeats were assessed by capillary electrophoresis of amplicons and sequencing of the
amplified loci. The multiplexed PCR products were mixed with 8.87 μL Hi-Di-formamide and 0.135 μL
fluorescent-labeled GeneScan™ LIZ size standard (Applied Biosystems, Foster City, CA, USA) in a
96-well microtiter plate. The mixed products were denatured at 95 ◦C for 3 min and snap-chilled on
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ice for 5 min to avoid the formation of double-strand DNA. The products were loaded to Applied
Biosystems 3730xl DNA Analyzer (Applied Biosystems, Foster City, CA, USA).

4.4. Data Analysis

The allele sizes generated by all 22 SSR markers on 79 ecotypes and 8 commercial varieties
were scored using GeneMapper v4.1 software (Applied Biosystems, Foster City, CA, USA). Since the
information on ploidy levels of test ecotypes was not available, SSR fragments were analyzed following
a dominant scoring scheme, as used for other polyploidy species [34–37]. ALS-Binary and Allelobin
software [38,39] were used to convert allelic data to binary data (0, 1) where 0 and 1 represent absence
and presence of an allele, respectively. Statistical analysis of allelic and binary data was performed
using PowerMarker v.3.25 [40] to obtain total number of alleles per locus, allele size range, genetic
diversity and heterozygosity, and frequency-based genetic distances were calculated using shared
alleles distance matrix. The population diversity indices (e.g., number of alleles, private alleles,
and effective alleles per locus, Shannon Information index, and observed and expected heterozygosity)
were calculated using GenAIEx v.6.5 [41]. The same software was used to compute analysis of molecular
variance (AMOVA), principal coordinate analysis (PCoA), and matrix of genetic distance. The Dice
binary similarity coefficient [42] was used to generate the unweighted neighbor-joining tree (NJT)
showing relationships among test genotypes in Darwin Software v6.0 [43].

5. Conclusions

Brachiaria is a native African grass which is widely distributed in Kenya. It is one of the most
extensively cultivated forages in tropical Americas, Australia and East Asia. However the cultivation
of Brachiaria for pasture production in Kenya and Africa in general has been recently initiated through
the repatriation of Brachiaria in the form of hybrids and improved landraces from South America.
Despite excellent herbage production performance and benefits to livestock productivity, some of
these introduced materials have shown susceptibility to pests and diseases within a short period of
establishment. It has raised serious concern on the expansion of Brachiaria acreage in Kenya urging the
needs for the Africa based Brachiaria improvement program. This study with collection of 79 Brachiaria
ecotypes from a few locations of Kenya and their genetic diversity analyses revealed the presence
of substantial genetic variations among Kenyan ecotypes, and close genetic relationships among
improved landraces and Hybrid Mulato II. This study suggests need for collecting more ecotypes from
different agroecological regions of Kenya to broaden genetic bases of existing genebank collections, and
their morphological, agronomical, and genetic characterizations to support Brachiaria grass breeding
and conservation programs.
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Abstract: Breeding of native cool-season grasses has the potential to improve forage production
and expand the range of bioenergy feedstocks throughout western North America. Basin wildrye
(Leymus cinereus) and creeping wildrye (Leymus triticoides) rank among the tallest and most
rhizomatous grasses of this region, respectively. The objectives of this study were to develop
interspecific creeping wildrye (CWR) × basin wildrye (BWR) hybrids and evaluate their biomass
yield relative to tetraploid ‘Trailhead’, octoploid ‘Magnar’ and interploidy-hybrid ‘Continental’ BWR
cultivars in comparison with other perennial grasses across diverse single-harvest dryland range
sites and a two-harvest irrigated production system. Two half-sib hybrid populations were produced
by harvesting seed from the tetraploid self-incompatible Acc:641.T CWR genet, which was clonally
propagated by rhizomes into isolated hybridization blocks with two tetraploid BWR pollen parents:
Acc:636 and ‘Trailhead’. Full-sib hybrid seed was also produced from a controlled cross of tetraploid
‘Rio’ CWR and ‘Trailhead’ BWR plants. In space-planted range plots, the ‘Rio’ CWR × ‘Trailhead’
BWR and Acc:641.T CWR × Acc:636 BWR hybrids displayed high-parent heterosis with 75% and 36%
yield advantages, respectively, but the Acc:641.T CWR × ‘Trailhead’ BWR hybrid yielded significantly
less than its BWR high-parent in this evaluation. Half-sib CWR × BWR hybrids of Acc:636 and
‘Trailhead’ both yielded as good as or better than available BWR cultivars, with yields similar to
switchgrass (Panicum virgatum), in the irrigated sward plots. These results elucidate opportunity to
harness genetic variation among native grass species for the development of forage and bioenergy
feedstocks in western North America.

Keywords: arid ecosystems; cold-desert; high-elevation; interspecific hybrids; self-incompatibility

1. Introduction

Development of biofuel feedstocks in the United States has been focused on switchgrass
(Panicum virgatum) as a model crop system in part because of its performance in herbaceous crop
screening trials conducted across Alabama, Iowa, Indiana, New York, North Dakota, Ohio and Virginia;
and also because decision makers recognized the strategic importance to demonstrate the feasibility
of developing a cellulosic biofuel crop with limited funding [1–4]. Switchgrass is a warm-season
rhizomatous perennial grass endemic to southeastern North America encompassing parts of Cuba,
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southeastern Canada, northeastern Mexico, and most the United States east of the Rocky Mountains [5]
including all of the states where it was tested during the initial phase of biofuel feedstock screening in the
United States [1–4]. However, with the exception of western North Dakota, located near the geographic
center of North America, most of the western United States was excluded from the initial herbaceous
crop screening process [1–4]. Studies have shown that cool-season perennial Triticeae grasses including
crested wheatgrass (Agropyron desertorum), intermediate wheatgrass (Thinopyrum intermedium),
mammoth wildrye (Leymus racemosus), tall wheatgrass (Thinopyrum ponticum), and native western
wheatgrass (Pascopyrum smithii) may be useful for forage and bioenergy feedstock production across
the prairie provinces of Canada and the central United States including Alberta, Kansas, Manitoba,
North Dakota, Saskatchewan, and South Dakota [1,4,6–10]. These cool-season perennial Triticeae
grasses are also well adapted to the high-elevation cold-desert Great Basin region of the western
United States including large regions of Nevada and Utah [11–13]. Intermediate wheatgrass and tall
wheatgrass produced substantially more biomass than warm-season grasses, including five varieties
of switchgrass, in a five-harvest irrigated production system in northern Utah [11]. Basin wildrye
(Leymus cinereus) performed relatively well in low-irrigation single-harvest management systems in
the cold-desert environments of the Idaho, Nevada, and Utah [12,14], where this species is native.
However, efforts to improve biomass productivity of these cool-season perennial grasses lag behind
switchgrass or miscanthus.

The development and testing of intraspecific and interspecific hybrids has been a focal point
of breeding and genetic research in bioenergy grasses [15], including switchgrass and miscanthus.
One of the most productive forms of miscanthus (Miscanthus × giganteus) is a sterile hybrid between
Miscanthus sacchriflorus and Miscanthus sinensis that is clonally propagated by rhizomes [1,16–19].
Some hybrids of M. sacchriflorus and M. sinensis display up to 30%–35% F1 high-parent heterosis
without selection for specific combining ability [20], and there has been considerable effort to identify,
develop, and test new miscanthus hybrids [19,21–24]. Switchgrass hybrids also show evidence of
heterosis. Full-sib hybrid families, population hybrids, and advanced generation synthetic hybrid
populations of upland and lowland switchgrass ecotypes showed evidence of mid-parent heterosis in
spaced-plant plots [25] and high-parent heterosis in sward plots [26]. Extensive testing of reciprocal
crosses within and between the upland and lowland ecotypes detected no evidence of high-parent
heterosis and mid-parent heterosis was limited to a small fraction of the hybrids [27]. Nevertheless,
the identification of complementary gene pools is expected to help produce useful hybrids and
hybrid-derived populations for switchgrass biomass production [5,28,29]. As a native plant species,
there is a wealth of regionally adapted genetic resources available for the development of switchgrass
varieties and hybrids in North America [1,5,29,30]. Likewise, development and testing of native
cool-season grasses has the potential to diversify cropping systems and expand the expected range of
adaptation of bioenergy feedstocks throughout western North America.

Basin wildrye (BWR) is considered one of the largest and most conspicuous native bunchgrasses
in western North America, with aerial stems in excess of 2 m [31] and a deep fibrous root system [12,32].
Although the native range of BWR is quite large, its distribution is restricted to sites where water
and soil accumulate, which includes road sides and field margins [33]. Three genetically distinct
races, including allotetraploid (2n = 4x = 28) and auto-duplicated octoploid (2n = 8x = 56) cytotypes,
have been identified and named based on their corresponding distributions across the Columbia,
Rocky Mountain, and Great Basin ecogeographic regions [33]. The octoploid (8X) cytotypes have
significantly larger leaves, longer culms, and greater crown circumference compared to tetraploid
(4X) cytotypes, and there is evidence of climatic adaptations within BWR [34]. However, it is not
known how these differences related to biomass productivity under cultivation. The two standard
BWR varieties—octoploid (8X) ‘Magnar’ and tetraploid (4X) ‘Trailhead’—were collected directly from
wild natural populations in southeastern British Columbia (Columbia race) and southcentral Montana
(Rocky Mountain race), respectively [33], without subsequent selection. A new synthetic BWR variety,
‘Continental’, was selected from a hybrid population of chromosome-doubled (4X + 4X) ‘Trailhead’

39



Agronomy 2017, 7, 3

and 8X ‘Magnar’ [35]. ‘Continental’ was released based on its superior stand establishment in range
seeding evaluations [35], but the biomass-related traits of ‘Continental’ have not been compared to
‘Trailhead’, ‘Magnar’, or any other grass. Although BWR shows potentially useful biomass yields in a
single-harvest management systems [12,14], none of the BWR cultivars were bred for biomass yield
and they may lack the defoliation tolerance needed for more intensive multiple-harvest production
systems [14].

Creeping wildrye (Leymus triticoides) is closely related to BWR and has a similar range of
distribution throughout western North America, but it is usually found in different habitats such as
saline meadows and harsh alkaline sites in [33]. Creeping wildrye (CWR) is also different from BWR in
that it has extensive rhizomes, typically grows much shorter than BWR, and it had significantly lower
biomass yield, by about 50%, in comparisons with BWR [14,31]. The only available CWR cultivar, ‘Rio’,
was collected from a natural population in Kings Valley of California [36] and has been evaluated as
a forage and biomass crop in the western San Joaquin Valley using saline-sodic drainage water for
irrigation [37,38].

Interspecific hybrids of CWR and BWR have been developed and tested for biomass yield and
other agronomic traits [14,31]. In a single-harvest management system, two CWR × BWR single-cross
hybrid genets showed indications of mid-parent heterosis for dry matter yield (DMY), with both
hybrids showing substantially better yields than the lower-yielding CWR parent, and one of the
single-cross hybrid genets showed significantly (p < 0.001) greater yields than the higher-yield BWR
parent [14]. It was also postulated that increased rhizomatousness in the CWR × BWR hybrids may
provide a mechanism of defoliation tolerance and regrowth not present in BWR [14,39], which may
in turn facilitate management in multiple-harvest production systems. However, these previous
studies [14,39] were based on evaluations of clonal propagules from two single-cross hybrid genets.
The difficulty of controlling pollination and producing substantial quantities of hybrid seed has
limited the testing of CWR × BWR hybrids on the field-scale level [14], which has also been a
challenge with switchgrass and other allogamous perennial grasses [26]. Thus, for this study, we have
proposed a strategy to produce larger volumes of hybrid seed for different CWR × BWR hybrids
by growing rhizome propagules from one self-incompatible CWR genet, Acc:641.T, in isolated field
hybridization plots with different varieties or natural populations of BWR as the only available pollen
source. Using this approach, we anticipated several possible outcomes: (1) distinct half-sib hybrid
seed populations resulting from crosses of Acc:641.T CWR pollinated by different BWR populations;
(2) no seed set due to the lack of compatible pollen; and (3) seeds resulting from self-fertilization of the
Acc:641.T CWR genet.

The overall purpose of the research reported herein was to develop and test BWR and
CWR × BWR hybrids for efficient biomass feedstock production in western North America. This study
addresses several questions:

• Is it possible to utilize the gametophytic self-incompatibility mechanism of perennial grasses
combined with the highly rhizomatous nature of CWR to mass produce half-sib hybrid seed for
different 4X CWR × 4X BWR or 4X CWR × 8X BWR crosses on a field scale level?

• How do the relative biomass yields of CWR × BWR half-sib hybrids and higher-yielding BWR
parent varieties compare to relative yields of previously tested CWR × BWR hybrid genets and
their BWR parent varieties [14], in single-harvest dryland range production systems?

• What is the relative performance of CWR × BWR hybrids, interploidy BWR hybrid, standard BWR
varieties, and other bioenergy candidate species in terms of DMY in a two-harvest irrigated
production system of western North America?

• Do the CWR × BWR hybrids show evidence of biomass heterosis?

Specific experimental objectives that were formulated to address these questions were to
(1) compare the yield, average seed size, and percent germination of seed harvested from one 4X
CWR genet (Acc:641.T) grown in combination with different 4X or 8X BWR populations in isolated
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hybridization plots; (2) examine the genetic identity of seed harvested from the 4X Acc:641.T CWR genet,
in different hybridization plots, relative to CWR and BWR parental genotypes, using DNA markers;
(3) compare biomass accumulation potential of half-sib CWR × BWR hybrids and the interploidy BWR
hybrid to the high-parent BWR reference populations in dryland range environments, and; (4) compare
early-season, late-season, and average yearly biomass yields of half-sib CWR × BWR hybrids, the
interploidy BWR hybrid, two standard BWR varieties, intermediate wheatgrass, switchgrass, and tall
wheatgrass in a two-harvest irrigated management system designed for efficient biomass production in
this region.

2. Results

2.1. Yield and Quality of Half-Sib Hybrid Seed Production

Yield, average seed weights, and percent germination of seed harvested from hybridization plots
were significantly influenced (p < 0.001) by the presence of different BWR pollen populations (Table 1).
Seed yield and average seed weights also showed significant variation (p < 0.001) over years. Seed yield
in the second year was significantly higher (p < 0.05) than other years (Table 1) but seed weights were
significantly greater (p < 0.001) in the first year compared to other years (results not shown). Seed yields
in the fourth year were significantly lower than the second year (p < 0.001) or third year (p < 0.05) and
seed weights in the fourth year were significantly lower than all other years (p < 0.001). The average
seed yields in hybridization plots containing 4X BWR pollen parents (5.9 g·m−2) was significantly
greater (p < 0.001) than the average seed yields in hybridization plots containing 4X BWR pollen
parents (1.0 g·m−2). The average seed weights in hybridization plots containing 4X BWR pollen
parents (2.68 mg) was significantly greater (p < 0.001) than the average seed yields in hybridization
plots containing 4X BWR pollen parents (1.74 mg). Finally, the percent germination in hybridization
plots containing 4X BWR pollen parents (56.3%) was significantly greater (p < 0.001) than the average
seed yields in hybridization plots containing 4X BWR pollen parents (11.0%).

Table 1. Yield, average seed weight, and percent germination of seed harvested from the tetraploid (4X)
Acc:641.T creeping wildrye genet grown in hybridization plots containing octoploid (8X) or tetraploid
(4X) basin wildrye (BWR) pollen-parent populations. Significant differences among groups of entry
means are indicated by lettered ranks, within table columns, based on least significant differences
(p < 0.05).

BWR Pollen-Parent
Population

Year 1 Yield
(g·m−2)

Year 2 Yield
(g·m−2)

Year 3 Yield
(g·m−2)

Year 4 Yield
(g·m−2)

Avg. Yield
(g·m−2)

Seed
Weight (mg)

Percent
Germination

4X Acc:636 BWR 3.8 a 10.2 a 4.5 b 1.9 ab 5.1 b 2.70 a 54.1 a
8X ‘Continental’ BWR 0.6 b 1.8 b 1.0 c 0.2 c 0.9 c 1.72 b 12.5 b

8X ‘Magnar’ BWR 0.4 b 2.1 b 1.3 c 0.5 bc 1.1 c 1.75 b 9.6 b
4X ‘Trailhead’ BWR 3.7 a 12.1 a 7.7 a 3.1 a 6.6 a 2.67 a 58.5 a

Standard error 0.6 2.5 0.6 0.5 0.6 0.05 2.8
Average 2.1 6.6 3.6 1.4 3.4 2.21 33.7

2.2. Genetic Identity and Genetic Diversity of Seed Harvested from CWR × BWR Hybridization Plots

Principle coordinates analysis of DNA profiles from individual plants elucidated genetic diversity
within and between three major groups comprised of CWR, BWR, and apparent half-sib hybrids of
CWR and BWR (Figure 1). Moreover, genetically distinct subgroups corresponding to the 4X Acc:636,
4X ‘Trailhead’, and 8X ‘Magnar’ populations were also detectable within the highly-diverse BWR group
(Figure 1). The 8X ‘Continental’ BWR interploidy hybrid population showed considerable overlap
with its 8X ‘Magnar’ BWR parent population, but it did not overlap with its other 4X ‘Trailhead’ BWR
parent population (Figure 1). Most of the progeny sampled from the hybridization plots appeared
to be hybrids of CWR and BWR, similar to previously described TC1 and TC2 single-cross hybrid
genets of the 4X Acc:641 CWR × 4X Acc:636 BWR cross (Figure 1). In fact, the TC1 and TC2 hybrids
were indistinguishable from progeny sampled from hybridization plots containing 4X Acc:636 BWR
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(Figure 1), which all have a very similar genetic background except that the TC1 and TC2 single-cross
hybrids originated from 4X Acc:641 CWR plants that were not genetically identical to the 4X Acc:641.T
CWR genet.

Figure 1. Principle coordinates analysis of genetic similarity coefficients among DNA genotypes
from 314 individual plants of creeping wildrye (CWR), basin wildrye (BWR), and half-sib hybrid
(HSH) populations harvested from the 4X Acc:641.T CWR genet in hybridization plots containing
tetraploid (4X) or octoploid (8X) pollen-parent populations of 4X Acc:636 BWR, 4X ‘Trailhead’ BWR, 8X
‘Continental’ BWR, and 8X ‘Magnar’ BWR. Population identifiers include presumed self-progeny of the
4X Acc:641.T CWR genet (from hybridization plots containing 8X ‘Continental’ BWR or 8X ‘Magnar’
BWR). The identity of two 4x Acc:641 CWR × 4X Acc:636 BWR single-cross hybrids, TC1 and TC2,
are also identified.

Not all of the progeny harvested from hybridization plots containing 8X BWR pollen sources
appeared to be CWR × BWR hybrids. Eight of the 33 progeny sampled from hybridization plots
containing the 8X ‘Continental’ BWR pollen source grouped with other 4X Acc:641 CWR plants,
indicating that approximately 24% of these progeny resulted from self-pollination of the 4X Acc:641.T
CWR genet (Figure 1). Likewise, 12 of the 38 progeny sampled from hybridization plots containing
the 8X ‘Magnar’ BWR pollen source grouped with other 4X Acc:641 CWR plants, indicating that
approximately 32% of these progeny resulted from self-pollination of the 4X Acc:641.T CWR genet
(Figure 1). All of the remaining progeny sampled from hybridization plots containing 4X or 8X BWR
pollen parents were CWR × BWR hybrids, but many of these apparent hybrids did not separate into
genetically distinct groups corresponding to the BWR pollen parents (Figure 1).

Bayesian cluster analysis (Figure 2) provided further insights into the ancestry of hybrid progeny.
Four nearly-pure ancestry groups corresponding to 4X Acc:641 CWR, 4X Acc:636 BWR, 4X ‘Trailhead’
BWR, and 8X ‘Magnar’ were identified using an a priori model of K = 4 Bayesian groups (Figure 2).
As might be expected, plant samples from the 8X ‘Continental’ interploidy BWR hybrid showed mixed
ancestry coefficients ranging from about 0.25 to 0.75 ‘Trailhead’ BWR and 0.75 to 0.25 ‘Magnar’ BWR.
As expected, all of the other progeny sampled from the 4X Acc:641.T CWR genet in hybridization plots
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containing BWR pollen sources, had nearly pure CWR ancestry or mixed ancestry coefficients of about
0.65 CWR and 0.35 BWR (Figure 2). All of the progeny sampled from hybridization plots containing
the 4X ‘Trailhead’ BWR pollen source appeared to be half-sib hybrids of 4X Acc:641.T CWR genet × 4X
‘Trailhead’ BWR (Figure 2). Likewise, most of the progeny sampled from hybridization plots containing
the 4X Acc636 BWR pollen source appeared to be half-sib hybrids of 4X Acc:641.T CWR genet × 4X
Acc636 BWR except that a few (at least six) appeared to be half-sib hybrids of 4X Acc:641.T CWR
genet × 4X ‘Trailhead’ BWR (Figure 2). Conversely, most of the progeny sampled from hybridization
plots containing 8X BWR pollen sources, ‘Magnar’ or ‘Continental’, appeared to be half-sib hybrids
of 4X BWR (either ‘Trailhead’ or Acc:636) or self-progeny of the 4X Acc:641.T CWR genet (Figure 2).
Only three progeny from hybridization plots containing 8X ‘Magnar’ BWR as the pollen source actually
contain ‘Magnar’ ancestry (Figure 2). Likewise, only three of the sampled progeny from hybridization
plots containing 8X ‘Continental’ BWR as the pollen source actually contained portions of 4X Acc:641
CWR, ‘Trailhead’ BWR, and ‘Magnar’ ancestry expected from a “three-way hybrid” of the 4X Acc:641.T
CWR genet and the 8X ‘Continental’ interploidy BWR hybrid (Figure 2). Interestingly, most of the
apparent hybrids of 4X Acc:641.T CWR genet × 8X BWR or self-pollinated 4X Acc:641.T CWR progeny
occurred in the second evaluation year.

Figure 2. Bayesian cluster analysis of DNA genotypes from 314 individual plants of creeping
wildrye (CWR), basin wildrye (BWR), and half-sib hybrid (HSH) populations harvested from the
4X Acc:641.T CWR genet in hybridization plots (HPs) containing tetraploid (4X) or octoploid (8X)
pollen-parent populations of 4X Acc:636 BWR, 4X ‘Trailhead’ BWR, 8X ‘Continental’ BWR, and 8X
‘Magnar’ BWR. Population identifiers include (A) 4X Acc:641 CWR (including the 4X Acc:641.T CWR
genet); (B) progeny of the 4X Acc:641.T CWR genet in HPs containing 4X Acc:646 BWR harvested in
years 1 and 2; (C) 4X Acc:646 BWR; (D) progeny of the 4X Acc:641.T CWR genet in HPs containing 4X
‘Trailhead’ BWR harvested in years 1 and 2; (E) 4X ‘Trailhead’ BWR; (F) progeny of the 4X Acc:641.T
CWR genet in HPs containing 8X ‘Continental’ BWR harvested in years 1 and 2; (G) 8X ‘Continental’
BWR; (H) progeny of the 4X Acc:641.T CWR genet in HPs containing 8X ‘Magnar’ BWR harvested in
years 1 and 2; and (I) 8X ‘Magnar’ BWR.

The average genetic similarity coefficients (S ± SE) varied from lowest to highest within
populations of 4X ‘Trailhead’ BWR (0.641 ± 0.005), 8X ‘Continental’ BWR (0.676 ± 0.005), 8X ‘Magnar’
BWR (0.707 ± 0.006), 4X Acc:636 BWR (0.710 ± 0.005), 4X Acc:641.T CWR × 4X ‘Trailhead’ BWR half-sib
hybrid (0.732 ± 0.004), 4X Acc:641.T CWR × 4X Acc:636 BWR half-sib hybrid (0.742 ± 0.004), and 4X
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Acc:641.T CWR (0.746 ± 0.012). The average genetic similarity coefficients within the two half-sib
hybrid families were both significantly higher (p < 0.001) than their respective BWR pollen-parent
populations. The average genetic similarity coefficient with the 8X ‘Continental’ BWR synthetic
interploidy hybrid was significantly (p < 0.001) higher than its 4X ‘Trailhead’ BWR parent and
significantly (p < 0.001) lower than its 8X ‘Magnar’ BWR parent.

2.3. Biomass Yields in Dryland Range Environments

Dry matter yield of two half-sib hybrid populations was evaluated relative to four BWR reference
populations in spaced-plant plots over two years and two dryland range environments: Providence
and Tintic (Table S1). A full-sib hybrid population of 4X ‘Rio’ CWR × 4X ‘Trailhead’ BWR was
also evaluated at the Providence site (Table 2) but there was insufficient seed to test this hybrid
population at Tintic or any of the other sites. Variation in DMY was significantly influenced (p < 0.001)
by main effects of population, location, and year. There was a significant interaction of year × location
(p < 0.001), but there were no significant interactions of population × year or population × location.
Values of DMY for each population were compared by location, in part because the full-sib hybrid
population was not planted at the Tintic location (Table 2). The 4X ‘Rio’ CWR × 4X ‘Trailhead’ BWR
full-sib hybrid population showed significantly (p < 0.05) greater DMY, compared to any other BWR or
CWR × BWR population, at the Providence location (Table 2), which was true in the first and second
year. The 4X Acc:641.T CWR × 4X Acc:636 BWR half-sib hybrid population showed significantly
(p < 0.05) greater DMY than its 4X Acc:636 BWR parent population, averaged over both years and
both locations (Table 2). Conversely, DMY of the 4X ‘Trailhead’ CWR × 4X Acc:636 BWR half-sib
hybrid population was significantly (p < 0.05) lower than its 4X ‘Trailhead’ BWR parent population
(Table 2). Dry matter yield of the 4X Acc:641.T CWR × 4X Acc:636 BWR half-sib hybrid population
was not significantly different (p < 0.05) from the three release varieties of BWR at Providence but it
was significantly lower (p < 0.05) than ‘Continental’ and ‘Trailhead’ at the Tintic location. Moreover,
DMY of the synthetic-hybrid 8X ‘Continental’ BWR population was equal to or significantly (p < 0.05)
greater than either of its parental populations, ‘Trailhead’ or ‘Magnar’, at the Tintic location and ranked
highest based on the overall averages (Table 2).

Table 2. Dry matter yield (Mg·ha−1) for tetraploid (4X) and octoploid (8X) populations of basin wildrye
(BWR), creeping wildrye (CWR) × BWR half-sib hybrids (HSH), and CWR × BWR full-sib hybrids
(FSH) in spaced-plant dryland range plots evaluated over two years and two locations (Providence and
Tintic) in Utah. Significant differences among groups of entry means are indicated by lettered ranks,
within table columns, based on least significant difference.

Population Providence Tintic Avg.

4X Acc:636 BWR 0.9 c 0.8 de 0.9 d
4X ‘Trailhead’ BWR 1.6 b 1.3 ab 1.5 b

8X ‘Continental’ BWR 1.5 b 1.6 a 1.5 b
8X ‘Magnar’ BWR 1.4 b 1.2 bc 1.3 bc

4X Acc:641.T CWR × 4X Acc:636 HSH 1.4 b 1.0 cd 1.2 c
4X Acc:641.T CWR × 4X ‘Trailhead’ HSH 0.9 c 0.7 e 0.8 d

4X ‘Rio’ CWR × ‘Trailhead’ BWR FSH 2.8 a — 2.8 a
Standard error 0.1 0.1 0.1

Average 1.5 1.3 1.4

For comparison, the relative dry matter yields among two 4X Acc:641 CWR × 4X Acc:636 BWR
single-cross hybrid genets (TC1 and TC2) and their parent populations (4X Acc:641 CWR and 4X
Acc:636 BWR) from other experiments conducted over four years at Hyde Park and Tetonia (Table S1),
were summarized here (Table 3). Moreover, field evaluations at the Hyde Park and Tetonia sites also
included other important reference populations such as ‘Rio’ CWR, ‘Trailhead’ BWR, ‘Continental’
BWR, ‘Magnar’ BWR, ‘Alkar’ tall wheatgrass, ‘Mustang’ Altai wildrye (Leymus angustus), and four
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switchgrass cultivars (‘Alamo’, ‘Dacotah’, ‘Falcon’ and ‘Sunburst’). ‘Falcon’ was the only switchgrass
cultivar that successfully established and persisted at both locations, Hyde Park and Tetonia, thus it
was the only one reported (Table 3). Dry matter yield variation among CWR × BWR s hybrid genets
and other reference populations, at Hyde Park and Tetonia, was significantly influenced (p < 0.001) by
population and there was a significant interaction of population × location (p < 0.01). Yields of the 4X
Acc:641 CWR × 4X Acc:636 TC1 and TC2 single-cross hybrid genets were significantly higher than their
4X Acc:641 CWR parent population and yields of the TC1 hybrid were significantly greater than the 4X
Acc:636 BWR high-parent. However, yields of the TC1 single-cross hybrid genet were not significantly
different than the other BWR cultivars (Table 3). Moreover, it was also important to note that the
4X Acc:641.T CWR genet and 4X Acc:641 CWR reference population displayed substantially lower
yields compared to all other populations including the 4X ‘Rio’ CWR cultivar (Table 3). These CWR
reference populations were not included in other field experiments reported herein, in part because
their aggressive rhizomes are difficult to manage and also because initial hybrid field evaluations,
conducted at Hyde Park and Tetonia, showed that BWR is the higher-yielding reference parent (Table 3).

Table 3. Dry matter yield (Mg·ha−1) for tetraploid (4X) and octoploid (8X) forms of basin wildrye
(BWR), creeping wildrye (CWR), CWR × BWR single-cross hybrids (SCH), Altai wildrye (AWR),
switchgrass (SG), and tall wheagrass (TWG) in dryland range plots evaluated over four years and
two locations (Hyde Park, Utah and Tetonia, Idaho). Differences among groups of entry means are
indicated by lettered ranks, within table columns, based on least significant difference.

Population Hyde Park Tetonia Avg.

4X Acc:636 BWR 5.1 d 4.8 ab 5.7 cd
4X ‘Trailhead’ BWR 7.8 ab 4.6 ab 7.1 ab

8X ‘Continental’ BWR 7.1 ab 5.9 a 7.5 ab
8X ‘Magnar’ BWR 6.7 bc 6.1 a 7.1 ab
4X Acc:641 CWR 2.5 e 1.5 de 2.3 f

4X Acc:641 CWR.T genet 1.9 e 1.0 e 1.7 f
4X ‘Rio’ CWR 4.5 d 4.2 abc 4.8 de

4X Acc:641 CWR × 4X Acc:636 BWR TC1 SCH 7.2 ab 6.0 a 7.8 a
4X Acc:641 CWR × 4X Acc:636 BWR TC2 SCH 5.6 cd 4.1 bc 5.4 cd

‘Alkar’ TWG 8.2 a 4.5 abc 6.4 bc
‘Falcon’ SG 4.6 d 2.1 de 3.8 e

‘Mustang’ AWR 4.8 d 2.9 cd 4.0 e
Standard error 0.5 0.6 0.4

Average 5.5 4.0 5.3

2.4. Biomass Yields in an Irrigated Production System

Dry matter yield of two CWR × BWR half-sib hybrid populations was evaluated relative to
other perennial grasses, including three released varieties of BWR, and two species mixtures, in a
two-harvest irrigated production system at the Western Colorado Agriculture Experiment Station,
Fruita location (Table S1).

Dry matter yield showed significant effects (p < 0.001) for population, year, harvest, and relative
regrowth (difference between late- and early-season harvests). All two-way interactions and the
three-way interactions among these four fixed effects were also significant (p < 0.001). Combined overall
years and harvests, ‘Alkar’ tall wheatgrass produced significantly (p < 0.05) more dry matter than any
other population (Table 4), but it also had significantly lower relative regrowth values indicating that it
showed the greatest DMY decline from early-season to late-season harvests. Moreover, DMY of ‘Alkar’
tall wheatgrass was not significantly greater than the switchgrass variety mixture in the third and
fourth evaluation years. Switchgrass consistently produced significantly (p < 0.05) more dry matter in
the late-season harvest, overall years, compared to any of the other perennial grasses evaluated in this
study (Table 4). Switchgrass also had significantly greater relative regrowth (Table 4), meaning that it
produced relatively low DMY in the early-season harvest and relatively high DMY in the late-season
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harvest compared to the cool-season grasses. The overall DMY of the ‘Trailhead’ BWR variety was
significantly greater (p < 0.05) than the ‘Continental’ and ‘Magnar’ BWR populations, and it was
also significantly greater (p < 0.05) than the 4X Acc:641.T CWR × 4X Acc:636 BWR half-sib hybrid
population. However, the overall DMY of the ‘Trailhead’ BWR variety was not significantly greater
than the 4X Acc:641.T CWR × 4X ‘Trailhead’ BWR half-sib hybrid population. The 4X Acc:641.T
CWR × 4X ‘Trailhead’ BWR half-sib hybrid population showed significantly greater (p < 0.05) relative
regrowth than its ‘Trailhead’ BWR parent population, which in this case indicated that the hybrid
showed less DMY decline between the early- and late-season harvests (Table 4).

Table 4. Dry matter yield (Mg·ha−1) for basin wildrye (BWR), creeping wildrye (CWR) × BWR
half-sib hybrids (HSH), Altai wildrye (AWR), intermediate wheatgrass (IWG), switchgrass (SG),
and tall wheatgrass (TWG) in a two-harvest, irrigated production experiment at the Western Colorado
Agriculture Experiment Station. Significant differences among groups of entry means are indicated by
lettered ranks, within table columns, based on least significant differences.

Population Year 1 Year 2 Year 3 Year 4 Early Cut Late Cut %Δ 1 Avg. Total

4X ‘Trailhead’ BWR 9.9 c–e 20.2 b 9.4 b 17.9 bc 9.4 b 4.9 de −47 d 14.3 b
8X ‘Continental’ BWR 9.0 ef 18.3 bc 7.5 cd 16.5 c 7.8 cd 5 de −36 c 12.8 c–e

8X ‘Magnar’ BWR 9.2 d–f 18.4 bc 7.5 cd 13.7 d 7.6 cd 4.7 e −38 c 12.2 e
4X Acc:641.T CWR × 4X Acc:636 BWR HSH 10.0 c–e 17.3 cd 7.2 d 15.8 cd 7.8 cd 4.8 de −37 c 12.6 de

4X Acc:641.T CWR × 4X ‘Trailhead’ BWR HSH 10.3 cd 17.6 cd 7.9 cd 17.5 c 8.0 c 5.4 cd −33 c 13.3 b–e
‘Mustang’ AWR 10.4 c 18.0 b–d 9.7 b 16.8 c 7.2 d 6.5 b −5 b 13.7 b–d

‘Rush’ IWG 12.7 b 18.3 bc 8.5 bc 16.5 c 9.1 b 4.9 de −46 d 14.0 bc
‘Oahe’ IWG 12.9 b 17.6 cd 7.9 cd 17.7 bc 8.9 b 5.1 c–e −42 d 14.0 bc

‘Blackwell’ and ‘Dacotah’ SG 8.5 f 15.6 d 10.9 a 22.0 a 6.4 e 7.9 a +23 a 14.3 b
‘Alkar’ TWG 14.8 a 23.0 a 11.1 a 20.1 ab 11.6 a 5.7 c −51 e 17.3 a
Standar error 0.4 0.8 0.5 1.0 0.3 0.3 0.3 0.4

average 10.8 18.4 8.8 17.4 8.4 5.5 −35 13.9
1 Percent change (%Δ) calculated as (early cut yield—late cut yield)·100/(early cut yield).

2.5. Summarized Analysis of Biomass Yield from Dryland and Irrigated Testing Sites

A summarized analysis of overall years and testing sites was performed by nesting populations
within groups including the 8X BWR, 4X BWR, 4X CWR, 4X CWR × 4X BWR hybrids (Table 5).
Significant variation (p < 0.0001) was detected for fixed effects of locations, years, population within
group, and group. However, these results (Table 5) should be viewed cautiously because not all
populations were tested at all sites. In fact, the only populations that were tested across all sites
were ‘Trailhead’ BWR, ‘Continental’ BWR, ‘Magnar’ BWR, and the 4X Acc:641 CWR × 4X Acc:636
BWR hybrids (as single-cross or half-sib hybrids). This meta-analysis shows that BWR and 4X CWR
× 4X BWR hybrids displayed significantly more dry matter yield than CWR at dryland sites and
suggests that this could be extrapolated to other sites, even though CWR was only tested at two
of the four dryland testing sites (Table 5). This meta-analysis also shows that 8X BWR performed
better than 4X BWR in dryland environments, whereas 4X BWR performed better than 8X BWR in
the irrigated environment (Table 5). Estimated yields of the 4X CWR × 4X BWR hybrids including
all half-sib hybrids, full-sib hybrids, and single-cross hybrids were significantly less than 8X BWR
in dryland environments, significantly less than 4X BWR in the irrigated environment, but not
significantly different from 4X or 8X BWR overall (Table 5). The estimated yield of switchgrass in
dryland environments was based only on the best of four populations, where three populations failed
to flourish, at only two of the four sites. Thus, estimated yield of switchgrass in dryland environments
should also be viewed cautiously.
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Table 5. Dry matter yield estimates for tetraploid (4X) and octoploid (8X) forms of basin wildrye (BWR),
creeping wildrye (CWR), CWR × BWR hybrids, Altai wildyre (AWR), intermediate wheatgrass (IWG),
switchgrass (SG), and tall wheatgrass (TWG) across four dryland ranges and one irrigated testing
environment. Significant differences among groups of entry means are indicated by lettered ranks
based on least significant difference.

Population Dryland Range Irrigated Overall

4X BWR 4.0 b 14.3 b 5.6 b
8X BWR 4.4 a 12.5 d 5.5 b
4X CWR 0.6 d — 2.7 c

4X CWR × 4X BWR 4.2 ab 13.0 cd 5.8 b
AWR 2.0 c 13.7 bc 5.2 b
IWG — 14.0 b 6.1 b
SG 1.6 c 14.3 b 5.0 b

TWG 4.7 ab 17.3 a 8.3 a
Standard error 0.2 0.5 0.3

Average 3.1 14.1 5.5

3. Discussion

3.1. Development and Testing of CWR × BWR Hybrids

Our study demonstrated useful methods of producing hybrid seed for allogamous plants on a
field scale, which has been a considerable challenge in perennial grass breeding [15,26]. Our approach
worked effectively for crosses of 4X CWR and 4X BWR, but it did not work in crosses of 4X CWR and 8X
BWR. One possible reason for low production of 4X CWR × 8X BWR hybrids may be delayed flowering
of the 8X BWR populations. However, other intrinsic fertility barriers such as abnormal endosperm
development are expected from interploidy crosses of 4X CWR and 8X BWR, 4X and 8X BWR, or 4X
and 8X switchgrass interploidy hybrids [40,41]. This is why chromosome doubling of 4X ‘Trailhead’
BWR was required to make the 8X ‘Continental’ interploidy hybrid of 4X ‘Trailhead’ and 8X ‘Magnar’
BWR cultivars. Thus, reproductive incompatibility mechanisms such as the endosperm genic balance
number requirement [41] explain the prevalence of relatively light seed and poor germination of seed
obtained from the 4X CWR × 8X BWR hybridization plots (Table 1). Most of the seed from the 4X CWR
× 8X BWR hybridization plots that did germinate was derived from self-pollination or pollination
by 4X BWR from other hybridization plots. Conversely, all of the seed sampled from 4X CWR × 4X
BWR hybridization plots was of hybrid origin with relatively high seed weights and germination
rates. The average estimated seed yields of the 4X Acc:641.T CWR genet within hybridization plots
containing 4X BWR (Table 1) were about five-fold lower than the reported seed yield averages of about
336 kg·ha−1 (33.6 g·m−2) from ‘Rio’ CWR [42]. However, it is impossible to say whether our yields
were limited by inherent limitations of this technique, such as gamete incompatibility, or other factors
such as differences in the productivity of CWR genotypes or environments.

The half-sib 4X CWR × 4X BWR hybrid populations are similar to that of semi-hybrids of grass
or alfalfa [43–46] in the sense that the hybrids are comprised of genetically heterogeneous individuals,
but different in that virtually all of the seeds harvested from the 4X CWR seed parent were hybrids.
The semi-hybrids, in contrast, contain an equal mixture hybrid and parental populations [43–46].
With prolific production of rhizomes and tillers, clonal production of the CWR seed parent is feasible.
This approach of half-sib hybrid seed production, using one clonally propagated seed parent, creates
opportunity to select individual genets that have good combining ability and also provides a rapid
way to introduce novel genes into hybrid populations. Although similar approaches of producing
full-sib single-cross hybrids has been proposed by clonal propagation of two self-incompatible genets,
the difficulty of clonal propagation limits the application of this approach in perennial ryegrass
(Lolium perenne) or switchgrass [15].
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As a group, 4X CWR × 4X BWR hybrids showed yields that were at least equal to their 4X BWR
parental populations, overall sites, and significantly higher than CWR yields in dryland environments
(Table 5). Moreover, 4X BWR populations displayed substantially and statistically greater yields than
4X CWR in dryland environments (Tables 3 and 5). Thus, we cautiously assume that our 4X CWR
× 4X BWR hybrid populations show indication of mid-parent heterosis if their yields are equivalent
to their 4X BWR parent populations and show indication of high-parent heterosis if their yields are
significantly greater than their 4X BWR parent populations in dryland range growing environments.
The 4X Acc:641.T CWR × 4X Acc:636 BWR half-sib hybrid population showed a significant 33%
advantage over its 4X Acc:636 BWR parent population at the Providence and Tintic testing sites
(Table 2), indicating possible high-parent heterosis of this half-sib hybrid. One of the 4X Acc:641 CWR
× 4X Acc:636 BWR single-cross hybrid genets also displayed a significant 36% yield advantage over the
4X Acc:636 BWR population at the Hyde Park and Tetonia testing sites (Table 3), which may indicate
high-parent heterosis, but we did not have the actual 4X Acc:636 parent plant that was needed as a
reference for this single-cross hybrid. Nevertheless, the 4X Acc:636 BWR parent population and both
4X Acc:641 CWR × 4X Acc:636 BWR single-cross hybrids all showed at least two-to three-fold greater
yields than the 4X Acc:641.T CWR genet or 4X Acc:641 CWR population at the Hyde Park and Tetonia
testing sites (Table 3). Thus, we conclude that yields of 4X Acc:641.T CWR × 4X Acc:636 BWR hybrids
show indications of high-parent heterosis at the Providence and Tintic testing sites (Table 2) and that
the 4X Acc:641 CWR × 4X Acc:636 BWR single-cross hybrids showed indications of mid-parent and
possible high-parent heterosis at the Hyde Park and Tetonia testing sites (Table 3). Yields of the 4X ‘Rio’
CWR × 4X ‘Trailhead’ BWR full-sib hybrid population were 75% greater than its 4X ‘Trailhead’ BWR
parent population at the Providence site (Table 2) and the 4X ‘Trailhead’ BWR population showed
yields that were nearly 50% greater than the 4X ‘Rio’ CWR at the Hyde Park and Tetonia sites (Table 3).
Therefore, the 4X ‘Rio’ CWR × 4X ‘Trailhead’ BWR full-sib hybrid population also showed indications
of high-parent heterosis by outperforming its 4X ‘Trailhead’ BWR parent population by a 75% margin.
Although yields of 4X CWR × 4X BWR hybrid populations were slightly but not significantly greater
than 4X BWR populations’ overall dryland environments (Table 5), the 4X Acc:641 CWR.T × 4X
‘Trailhead’ BWR half-sib hybrid performed much worse than its 4X ‘Trailhead’ BWR population at the
Providence and Tintic dryland testing sites (Table 2), indicating that performance of this hybrid may
be more similar to its presumed low-parent, 4X Acc:641 CWR.T.. As a group, yields of the 4X CWR
× 4X BWR hybrids were significantly less than estimated yields of the 4X BWR populations in the
irrigated testing site (Table 5), but yields of the 4X Acc:641.T CWR × 4X ‘Trailhead’ BWR half-sib hybrid
were significantly less than its 4X ‘Trailhead’ BWR parent population in this two-harvest irrigated
management system (Table 4). Thus, we conclude that some but not all 4X CWR × 4X BWR hybrids
show indications of high-parent heterosis in dryland environments. Although performance of 4X
CWR × 4X BWR half-sib hybrids was comparable to 4X BWR in the two-harvest irrigated production
system, there were no indications of high-parent heterosis in this type of management system. Thus,
it seems that heterosis in the 4X CWR × 4X BWR hybrids showed stronger indications of expression in
the less competitive conditions of space-planted plots, which was also true for population hybrids of
perennial ryegrass [46].

Dryland biomass yields of the 4X ‘Rio’ CWR × 4X ‘Trailhead’ BWR single-cross hybrid population
were at least two-fold greater than biomass yields of either of the two half-sib hybrid populations
produced by the 4X Acc:641.T CWR genet. One factor that may explain higher yields of the 4X ‘Rio’
CWR × 4X ‘Trailhead’ BWR hybrid is that the 4X ‘Rio’ CWR showed about two- to three-fold greater
yields than 4X Acc:641 CWR population or 4X Acc:641.T CWR genet, respectively, in dryland yield
trials conducted at Hyde Park and Tetonia. Also, the 4X ‘Trailhead’ BWR showed significantly greater
yields than the other 4X BWR parent, Acc:636, used in this study (Tables 2 and 3). Delayed flowering
may be another factor that may have contributed to relatively strong heterosis expressed in the 4X
‘Rio’ CWR × 4X ‘Trailhead’ BWR hybrid. It has been shown that delayed flowering can be a strong
driver of biomass yield in switchgrass hybrids [27]. In our observations, ‘Rio’ CWR and the 4X ‘Rio’
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CWR × 4X ‘Trailhead’ BWR hybrid flowered about one week later than the 4X BWR, 4X Acc:641
CWR, or 4X Acc:641 CWR × 4X BWR populations. Biomass yields up to 11.5 Mg·ha−1 per year with
saline irrigation water and repeated harvesting have been reported for ‘Rio’ CWR in the San Joaquin
Valley of California [37]. Thus, an important future goal will be to generate half-sib hybrid seed for
the cross of 4X ‘Rio’ CWR × 4X ‘Trailhead’ BWR and test these hybrids in multiple dryland and
irrigated environments of California, Colorado, Nevada, and Utah where BWR and CWR may be
useful as biomass feedstocks [12,37]. In any case, comparisons of hybrids made using two different
CWR genets—4X Acc:641.T and one 4X ‘Rio’ plant—indicate that the identification and selection of
superior CWR seed-parents, as well as superior BWR pollen parents, may be the fastest and most
promising approach to develop higher-yielding CWR × BWR hybrids and native grass bioenergy
feedstocks for western North America.

3.2. Dryland Yield Potential of Perennial Grasses in Cold-Desert Environments

Average yearly dryland biomass yields ranging from 2.2 to 9.6 Mg·ha−1 for the 4X Acc:636 BWR
population were previously reported based on testing over four years and two locations near Hyde
Park, Utah and Tetonia, Idaho [14] but otherwise we are not aware of any other published reports on
non-irrigated biomass yields of BWR in its native range environments. The average yearly dryland
biomass yields of the 4x Acc:636, 4X ‘Trailhead’, 8X ‘Continental’, and 8X ‘Magnar’ BWR populations
ranged from 0.5 to 2.1 Mg·ha−1 at Providence and Tintic (Table 2), whereas the average yearly biomass
yields of these same four populations ranged from 2.2 to 13.3 Mg·ha−1 at the Hyde Park and Tetonia
testing sites (Table 3). Thus, dryland biomass yields from experiments conducted at the Providence and
Tintic sites were lower than previously described experiments conducted at the Hyde Park and Tetonia
testing sites [14]. One possible explanation for these differences is that plant densities in the Hyde
Park and Tetonia sites were twice as high as the Providence and Tintic sites. The plants at Providence
and Tintic were, however, simply less vigorous. Under these conditions, we would expect BWR plants
to grow larger, not smaller, at the lower plant densities such as those used at Providence and Tintic
(1 plant·m−2). Although the Tetonia and Tintic testing sites are located in dissimilar environments
(Table S1), the Hyde Park and Providence sites were located at nearly identical elevations in the same
valley, only 12.8 km apart, with the same soil types (Nibley silty clay loam). The average yearly biomass
yields at Hyde Park and Tetonia varied nearly three-fold, between 3.1 and 8.6 Mg·ha−1, over four
harvest years (Table 3), indicating that seasonal variations in climate can have dramatic effects on
perennial grass productivity especially under low-input management. However, other factors probably
contributed to differences between evaluations conducted at the Providence and Tintic sites (Table 2)
versus the Hyde Park and Tetonia sites (Table 3). Nevertheless, the 4X ‘Trailhead’ BWR population
ranked relatively high and the 4X Acc:636 BWR population ranked relatively low across all dryland
environments (Tables 2 and 3). Moreover, 8X BWR populations performed significantly better across all
dryland range testing sites (Table 5). These results demonstrate significant genetic variation for BWR
biomass yields within its native growing environments. Wide variation in the average yields among
sites, and significant genotype by environment interactions, observed across our dryland testing sites
also demonstrate the importance of testing plant materials over multiple locations and years.

The average total biomass yields of all four BWR populations, two CWR × BWR single-cross
hybrid genets, and tall wheatgrass were all significantly greater than the best of four switchgrass
varieties tested in non-irrigated experiments conducted at Hyde Park and Tetonia (Table 3). This was
not surprising considering that these relatively high elevation, cold-desert testing sites are not located
within the native range of switchgrass [1,5]. However, there did appear to be some variation for
adaptation to these environments, among the four switchgrass varieties tested, and it was interesting
that the best adapted variety, Falcon, was an upland ecotype originating from relatively high-elevations
(1517 m) in New Mexico on the western range of switchgrass distribution [5]. Falcon did not perform
as well as Dacotah in high-latitude regions of Europe [47], but it did perform better than Dacotah in
our high-elevation cold-desert testing sites (Table S1). Additional screening and breeding research
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may help identify and develop switchgrass populations that perform better in cold high-latitude or
high-elevation growing environments [48], such as those found in western North America.

Although ‘Alkar’ tall wheatgrass was clearly the best yielding population in the irrigated testing
environment, it is interesting that overall dryland biomass yields of BWR cultivars and the 4X Acc:641
CWR × 4X Acc:636 BWR TC2 single-cross hybrid genet were equal to or significantly greater than
‘Alkar’ tall wheatgrass (Table 3). Tall wheatgrass was introduced and widely naturalized throughout
North America [13], and has proven to be a high yielding cool-season grass in other non-irrigated field
evaluations in studies conducted in western North Dakota [6] and Kansas [9].

3.3. Irrigated Yield Potential of Perennial Grasses in Cold-Desert Environments

The early-season biomass yields and average yearly biomass yields of perennial grasses including
‘Trailhead’ BWR, ‘Alkar’ tall wheatgrass, and switchgrass evaluated in our two-harvest irrigated
production experiment in western Colorado can be compared to the total annual yields in a
single-harvest irrigation system in western Nevada [12]. In the single-harvest evaluation conducted
in western Nevada, DMY values of ‘Trailhead’ BWR and ‘Alkar’ tall wheatgrass averaged 7.2 and
7.3 Mg·ha−1 under low-water treatments (71 cm water annually) or 8.7 and 9.9 Mg·ha−1 in the high
irrigation (120 cm water annually) treatment, respectively [12]. These values from single-harvest
irrigated field trial [12] were similar but slightly lower than the average early-season harvest yields
of ‘Trailhead’ BWR and ‘Alkar’ tall wheatgrass from western Colorado (Table 4). Since all of the
cool-season grasses evaluated in the two-harvest irrigated production experiment were in the anthesis
or post-anthesis stage of development on the early-harvest dates, we believe that they would have
reached maximum or near-maximum annual yields in a single-harvest system. However, this was
not true for switchgrass, which was not yet flowering and did not have a chance to reach maximum
biomass accumulation values on the early-harvest dates in this two-harvest experiment (Table 4).
Nevertheless, the switchgrass yields from both the early- and late-harvests in western Colorado
(Table 4) were similar to the observed DMY of 7.8 Mg·ha−1 in the high-water treatment in western
Nevada and substantially greater than 2.8 Mg·ha−1 observed in the low-water treatment [12]. Although
the timing of our early-season harvest was optimized for cool-season grasses, it provided time for all
of the perennial grasses, including switchgrass, to regrow and produce significantly more yearly total
biomass (Table 4) than the single-harvest irrigated production system used in western Nevada [12].
The overall biomass yields showed nearly three-fold variation, from 5 to 15 Mg·ha−1, over three years
in Nevada [12] and over two-fold variation over four years in Colorado (Table 4).

The average yearly total yields of ‘Alkar’ tall wheatgrass, Rush intermediate wheatgrass,
and switchgrass from our two-harvest irrigated evaluation in western Colorado (Table 4) can be
compared to the average yearly total yields from another multiple-harvest irrigated study, conducted
in northern Utah, containing these same species [11]. The average yearly total yields of ‘Alkar’
tall wheatgrass and Rush intermediate wheatgrass from Colorado (Table 4) were substantially
lower than the maximum DMY values of 27.6 and 26.8 Mg·ha−1 observed for these same varieties,
respectively, at the optimum water level of a five-harvest irrigated production evaluation in northern
Utah [11]. Yet, the average yearly total DMY of one switchgrass variety mixture tested in the
two-harvest irrigated production system (Table 4) was very similar to the average yearly total of
about 14.0 Mg·ha−1 observed for the four switchgrass varieties tested in the five-harvest irrigated
production system [11]. Thus, with adequate irrigation, switchgrass was competitive with cool-season
grasses in one-harvest [12] and two-harvest management systems (Table 4), but substantially greater
yields can be attained from repeated harvesting of cool-season grasses including tall wheatgrass
and intermediate wheatgrass [11]. Comparisons of these three studies suggest that something,
perhaps cool-nights, may be impeding regrowth of warm-season grasses with repeated harvests
in these high-elevation cold-desert environments. The early-season DMY values of tall wheatgrass
and intermediate wheatgrass were greater than switchgrass in multiple-harvest studies conducted in
Utah [11] and Colorado (Table 4), whereas the late-season yields of switchgrass were always greater
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than cool-season grasses in both studies, over all irrigation levels [11]. Presumably this difference in
yield phenology is related to the C4 photosynthesis system of switchgrass and the low-temperature
growth potential of cool-season grasses.

Although early-season yields of ‘Trailhead’ BWR were substantially greater than switchgrass,
the average total yields were not significantly different in the two-harvest irrigated experiment in
Colorado (Table 4) or either of the two irrigation treatment levels tested in Nevada [12]. The early-season
and average total biomass yields of ‘Alkar’ tall wheatgrass were both significantly greater than
switchgrass in the two-harvest irrigated experiment in Colorado (Table 4) and the low-water treatment
in the one-harvest experiment conducted in Nevada [12]. The average total biomass yields of ‘Alkar’
tall wheatgrass was nearly two-fold higher than the best of four switchgrass varieties at the highest
water levels and more than three-fold higher at the lowest water levels in the five-harvest irrigated
experiment in Utah [11]. Thus, results from irrigated production systems in Colorado (Table 4),
Nevada [12] and Utah [11] indicate that cool-season grasses such as BWR, intermediate wheatgrass,
and tall wheatgrass could be better than switchgrass when irrigation water supplies are limited in the
cold-desert environments of western North America.

Significant variance among the relative regrowth of cool-season grasses (Table 4) may reflect
dissimilarities in phenology or defoliation tolerance. Tall wheatgrass displayed significantly greater
yield declines from early- to late-season harvests, compared to other grasses (Table 4), which might
be related to its relatively late flowering times. Yield declines of the 4X ‘Trailhead’ BWR population
were significantly greater than the 4X Acc:641.T CWR × 4X ‘Trailhead’ BWR hybrid. The most obvious
explanation for this is that CWR and the interspecific hybrids are much more rhizomatous and produce
more tillers than BWR, which may provide mechanisms for better defoliation tolerance and regrowth
potential [14,39]. Expression of rhizomatousness in the CWR × BWR hybrids is largely controlled
by a combination of two recessive genes: one dominant gene, and one partially-dominant gene
with major effects [14,39]. We are not aware of any other differences in phenology or physiology
that would likely explain differences in the regrowth potential between BWR and the CWR × BWR
hybrids. However, it was somewhat surprising that most of the BWR and CWR × BWR plant
materials displayed significantly less yield declines, from early- to late-season harvests, compared to
tall wheatgrass or intermediate wheatgrass. Native range grasses, such as BWR, are usually not
included in multiple-harvest production systems, such as the five-harvest irrigated production trial
conducted in northern Utah [11], in part because they do not have the forage quality of conventional
pasture grasses and also because it has been generally presumed that they do not have significant
regrowth potential. In fact, to our knowledge, this is the first documented experiment involving
seasonal regrowth of BWR in an irrigated production system. Thus, improved regrowth of the 4X
Acc:641.T CWR × 4X ‘Trailhead’ BWR hybrid could be a potentially useful attribute of the CWR × BWR
hybrids [14,39].

Although yields of switchgrass from the two-harvest irrigated production study in Colorado
(Table 4) were good, these yields have been surpassed in other environments. Average annual
yields of upland and lowland switchgrass ecotypes ranged from 4 to 21 Mg·ha−1 in single-harvest
production experiments conducted across various latitudes of central North America, from 36 to
46◦ N, including Kansas, Nebraska, Oklahoma, and Wisconsin where switchgrass is well adapted [28].
Switchgrass yields up to 26 and 33 Mg·ha−1 have been reported in one- and two-harvest production
systems in the southeastern parts of North America [1].

4. Materials and Methods

4.1. Plant Materials Used for Making CWR × BWR Hybrids

The term “population” was used herein as a generic term for individuals sampled from genetically
heterogeneous cultivars, hybrids, or natural germplasm accessions. Plant materials used for making
and testing experimental CWR × BWR hybrids included two tetraploid (4X) BWR populations,
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two octoploid (8X) BWR populations, and two 4X CWR populations. The BWR populations included
8X ‘Continental’, 4X ‘Trailhead’, and 8X ‘Magnar’ in addition to one natural 4X population Acc:636
collected near Lethbridge, Alberta sometime prior to 1974 by Sylvester Smoliak. ‘Trailhead’ originated
from a natural population near Roundup, Montana and was released in 1991 [49]. ‘Magnar’ originated
from a natural population in south-eastern British Columbia and was released sometime before
1995 [50]. The 4X CWR populations included a natural germplasm accession Acc:641 originally
collected near Jamieson, Oregon in 1975 by Kay Asay and the cultivar ‘Rio’, which was originally
collected from Kings Valley, California and released in 1991 [36].

The term “genet” was used herein to identify and reference clonally propagated individuals
such as the two single-cross hybrids—TC1 and TC2—of 4X Acc:641 CWR × 4X Acc:636 BWR and
the 4X Acc:641.T CWR plant used to make the full-sib pseudo-backcross families [51] and identify
chromosome regions controlling biomass yield [14]. Both BWR and CWR are considered highly
self-incompatible [52] and previous studies showed that the 4X Acc:641.T CWR genet was receptive
to pollen from the TC1 and TC2 single-cross hybrids with less than 4% selfing using paper bags to
cover its spike-inflorescences [51]. However, the quantities of seed produced by these techniques
is insufficient for extensive testing in seeded field trials. Thus, we hypothesized that it would be
possible to produce half-sib hybrid seed by growing the highly rhizomatous 4X Acc:641.T CWR genet
in isolated “hybridization plots” with different 4X or 8X BWR populations, described above, as the
only available pollen source. For purposes of testing other sources of CWR in hybrids with BWR,
a new full-sib hybrid population was developed using paper bags to cover the spike-inflorescences of
one 4X ‘Rio’ CWR plant and manually shaking pollen from extruded anthers of spikes from one 4X
‘Trailhead’ BWR genet.

4.2. Description of Locations Used to Develop and Test CWR × BWR Hybrids

All testing sites (Table S1) were located on properties of the Utah State University, Utah Agriculture
Experiment Station; the Colorado State University, Western Colorado Research Center; or the University
of Idaho, Eastern Idaho Agriculture Experiment Station. The average precipitation and temperature
data was obtained from the Prism Climate Group [53] using geographic coordinates (Table S1) and
30-year normals (1981–2010) data setting at 800 m resolution. Precipitation data was summarized
as seasonal averages for winter (December, January and February), spring (March, April and May),
summer (June, July and August), and fall (September, October and November). The average, minimum,
and maximum number of freeze-free days above 0 ◦C were determined using data available from the
nearest station of similar elevation available from the Utah Climate Center [54].

4.3. Evaluation of Half-Sib Hybrid Seed Production

This study included an experiment designed to compare the yield and quality of seed from
the 4X Acc:641.T CWR genet pollinated using the two 4X (Acc:636 and ‘Trailhead’) and the two
8X (Continental and ‘Magnar’) BWR populations as different fixed effects. The 4X Acc:641.T CWR
genet was grown in isolated hybridization plots with each of the four different BWR pollen parent
populations in a randomized complete block (RCB) design with four different hybridization plots
(four different BWR pollen parents) within each block and three replicated blocks for a total of 12
hybridization plots. Beginning in December of 2007, rhizome propagules from the 4X Acc:641.T CWR
genet and seedlings of the four BWR pollen parents were grown in a sufficient number of racked soil
containers (4-cm diameter) to produce 972 clones of the 4X Acc:641.T CWR genet and 408 individual
seedlings from each of the four BWR pollen parents. These plant materials were transplanted to a
testing site near Richmond, Utah in the spring of 2008. Plants were irrigated after planting, but not
irrigated during subsequent years of seed production. Each hybridization plot had three rows of the
4X Acc:641.T CWR genet flanked by two rows of the BWR pollen parent on each side. Rows were
13 m long with 0.91 m (36 inch) spacing between rows with plants spaced 0.5 m apart within rows.
The hybridization plots were cultivated between rows and fertilized once per year with approximately
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56 kg N ha−1 in the fall (October) and 34 kg N ha−1 in the spring (May) in the form of urea. Thus,
the harvested CWR plot size was approximately 37 m2, not including space used by the BWR pollen
parents. The 12 hybridization plots were tandemly arranged in seven parallel rows, with 13 m space
between test plots, for a total length of 323 m and total width of 5.5 m. The randomization scheme was
restricted such that hybridization plots containing the 4X or 8X BWR pollen parents were alternated.

The total seed yield, average seed weight, and seed germination rates were measured using seed
harvested from the 4X Acc:641.T CWR genet in each of the 12 hybridization plots over the course of
four years, from 2009 to 2012, using a plot combine (Wintersteiger Inc., Salt Lake City, Utah, USA).
Additional fine threshing and cleaning was performed manually before the seed yield (g·m−2) was
determined for the harvested plot area (37 m2). Three sets of 100 seed were counted and weighed
from each plot, each year, to determine the average seed weight (mg·seed−1) and germination rates
(%). Germination rates were determined by treating each 100-seed sample with tetramethythiuram
disulfide, and then spreading each sample on blue germination blotter paper (Anchor Paper, St. Paul,
Minnesota, USA) moistened with distilled water in 11 × 11 × 3.5-cm Cont 156C germination boxes
(Hoffman Manufacturing, Inc., Jefferson, Oregon, USA). Using standard seed testing procedures for
CWR and BWR, seeds were imbibed for 3 d at 25 ◦C, stratified at 4 ◦C for 14 d in dark chambers,
and then tested for germination in dark plant-growth chambers maintained on a diurnal cycle of 16 h
at 15 ◦C and 8 h at 25 ◦C. Germinated seeds were counted each week and until the final 28 d count.

4.4. Genetic Testing of Half-Sib Hybrid Seed

The genetic identity of seed produced by the 4X Acc:641.T CWR genet, from the first and second
years of seed production, was tested by comparing it with representative genotypes of the CWR
and BWR parents using a principle coordinate analysis of genetic distances based on comparisons of
DNA profiles. Fresh leaf samples were lypholized and milled using a MM300 (Retsch Inc., Newtown,
Pennsylvania, USA) mixer mill for DNA extraction using the DNeasy 96 Plant Kit (Qiagen, Germantown,
Maryland, USA). Multi-locus DNA profiles of each DNA sample were developed using the AFLP
technique [55] with modifications for detection using fluorescent labels and capillary electrophoresis.
Briefly, the selective EcoRI primers were fluorescent labeled with 6-carboxyfluorescein and fractionated
by capillary electrophoresis on an ABI3100 instrument (PE Applied Biosystems, Foster City, California,
USA) with internal GS-500 size standards (PE Applied Biosystems) for each sample in each channel. The
EcoRI and MseI preamplification primers both included one selective nucleotide A and C, respectively.
The selective amplification primers included two additional selective nucleotides in four different
combinations including E36(ACC)//M61(CTG), E37(ACG)//M60(CTC), E38(ACT)//M60(CTC) and
E41(AGG)//M47(CAA). Different AFLP markers were identified and scored for the presence or
absence of bands (DNA amplicons) based on the relative mobility corresponding to about 1 bp using
Genographer open source software. A principle coordinates analysis of DNA profiles was performed
using NTSYSpc, Numerical Taxonomy System version 2.21 (Exeter Software, Setauket, New York,
USA) based on pairwise comparisons of genetic similarity among individual plants computed using
the similarity index (S) formula SXY = 2NXY/(NX + NY), where NXY is the number of shared bands
and where NX and NY are the numbers of bands in plants X and Y. Population structure and ancestry
coefficients of seed harvested from the 4X Acc:641.T CWR genet, in different hybridization plots,
were also compared to BWR and CWR reference samples using Bayesian clustering [56,57] modeled
a priori for possible admixture among the four expected base populations of 4X Acc:641 CWR, 4X
Acc:636 BWR, 4X ‘Trailhead’ BWR, and 8X ‘Magnar’ BWR. All other genotypes were anticipated to be
hybrid- or direct-descendants of these four base populations. Finally, statistical comparisons of genetic
diversity within populations were based on the similarity index (S), based on unbiased estimates of
the variance for S corrected for covariance [58].
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4.5. Evaluation of DMY in Dryland Range Environments

In many cases, natural stands of BWR and other caespitose grasses grow with open spaces between
plants rather than solid swards in the Great Basin region of western North America. Dry matter
yields of experimental half-sib hybrid and full-sib hybrid populations were compared to the four
BWR reference populations (Acc:636, ‘Continental’, ‘Magnar’, and ‘Trailhead’) in simulated range
plots established using seedlings transplanted from soil containers at Tintic, Utah and Providence,
Utah testing sites (Table S1). Germinated seedlings were planted into soil containers (4-cm diameter)
in December, 2010 and then transplanted into a cultivated soil with dibbled holes in May, 2010 so that
each plot was comprised of seven plants in a row, with 1 m between plants and 1 m between rows for
a total plot size of 7 m2 (1 plant·m−2). Plots were replicated in a randomized complete block (RCB)
design with six replications at each testing site. Plots were maintained with light cultivation to remove
weeds as needed, with no fertilizer or irrigation. Once established, these plots have plant densities
similar to typical natural stands of BWR in its native range environments. The plots were harvested
to a height of 8 cm and weighed using a Swift Forage Harvester (Swift Machine and Welding LTD,
Swift Current, Saskatchewan, Canada) once each year on 9 August 2011 and 28 August 2012 at the
Providence site and 25 August 2011 and 29 August 2012 at the Tintic site. Results were reported on a
DMY per unit area basis (Mg·ha−1). Subsamples of harvested plant material were weighed, at the time
of harvest, and dried at 60 ◦C in a forced-air oven to constant weights that were used to convert fresh
harvest weights to DMY.

Prior to development of the half-sib hybrids, biomass yields of two single-cross 4X Acc:641
CWR × 4X Acc:636 BWR hybrid genets—TC1 and TC2—were also evaluated relative to the 4X
Acc:641.T CWR genet, 4X Acc:641 CWR population, 4X Acc:636 , ‘Magnar’ BWR, ‘Continental’ BWR,
‘Trailhead’ BWR, ‘Rio’ CWR, ‘Mustang’ Altai wildrye, ‘Alkar’ tall wheatgrass, and four varieties
of switchgrass (‘Alamo’, ‘Dacotah’, ‘Falcon’, and ‘Sunburst’) in space-planted dryland range plots
over four years (2008–2011) and two locations near Hyde Park, Utah and Tetonia, Idaho (Table S1).
The management of the experiments conducted at the Hyde Park and Tetonia sites was similar to the
dryland range evaluations at the Providence and Tintic sites, except that plants were spaced 0.5 m
within rows [14] and cultivated at least once each year, deeply, to maintain separation between highly
rhizomatous plots containing CWR and CWR backcross lines [14].

4.6. Evaluation of Biomass-Related Traits in an Irrigated Production System

Dry matter yield BWR, CWR × BWR half-sib hybrid populations, and other large-statured
perennial grasses were evaluated in a two-harvest irrigated production system over four years at
the Western Colorado Research Center located in the Grand Valley of the Colorado River near Fruita
(Table S1).

A seedbed was prepared for furrow irrigation using equipment commonly used in Grand Valley
region, which resulted in a smooth, flat-bed surface with V-shaped furrows approximately 10-cm deep
with 76-cm space between the bottom of each furrow. The experiment was planted on 20 October 2011
using a cone plot planter. Two seed rows were sown about 2-cm deep with 30-cm spacing within each
bed and about 46-cm spacing between beds. The plot size was 3.05 m wide (four seed beds with a
total of eight seed rows) and 4.57 m long for a total area of 13.94 m2. The soil was a Glenton very fine
sandy loam (coarse-loamy, mixed (calcareous), mesic family of Typic Torrifluvents). The plot area was
soil sampled prior to planting, which was performed on 20 October 2011. The results of the soil test
analysis were: pH 7.7, 0.4 mmhos/cm, 1.4% organic matter, 8 ppm NO3-N, 13 ppm P, and 62 ppm K.

This experiment included two CWR × BWR half-sib hybrid populations plus selected reference
populations of Altai wildrye (Leymus angustus); intermediate wheatgrass (Thinopyrum intermedium),
switchgrass (Panicum virgatum), tall wheatgrass (Thinopyrum intermedium), and two species mixtures.
‘Mustang’ Altai wildrye; four BWR populations 4X Acc:636, 8X ‘Continental’, 8X ‘Magnar’, and 4X
‘Trailhead’; ‘Oahe’ and ‘Rush’ intermediate wheatgrass; ‘Alkar’ tall wheatgrass; and two CWR × BWR
half-sib hybrid populations were all seeded at a rate of 16.8 kg·ha−1 for each population in each plot.
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A switchgrass variety mixture, comprised of cultivars ‘Blackwell’ and ‘Dacotah’, was seeded at rates of
3.36 kg·ha−1 for each variety with an overall seeding rate of 6.72 kg·ha−1.

Plots were harvested twice each year, over a period of four years, with an automated forage plot
harvester [59]. In the first harvest year of 2012, while plants were in the juvenile phase of development,
plots were harvested on 24 July and 11 October with an application of 56 kg N ha−1 on 27 July. In the
second harvest year of 2013, plots were harvested on 20 June and 22 October with an application
of 56 kg N ha−1 on 24 June. In the third harvest year of 2014, plots were harvested on 19 June and
9 October, with an application of 56 kg N ha−1 + 122 kg P2O5 ha−1 on 20 June. In the fourth harvest
year of 2015, plots were harvested on 19 June and 8 October, with applications of 56 kg N ha−1 on
10 April and 56 kg N ha−1 + 40 kg P2O5 ha−1 + 13 kg K2O ha−1 on 21 June. During harvest, a small
forage sample was obtained from each plot and oven-dried at 50 ◦C to a constant weight that was used
to convert fresh weight yields to DMY. The experiment was furrow-irrigated each year with irrigation
water from the Colorado River delivered through a canal system. No herbicides were applied at any
time to the plots during the study.

4.7. Statistical Analysis of Trait Data

Field trait data were analyzed within and among years and locations using the MIXED procedure
of SAS version 9.4 with the repeated option to model covariance structure between years (SAS Institute,
Cary, North Carolina, USA). Population, years, and locations were assumed to be fixed effects with
replications as random effects. Mean comparisons were made among populations using Fisher
Protected Least Significant Difference tests at the p = 0.05 level of probability.

5. Conclusions

This study demonstrated a useful approach to produce hybrid seed for allogamous perennial
grasses, which has been a long-standing problem in perennial grass improvement. Our study also
provided new information on the biomass yield accumulation potential of BWR and other cool-season
grasses in a two-harvest irrigated production system in a high-elevation, cold-desert environment of
the western United States. Performance of BWR and other grasses in a two-harvest irrigated production
system demonstrated significant regrowth potential of native grasses such as BWR. Comparisons
of relative biomass yields across a wide range of irrigated and dryland environments of western
North America, including new testing sites utilized in this study, indicate that cool-season grasses
may have significant advantages over switchgrass under non-irrigated or limited-irrigation systems in
this region. Although tall wheatgrass was clearly the best yielding population in this irrigated testing
environment, BWR and CWR × BWR hybrids performed as good as or better than tall wheatgrass
and other introduced species in the dryland range environments. Results the two-harvest irrigated
field experiment demonstrated that switchgrass can also do well in a cold-desert environment if
irrigation supplies are sufficient throughout the entire growing season. However, development and
testing of cool-season perennial grass species, hybrids, and varieties across a wide range of growing
environments is needed to expand the range of adaptation of grasses used for low-input bioenergy and
forage production in the western United States and other parts of North America. Although biomass
yields of BWR and other perennial grasses varied greatly over different environments, we detected
significant genetic variation for this trait across widely various conditions. Some hybrids of CWR
× BWR exhibited indications of mid- or high-parent heterosis and there were very large differences
between the biomass yields obtained using a small sample of only two different CWR genets as seed
parents and two BWR populations as pollen parents. Future efforts to develop CWR × BWR hybrids
should focus on the identification and utilization of superior CWR genets as half-sib hybrid seed
parents in addition to superior BWR pollen parents.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4395/7/1/3/s1.
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Abstract: Efforts to improve water-soluble carbohydrate (WSC) concentrations are common in perennial
forage grass breeding. Perennial ryegrass (Lolium perenne) breeding has been very successful in
developing new cultivars with high WSC and high agronomic performance. Breeding efforts are
ongoing to improve the WSC of other perennial forage grasses, such as orchardgrass (Dactylis glomerata).
The United States Department of Agriculture Forage and Range and Deutsche Saatveredelung
orchardgrass breeding programs cooperated to characterize the expression and genotype by environment
interaction (GEI) of water-soluble carbohydrates in a collection of orchardgrass populations from both
breeding programs. Additionally, the effort characterized the relationship between water-soluble
carbohydrates and other agronomic and nutritive value traits in these populations. Overall, the Deutsche
Saatveredelung populations had higher herbage mass (15%), rust resistance (59%), and later maturity.
The Forage and Range Research populations had higher water-soluble carbohydrates (4%), nutritive
value, and earlier maturity. However, results were highly dependent on GEI. Differences were very
pronounced at the French and German field locations, but less pronounced at the two US locations.
Combining the germplasm from the Forage and Range Research and Deutsche Saatveredelung
programs may be a way to develop an improved base germplasm source that could then be used
separately in the EU and US for water-soluble carbohydrate and other trait improvement.

Keywords: cocksfoot; digestibility; genotype by environment; maturity; rust; water soluble
carbohydrates

1. Introduction

Orchardgrass (Dactylis glomerata) is an auto-tetraploid, out-crossing forage grass, and is one of
the main perennial grasses used for grazing and hay production in temperate climates [1]. Although
D. glomerata is the sole species in the Dactylis genus, the species includes both Mediterranean and
Continental ecogeographic subspecies that are diploid and tetraploid [2]. Orchardgrass is highly
preferred by livestock, exhibits early season growth, and is one of the most compatible perennial
forage grasses when sown with perennial legumes, e.g., alfalfa (Medicago sativa L.) [1,3,4]. It is less
tolerant to abiotic stresses than tall fescue and, for winter injury, than timothy, but more tolerant than
perennial ryegrass. The forage quality of orchardgrass is intermediate, less than perennial ryegrass
(Lolium perenne), equal to timothy (Phleum pratense), but greater than tall fescue (Lolium arundinaceum).
In the US orchardgrass is primarily utilized under rainfed conditions of the central and eastern portions,
and under irrigated conditions in the semi-arid western portions [5].
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Acute and chronic drought can result in substantial decreases of forage grass biomass production [6].
Winter damage caused by freezing includes delayed spring growth, uneven growth, and mortality.
Available orchardgrass germplasm has substantial genetic variation for tolerance to drought and winter
injury [7–9], and cultivars have been developed with drought tolerance in mind (e.g., cv. Paiute).
However, cultivar performance under different or stressed conditions has been inconsistent [9], possibly
due to a lack of uniformity in orchardgrass cultivars [10,11] or the unpredictability of appropriate
environmental conditions in field settings [12]. Improving forage production and quality under abiotic
stresses are objectives in orchardgrass breeding and genetics programs throughout the world (e.g., [13]).

In previous breeding efforts to improve perennial forage grass quality, it was noticed that
water-soluble carbohydrate (WSC) accumulation in forage grasses was correlated with abiotic stress
tolerance [14–19]. The WSC in crown tissues were found to stabilize lipids in cellular membranes [19],
prevent membrane leakage, and maintain osmotic potential of the cells under cold and drought
stress [17,18,20–22]. In addition to their role in abiotic stress tolerance, increased WSC in leaf and stem
tissue can result in improved protein digestion, decreased nitrogen waste through feces and urine,
and increased meat and milk productivity in feeding animals [23]. In orchardgrass, the overwhelming
majority of all WSC are fructans [14,24], which bridge the gap between resource availability and
demands [17]. Increasing WSC (i.e., fructans) is a tangible method of increasing both abiotic stress
tolerance and forage quality in orchardgrass.

Although published reports on variation for orchardgrass WSC concentrations are limited, more
information is coming forth in this arena. Robins et al. [25] identified substantial genetic variation for
WSC within orchardgrass germplasm. Sanada et al. found significant differences in crown [13] and
stubble WSC concentrations, and that WSC concentrations were related to winter hardiness and spring
growth. Additionally they assessed European, Asian, and North American germplasm and found that
European germplasm generally contained less WSC than other location sources [26]. Casler et al. [10]
also detected differences in forage productivity and quality traits between North American and
European orchardgrass varieties, although WSC was not included in that study. Other evaluations
reported significant variation for herbage mass (HM) and forage quality under drought conditions, and
found the WSC concentration to be correlated with forage productivity [27,28]. These reports indicate
substantial variation for forage production and quality traits between different breeding programs,
and suggested that increases in WSC can improve both traits. An understanding of the variation
within a breeding program for WSC, and the relationship with forage productivity and quality, could
result in great gains in this forage grass species.

In the study described herein, we examine the effect of differing environments in North America
(US) and Europe (EU) on the expression of WSC, and the relationship between WSC and associated
agronomic and nutritive value traits in populations of orchardgrass from the North American
United States Department of Agriculture (USDA) Forage and Range (FRR) and European Deutsche
Saatveredelung Aktiengesellschaft (DSV) breeding programs. The objective was to determine the
utility of these breeding pools for the improvement of WSC and to determine how to capitalize on
the genotype by environment interaction (GEI) effects underlying WSC, HM, and nutritive value
expression in orchardgrass.

2. Results

2.1. Overall Model Effects

The overall statistical model identified differences (p ≤ 0.004) among all main effects for each
phenotype (Table 1). Year showed the largest effect (sums of squares) for WSC and acid detergent fiber
(ADF); location for digestible dry matter (DDM), crude protein (CP), neutral detergent fiber (NDF), and
neutral detergent fiber digestibility (NDFD); and population for maturity, rust rating (RR), and HM.
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Table 1. Overall mean values for years, locations (HS—Hof Steimke; LR—Les Rosiers; LO—Logan;
RE—Rexburg), and orchardgrass populations. Population values include the overall mean and range
for each trait and population. Numbers followed by different letters in the same row (effect) differ
statistically (p < 0.05).

Year Location Entry

2014 2015 HS LR LO RE Checks DSV FRR

HM1 5.9 a 4.9 b 6.6 a 3.4 c 5.2 b 6.7 a 5.4 b (4.9–5.9) 5.8 a (5.4–6.2) 5.0 c (4.5–5.5)
DDM2 66.5 b 69.0 a 73.3 b 74.6 a 61.1 d 62.0 c 67.8 b (67.2–68.9) 67.3 c (66.7–68.1) 68.1 a (67.4–68.8)

CP3 11.3 b 14.7 a 8.1 d 14.4 b 14.0 c 15.5 a 12.9 b (12.1–13.6) 12.5 c (11.8–13.2) 13.5 a (12.7–14.4)
WSC4 7.6 b 8.4 a 1 a 8.7 b 6.4 c 6.8 c 8.3 a (7.7–1) 7.8 b (6.9–8.5) 8.1 a (7.2–9.2)
NDF5 61.5 b 56.2 a 64.6 d 58.3 c 57.1 b 55.5 a 58.8 b (56.7–6) 59.8 c (58.8–61.4) 58.0 a (57.0–59.3)
ADF6 35.6 b 31.5 a 34.6 b 29.5 a 35.7 c 34.6 b 33.5 b (32.4–34.5) 34.2 c (33.4–35.2) 33.0 a (32.2–33.8)

NDFD7 64.5 b 66.6 a 61.0 c 59.6 d 67.7 b 73.8 a 65.6a (64.6–66.4) 64.9 b (62.9–66.1) 66.1 a (63.8–67.9)
MAT8 3.0 a 2.8 a - 2.6 a 2.9 b 3.1 c 2.7 a (0.8–3.9) 2.6 a (2.0–3.2) 3.1 b (2.8–3.4)
RR9 5.3 b 6.2 a 5.7 b 5.9 a - - 5.0 b (3.1–8.0) 7.7 a (6.5–8.4) 4.2 c (2.8–5.3)

1 Herbage mass; 2 Digestible dry matter; 3 Crude protein; 4 Water soluble carbohydrates; 5 Neutral detergent
fiber; 6 Acid detergent fiber; 7 Neutral detergent fiber digestibility; 8 Maturity; 9 Rust rating.

Differences among the locations during the study were large (Table 2). Annual maximum
temperatures were higher at each location in 2015 compared to 2014, and growing degree days were
higher in 2015 for each location but Hof Steimke. The two US locations experienced lower mean and
minimum annual temperatures and annual precipitation compared to the European locations (Table 1).
Therefore, the supplemental irrigation at these locations was used to compensate for the effect of the
low precipitation. Although the annual maximum temperatures were similar among the four locations,
there were lower winter and higher summer temperatures at the US locations. Interestingly, the growing
degree days were also similar between Les Rosiers and Logan and between Hof Steimke and Rexburg.

Table 2. Mean weather characteristics at Hof Steimke, Germany; Les Rosiers, France; Logan, USA;
and Rexburg, USA, during 2014 and 2015. Characteristics include latitude (Lat), longitude (Long),
June photoperiod (June), soil type (Soil), annual precipitation excluding irrigation (Prec), mean annual
temperature (Mean T), maximum annual temperature (Max T), minimum annual temperature (Min T),
and growing degree days (GDD).

Hof Steimke Les Rosiers Logan Rexburg

Lat 52.77◦ N 47.35◦ N 41.74◦ N 43.82◦ N
Long 9.00◦ E 0.23◦ W 111.83◦ W 111.79◦ W

June (h·day−1) 18–19 17–18 16–17 16–17
Soil Sandy, loam Loamy, clay Silty, clay loam Silt loam
Year 2014 2015 2014 2015 2014 2015 2014 2015

Prec (mm) 883 929 739 579 319 388 428 273
Mean T (◦C) 11.2 10.5 13.7 13.5 8.9 10.0 7.2 8.3
Max T (◦C) 32.7 37.5 35.0 37.2 36.7 37.8 33.3 35.6
Min T (◦C) −9.2 −4.8 −6.5 −6.0 −20.0 −22.2 −28.9 −26.7

GDD (50 ◦C) 1172 980 1628 1656 2314 2568 1828 2039

Rust resistance ratings were higher at Hof Steimke than Les Rosiers. Hof Steimke was
characterized by relatively high WSC, HM, and NDF; intermediate DDM and ADF; and low CP.
Les Rosiers was characterized by relatively high DDM; intermediate HM, NDF, CP, and WSC; and low
ADF and NDFD. Logan exhibited relatively high ADF; intermediate levels of HM, NDF, NDFD, and
CP; and low DDM and WSC. Rexburg exhibited relatively high HM, NDFD, and CP; intermediate
DDM and ADF; and low NDF and WSC. Maturity ratings were similar at Les Rosiers and Logan,
but earlier at Rexburg.

Overall, 13 populations (Muravka, Paykar and 11 FRR populations) had WSC values greater than
8.5% (Table S1). Twenty-three populations (Duero, Harvestar and 21 DSV populations) had HM greater
than 5.7 kg·plot−1. Twenty-four populations (Muravka, one DSV population, and 22 FFR populations)
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had DDM greater than 68.0%. Twenty-five populations (Latar, Paiute, and 23 FRR populations) had CP
greater than 13.5%. Twenty populations (Muravka, Paykar and 18 FRR populations) had NDF less than
58.1%. Seventeen populations (Muravka and 16 FFR populations) had ADF less than 33.0%. Twenty
populations (Latar and 16 FRR populations) had NDFD greater than 66.2%. Seventeen populations
(Duero and 16 DSV populations) had RR greater than 7.8. Twenty-five populations (Muravaka, Paiute,
and 23 FRR populations) had maturity greater than 3.9 and were the earliest populations. Seventeen
populations (Paykar and 16 DSV populations) had maturity less than 2.0.

Contrasts in the overall data showed that the check cultivars showed higher WSC and NDFD
than the breeding program lines (Table 1). The DSV populations had higher HM, NDF, ADF, and RR;
lower DDM, CP, and NDFD; and later maturity. The FFR populations had higher WSC, DDM, CP,
NDFD; lower HM, NDF, ADF, and RR; and earlier maturity.

2.2. Principal Component Analysis and Correlations among Phenotype

Correlation estimates indicated a strong association among many of the measured phenotypes
(Table 3). Only correlations > ±0.70 will be mentioned here. Herbage mass correlations were positive
for NDF, ADF, and RR, but negative for DDM and CP. Digestible dry matter correlations were positive
for WSC and NDFD, but negative for NDF, ADF, and RR. Crude protein was negatively correlated with
NDF, ADF, and RR. Neutral detergent fiber was positively correlated with ADF and RR. Acid detergent
fiber was positively correlated with RR. Maturity was not highly correlated with any phenotype,
although correlations were highly driven by origin (EU vs. US).

Table 3. Pearson correlation estimates among orchardgrass populations among herbage mass (HM),
dry matter digestibility (DDM), water soluble carbohydrates (WSC), neutral detergent fiber (NDF), acid
detergent fiber (ADF), neutral detergent fiber digestibility (NDFD), maturity (MAT), rust resistance
(RR), principal component 1 (PC1), and principal component 2 (PC2) evaluated across two years
and four locations. All listed correlations significantly differ from zero (p < 0.01), unless noted NS
(non-significant).

DDM CP WSC NDF ADF NDFD MAT RR

HM −0.74 −0.74 −0.47 0.80 0.80 −0.51 −0.56 0.84
DDM 0.67 0.72 −0.92 −0.92 0.71 0.46 −0.73

CP NS −0.77 −0.83 0.54 0.41 −0.76
WSC −0.66 −0.60 0.30 0.36 −0.45
NDF 0.96 −0.60 −0.51 0.83
ADF −0.64 −0.51 0.82

NDFD 0.29 −0.53
MAT −0.55

2.3. Interaction Effects between Population and Location

Significant interaction effects were identified for each phenotype. The year by location interaction
was significant for all phenotypes but maturity. The year by population interaction was less consistent
and differed only for maturity, RR, and HM. The location by population interaction differed for all
phenotypes but maturity and ADF, although the evidence of interaction for CP was nominal (p = 0.08).
The three-way year by location by population interaction was also inconsistent, differing for RR, HM,
CP, and NDFD. The sums of squares associated with the interaction effects were generally smaller
than population sums of squares, with exceptions of the year by location interaction for each of the
nutritive value phenotypes; the location by population interaction for DDM, WSC, and NDFD; and
the year by location by population interaction for NDFD. Due to the lack of differences for the year
by population interaction, the inconsistency of the three-way interaction, and the perennial nature of
orchardgrass [29], all further results are based on the location × population interaction analysis using
AMMI analysis.

62



Agronomy 2016, 6, 61

The Kendall (τ) statistic provided evidence for the nature (magnitude vs. rank changes) of the
location × population interaction (Table 4). Population rankings between Hof Steimke and Les Rosiers
were highly correlated (τ ≤ 0.77; p < 0.0001) for all phenotypes but WSC and NDFD. Hof Steimke
rankings exhibited no to limited relationships with the Logan and Rexburg locations. Les Rosiers
rankings also exhibited low to moderate relationships with the Logan and Rexburg locations, although
the correlations were generally higher with the Rexburg rankings. The Logan and Rexburg rankings
exhibited high correlation for DDM and WSC, moderate correlation for HM and NDFD, and low
to no correlation for the remaining phenotypes. With the exception of the Hof Steimke and Les
Rosiers rankings, the Kendall rankings provided strong evidence for changes in ranking leading to the
underlying location by population interaction.

Table 4. Kendall concordance estimates of orchardgrass rankings for each phenotype across years
and between locations for herbage mass (HM), dry matter digestibility (DDM), water soluble
carbohydrates (WSC), neutral detergent fiber (NDF), acid detergent fiber (ADF), and neutral detergent
fiber digestibility (NDFD). All listed correlations significantly differ from zero (p < 0.05), unless noted
NS (non-significant).

Les Rosiers Logan Rexburg

Hof Steimke

HM 0.94 NS 0.35
DDM 0.95 NS 0.24

CP 0.77 0.61 0.44
WSC 0.47 NS NS
NDF 0.88 0.54 0.69
ADF 0.94 0.37 0.72

NDFD 0.29 0.65 0.35

Les Rosiers

HM NS 0.42
DDM 0.17 0.30

CP 0.37 0.67
WSC 0.53 0.64
NDF 0.66 0.57
ADF 0.43 0.66

NDFD NS −0.37
Logan

HM 0.62
DDM 0.88

CP NS
WSC 0.89
NDF 0.22
ADF 0.09

NDFD 0.70

At Hof Steimke, Les Rosiers, and Rexburg there were differences (p ≤ 0.02) among the populations
for each phenotype (Table 5). At Logan there were pronounced population differences for maturity
(p = <2 × 10−16), and HM (p = 0.007); less pronounced differences for DDM, NDF, and ADF (p ≤ 0.06);
and no differences for CP, WSC, and NDFD. The AMMI analysis identified the significance (p ≤ 0.0009)
of the first interaction principal component (IPCA) for each phenotype. The AMMI results separated
the four locations into three groups for WSC and HM based on the high performance of a single
population: (1) Hof Steimke and Les Rosiers; (2) Rexburg; and (3) Logan. All four locations grouped
separately for DDM and CP. NDF resulted in two groups: (1) Hof Steimke, Les Rosiers, and Logan;
and (2) Rexburg. ADF resulted in three groups: (1) Les Rosiers and Logan; (2) Hof Steimke; and
(3) Rexburg. NDFD resulted in three groups: (1) Logan and Rexburg; (2) Hof Steimke; and (3) Les
Rosiers. The two US locations grouped together less frequently than did the two EU locations, possibly
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because of the lack of differences among the Logan populations for some traits. As demonstrated by
the Kendall statistic, the performance of individual populations matched the grouping of locations for
each phenotype, For example, nine populations showed high HM at both Hof Steimke and Les Rosiers.

Table 5. Population mean values corresponding to herbage mass (HM), dry matter digestibility (DDM),
water soluble carbohydrates (WSC), neutral detergent fiber (NDF), acid detergent fiber (ADF), neutral
detergent fiber digestibility (NDFD), maturity (MAT), and rust resistance (RR) for the orchardgrass
population sources (DSV, FFR, and check) evaluated within each of the four locations and across the
two production years. Numbers followed by different letters in the same column, and within the same
location, differ statistically (p < 0.05).

WSC HM DDM CP NDF ADF NDFD MAT RR

Hof Steimke
Checks 10.2 a 5.6 b 75.9 a 11.3 b 60.3 a 31.3 b 64.1 a,b - 5.7 b

DSV 8.9 b 6.0 a 75.3 b 11.3 b 61.4 b 31.8 c 63.8 b - 7.6 a

FRR 10.3 a 4.9 c 76.3a 11.8 a 59.8 a 30.9 a 64.3 a - 4.1 c

Les Rosiers
Checks 8.9 a 3.3 b 74.9 a 14.4 b 57.9 a 29.2 b 59.6 a 3.0 b 5.8 b

DSV 8.4 b 4.0 a 74.2 b 13.4 c 59.2 b 30.3 c 59.7 a 2.1 a 7.9 a

FRR 8.8 a 2.8 c 74.9 a 15.3 a 57.6 a 28.8 a 59.5 a 4.3 b 4.3 c

Logan
Checks 6.3 a 5.5 a 61.3 a 14.2 a 56.9 a 35.4 a 67.8 a 3.0 b -

DSV 6.4 a 5.2 b 60.8 b 13.8 b 57.7 b 36.1 b 67.0 b 1.8 a -
FRR 6.4 a 5.1 b 61.3 a 14.1 a 56.6 a 35.4 a 68.1 a 3.7 c -

Rexburg
Checks 6.8 a 6.6 b 62.0 b 15.4 b 55.6 b 34.6 b 73.9 b 3.1 b -

DSV 6.8 a 7.0 a 61.6 c 15.2 b 56.5 c 35.1 c 72.5 c 2.1 a -
FRR 6.7 a 6.5 b 62.5 a 16.0 a 54.4 a 34.0 a 75.1 a 3.8 c -

3. Discussion

Previous evaluations of North American and European orchardgrass breeding programs [10,30]
noted substantial differences between the two germplasm sources for HM and some forage quality
traits. The current study focused on the characterization of the WSC concentration in the germplasm
pools and the relationship between WSC and the other measured phenotypes. Additionally, this study
focused on the GEI effects on orchardgrass from the DSV and FRR breeding programs when grown at
sites in the EU and US. The DSV populations exhibited comparatively high HM and RR, but lower
nutritive value, and late maturity. In contrast, the FRR populations exhibited higher nutritive
value, including WSC, but lower HM and earlier maturity. Maturity, in particular, reflects the
strong preference for much later material in the EU and the preference for seed production of early
flowering cultivars in the US. Because rust infection was only rated in September at the EU locations,
this study did not allow the further elucidation of this relationship by correlating the response at the
individual harvests.

The success of breeding perennial ryegrass for increased WSC [31] has created a new
objective for many forage breeding programs, including the DSV and FRR programs. Using near
infrared spectroscopy approaches, WSC is easy to measure and characterize in targeted population
improvement programs; however, its inheritance is strongly affected by location and GEI effects. High
WSC perennial ryegrass cultivars may fail to express the phenotype in vastly differing environments,
such as New Zealand [32] and the US [33]. The prevailing hypothesis for the GEI effect is that the
higher summer temperatures limit the photosynthesis of the C3 grasses and result in lower WSC
concentrations in the forage [32]. This hypothesis is consistent with the results of the current analysis.
While annual maximum temperatures did not differ substantially among the locations, the mean
maximum temperatures and growing degree days during the growing season were higher at the
US locations. Interestingly, the EU locations are at higher latitudes and receive more sunlight for
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increased photosynthesis during the growing season, such that the EU locations resulted in a higher
WSC concentration while the FRR populations exhibited a higher WSC than the DSV populations at
those EU locations. However, there was no difference between the DSV and FRR populations for WSC
at the US locations. These results are consistent with the report of Sanada et al. [26], which also found
that European orchardgrass sources generally exhibited a lower WSC than orchardgrass from other
regions. Further studies of the genetics and GEI of WSC will be required to determine appropriate
selection targets for increased WSC in different regions and to determine limits of WSC expression in
orchardgrass germplasm.

The GEI effects detected herein were also complicated by the relative RR of the two germplasm
sources included in this evaluation. The relationship between the WSC and disease is not well defined,
but Sanada et al. [26] found a negative relationship between rust infection and WSC. Thus, our results
for WSC contradict this finding. The potential for increasing the WSC concentrations under US
conditions is unclear. However, breeding for this trait is still in its infancy and substantial genetic
variation exists in orchardgrass [25]. Thus, increases in WSC are likely, but overall expression levels
comparable to EU conditions may not be attainable.

The higher HM of the DSV populations compared to the FRR populations, at both US and EU
locations, is seemingly inconsistent with the higher HM of US cultivars at US locations in previous
work [10]. At EU locations this difference may partially be due to disease pressure, where the effect of
rust on the FRR populations was high and limited their productivity compared to the DSV populations.
At the US locations rust was not a factor and the HM differences were not as striking, although the DSV
populations as a whole had higher DM. Thus, the strong overall increased HM of the DSV populations
was driven by their substantially higher HM at the EU locations.

Forage quality phenotypes included CP, cell wall components, and digestibility. At each individual
location, the FRR populations had higher CP and DDM than DSV populations, but differences for NDF,
ADF, NDFD were less or non-significant. In general, relationships between these phenotypes and the
WSC were consistent with those identified previously in orchardgrass [25], including the negative
relationship between HM and cell wall components (ADF and NDF) and the positive relationship
between HM and digestibility (DDM and NDFD). The non-significant correlation between CP and
WSC in this study was unexpected. Crude protein and WSC usually exhibit a negative correlation
because photosynthate diverted to the production of WSC cannot be used for CP, and vice versa [23].
The non-significance in this evaluation is intriguing.

The genotype by environment (location by population) interaction was a key characteristic of
this evaluation. The genotype by environment interaction is the rule rather than the exception in
forage grass breeding [25,33]. However, a main objective of this study was the characterization of this
interaction to allow future use of the GEI to maximize breeding goals in orchardgrass. The AMMI
analysis suggested that a consistent relationship occurred between the two EU locations, but that
the two US locations did not exhibit consistent phenotypic performance. Previously, the Logan and
Rexburg locations exhibited substantial GEI for orchardgrass phenotypes, including WSC and HM [25],
such that there were no specific populations that would perform uniformly well for the measured
phenotypes across those two locations. However, the consistent performance of the DSV and FRR
populations for phenotypes suggests that combining these populations through recurrent selection
can result in germplasm improved for WSC, HM, and RR. These populations could then be specifically
selected for improved performance in the EU and US, respectively.

4. Materials and Methods

4.1. Experimental Locations

The locations included in this evaluation were Hof Steimke, Lower Saxony, Germany;
Les Rosiers-sur-Loire, Pays de la Loire, France; Logan, UT, USA; and Rexburg, ID, USA. Location
descriptions, including weather data during the study, are included in Table 2.
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4.2. Orchardgrass Populations

Eighty-four orchardgrass populations were evaluated, including 35 DSV orchardgrass breeding
populations, 40 FRR orchardgrass breeding populations, and nine check cultivars from the EU and US
(Table S1).

4.3. Experimental Design

The experimental design at Hof Steimke and Les Rosiers was a randomized complete block design
with two complete blocks. Due to seed limitations only two blocks were included at each location.
The experimental design at Logan and Rexburg was a double alpha-lattice with two complete blocks
and 20 incomplete blocks. Plots were seeded in 2 m2 plot sizes, at a rate of 17 kg·ha−1 during early
fall 2013 at each location, but Hof Steimke, which was seeded in 2014. The EU locations employed no
supplemental irrigation while the US locations applied supplemental irrigation (beginning after the
first yearly harvest) to replace approximately 75% of the evapotranspiration rate each week. Following
sowing and the establishment year, the fertilization schedule during the 2014 and 2015 production
years were three split applications of 57 kg·N during the year.

4.4. Data Collection

At Logan and Rexburg there were three forage harvests in 2014 and four in 2015. At Les Rosiers
there were four harvests in 2014 and five in 2015. At Hof Steimke no biomass or forage quality
data was collected in 2014, but there were five harvests in 2015. Harvest intervals were roughly
each five to six weeks at each location. Each spring, maturity ratings were made from 1–5, where a
score of 1 corresponded to the earliest heading while a score of 5 corresponded to the latest heading.
Following maturity ratings, each harvest removed all aboveground plant material to a stubble height
of approximately 60 mm. Samples were collected from each plot to determine wet weights and for
nutritive value analyses. The samples were then dried at 60 ◦C in forced air driers and re-weighed to
determine moisture percentage. Thus plot values were adjusted to a dry matter basis to determine
HM in kg·plot−1. Samples were then ground to pass a 1 mm screen for nutritive value analyses.
The analyses used wet chemistry and near infrared spectroscopy according to established protocols [34]
to determine values of WSC, DDM, CP, NDF, ADF, and NDFD. Nutritive values were not estimated
from the first harvest to avoid the confounding effects of maturity differences. Additionally, nutritive
value was only taken from two harvests from Les Rosiers in 2014. Herbage mass values were summed
across the growing season, and the nutritive values were derived as a weighted average from each
harvest based on the contribution of the corresponding harvest to the total yearly HM. Rust resistance
was rated (1—highly susceptible to 9—highly resistant) only from the two EU locations during 2014
and 2015. There was no measurable rust at the US locations. Rust ratings did not attempt to distinguish
between rust type, i.e., stem vs. leaf rust, but only provided an overall rating of plant health.

4.5. Data Analysis

The ‘lme4’ package [35] of the R software [36] was used to model the phenotypic data for the
overall across years and locations and individual location models. The main effects of year, location,
population, and their interactions were fixed effects. The main effects of block and incomplete block
were random effects. The repeated effects of years were modeled using a compound symmetry
structure. The lattice designs at the US locations were resolved to randomized complete blocks for
the overall model. Contrasts between the population sources were used to determine differences in
phenotypic values among the DSV, FFR, and check populations. The MATMODEL 3.0 software [37]
was then used to characterize the underlying location by population effects for each genotype using
the additive main effects and multiplicative interaction (AMMI) modeling. The Kendall concordance
statistic was used to characterize the relative ranking of populations for each phenotype among
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the locations. Simple correlations among cultivar means between different phenotypes in the same
environment illustrated relationships among the phenotypes.

Supplementary Materials: Supplementary Materials: The following are available online at www.mdpi.com/
2073-4395/6/04/61/S1, Table S1: Overall across year (2014 and 2015) and location (Hof Steimke, Germany;
Les Rosiers, France; Logan, UT, USA; and Rexburg, ID, USA) mean values for 84 orchardgrass populations
corresponding to water soluble carbohydrates (WSC), dry matter yield (DMY), crude protein (CP), neutral
detergent fiber (NDF), acid detergent fiber (ADF), neutral detergent fiber digestibility (NDFD), rust resistance
(RUST), and maturity (MAT).
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Abstract: Molecular breeding tools, such as genetic modification, provide forage plant breeders with the
opportunity to incorporate high value traits into breeding programs which, in some cases, would not
be available using any other methodology. Despite the potential impact of these traits, little work has
been published that seeks to optimize the strategies for transgenic breeding or incorporate transgenic
breeding with other modern genomics-assisted breeding strategies. As the number of new genomics
assisted breeding tools become available it is also likely that multiple tools may be used within the
one breeding program. In this paper we propose a strategy for breeding genetically-modified forages
using perennial ryegrass as an example and demonstrate how this strategy may be linked with other
technologies, such as genomic selection. Whilst the model used is perennial ryegrass the principles
outlined are valid for those designing breeding strategies for other outcrossing forage species.

Keywords: forage; transgenic; breeding strategy

1. Introduction

“Roundup Ready” alfalfa was the first, and currently only, commercially available transgenic
forage in the world [1], with a large range of transgenic traits being developed in a number of different
forage species including white clover, subterranean clover, alfalfa, Italian ryegrass, perennial ryegrass,
tall fescue, red fescue, creeping bentgrass, bahiagrass, and switchgrass. These traits include forage
quality, tolerance to biotic and abiotic stress, and the manipulation of growth and development [1–5].
Genetic transformation of plants is only the beginning of the pathway towards the commercialization of
a transgenic product and has not diminished the need for cultivar development through breeding [6].

Notwithstanding the technical and regulatory challenges that are sometimes associated with the
development of forage cultivars using new technologies the fact remains that the targeting of high
impact traits related to forage quality, productivity and persistence has the potential to greatly increase
the profitability of grazing industries [7–9].

Transgenic breeding is an extension of conventional plant breeding technologies and, although
it shares the same basic principles and guidelines with conventional plant breeding, it has its own
challenges and breeding objectives [10]. These objectives include the selection of transgenic events
that exhibit the targeted attribute across generations, whilst retaining all other non-target agronomic
qualities [10,11]. Although the methodologies are in place to generate new transgenic events within
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forage crops, they have not been assembled or optimised to be integrated into a transgenic breeding
program for commercial development.

There is very limited literature related to breeding strategies for the development of transgenic
forages from transformation to commercialisation [6,12], with no literature on the breeding strategies
for transgenic Lolium grasses. Both Kalla et al. [2] and Woodfield and White [6] described the
introgression of a transgene within a molecular breeding program in white clover, an outcrossing forage
legume, and are focused on the incorporation of a novel trait into a known genetic background using
repeated crossing to a transgenic donor plant to derive plants that are homozygous for the transgene.
With minor adjustments, both of these breeding strategies could be applied to transgenic Lolium
grasses. However, since these studies were published, progressive advances in molecular genetic
and genomic technologies, and the ongoing expansion of phenomics capabilities, have allowed for
designs of genome editing, marker assisted selection [4], genomic selection [13], and hybrid breeding
strategies [14] in commercially-relevant breeding programs of temperate outcrossing grasses that could
potentially change breeding strategies in forages [15–18]. These new methodologies can potentially
increase the rate of genetic gain over generations, reduce time between generations and reduce the
cost of phenotyping. The implementation of these technologies has the potential to address a number
of short-falls of conventional breeding programs, when it comes to the integration of a transgene into
a wider breeding population.

Some of these considerations and technologies will be discussed and an optimum strategy for the
transgenic breeding of Lolium grasses is proposed. This transgenic breeding strategy will not replace
the need for standard aspects of commercial breeding programs, such as the choice of adapted parental
germplasm and multi-site screening for genotype × environment interactions, but rather allow the
efficient introgression of transgenic technologies into such a program in a way that is also compatible
with other molecular breeding tools.

The breeding strategy described aims to reduce the time-lag between transformation and
commercialisation through the creation of market-ready transgenic events in perennial ryegrass.
Elements of the strategy were validated during the development of transgenic perennial ryegrass with
altered fructan biosynthesis [19]. However, the strategy proposed is not a description of what was
done in that experiment, but rather how elements that were used there could be used more broadly in
a breeding strategy, such as:

• screening agronomically superior populations for tissue culture responsive (TCR) genotypes to be
used in genetic transformation;

• screening and selecting both T0 events and recipient genotypes concurrently;
• ensuring agronomically fit, genetically-diverse, recipient genotypes were used in crossing,
• introducing endophytes in the T1 generation via the recipient parent; and
• attempting to complete two cycles of crossing within one year.

This strategy allowed for the development of transgenic perennial ryegrass Syn0 germplasm
for two transformation within five years of transformation. The strategy included four years of field
evaluation on the primary T0 parents and two years of field evaluation on the transgenic T1 progeny.
During these experiments, a number of areas, as listed below, were highlighted for consideration when
attempting to create an optimized transgenic breeding strategy in Lolium grasses. These areas need to
be considered when planning and developing transgenic Lolium for commercial purposes:

• selection methods of tissue culture responsive genotypes;
• development, evaluation, and selection of primary T0 transgenic events in Lolium;
• integration of the gene technologies into the wider breeding population; and
• evaluation of progeny for trait stability and agronomic performance.
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2. Selection Methods for Tissue Culture Responsive Genotypes

Callus production and regeneration protocols to produce fertile plants in Lolium are pre-requisites
to Lolium transformation [20]. Thus, the development of an optimized tissue culture protocol is essential
for successful genetic transformation [20]. However, not all agronomically elite cultivars/populations
are amenable to genetic transformation, due to either poor callus induction or poor callus regeneration.
Most genotypes selected for genetic transformation are, thus, selected based on their tissue culture
responsiveness rather than agronomic performance. This can have a genetic drawback during initial
cultivar development due to the presence of agronomically unfavourable alleles within the selected
genotype used for genetic transformation [6,10]. Visarada [11] concluded that it is more realistic to use
highly responsive genotypes for genetic transformation, and then use promising transgenic events in
a backcrossing strategy with agronomically superior populations/cultivars. It will take at least five
generations of backcrossing to regain roughly 97% of the backcrossed parents’ genetic background [6].
In outcrossing species, such as Lolium, it is essential to backcross with a number of diverse recipient
genotypes in each successive generation, to avoid inbreeding depression. This backcrossing strategy
will maintain the transgene in a heterozygous state and so it will be present in only 50% of the progeny.
Progeny will, thus, have to be screened for the transgene in each generation. Although achievable,
this backcrossing strategy will add significant cost and an additional 2–5 years to the breeding process
for commercialisation.

Genotypes selected for genetic transformation should, thus, not only be screened for TCR, but for
agronomic performance under field conditions prior to transformation, as well. This could easily
be implemented in a commercial breeding program, by screening selected superior genotypes from
breeding populations for tissue culture responsiveness. This would allow for the identification of TCR
genotypes that are agronomically superior well in advance of any transformation work, and would
enable continues improvement of TCR genotypes through recurrent selection strategies. Screening for
tissue culture responsiveness in a genomic selection reference population would enable the estimation
of the marker effects that would allow for the development of genomic selection prediction equations.
These prediction equations could then be used to estimate genomic estimated breeding value (GEBVs)
for selection candidates for tissue culture responsiveness, as well as for important traits, such as
biomass yield, nutritive quality, and persistence in a sward [16,17].

Another consideration in choosing the correct genotype for genetic transformation would be floral
induction requirements. Floral induction marks the transition from a vegetative state to a reproductive
state and requires a dual induction in most Lolium grasses [21–23]. The primary induction is brought
on by short days and/or low temperatures (vernalisation), with an obligatory requirement of at
least two weeks, followed with the secondary induction in response to a transition to longer days
and moderately high temperatures [21,24,25]. The requirements for both primary and secondary
induction can, however, vary greatly within perennial ryegrass germplasm [24,26]. The selection of
agronomically fit TCR genotypes with short primary induction requirements will assist greatly with
the crossing strategies in the initial cultivar development phase. Shorter obligatory PI requirements
of 4–6 weeks, will allow for multiple crosses to be done in succession, allowing for a larger number
of crosses to be completed within a year. In some of our research, the TCR genotype had a 12 week
obligatory PI requirement. This long PI requirement restricted the number of crosses that could be
produced within a year, and limited of generations that could be created to three generations every
two years. As perennial ryegrass requires both primary and secondary flowering induction to occur,
selection on shorter PI requirements alone should not alter heading dates. It would still be important
to ensure that heading dates are in line with the breeding objectives. Crossing would have to be done
in contained glasshouse facilities, which would most likely have space restrictions depending on the
regulatory requirements of the jurisdiction in which the crosses are performed.

All of these considerations and technologies can assist with the selecting of an agronomically
fit TCR genotype that would allow for the generation of two generations per year under glasshouse
conditions, which could shorten breeding time requirements for commercialisation by 2–3 years.
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3. Development, Evaluation and Selection of Primary T0 Transgenic Events in Lolium Grasses

In the past two decades, enabling methodologies for the application of genetic transformation
have been developed or improved for many important forage, turf, and bioenergy crops [1,5,27,28].
Genetic transformation technology allows for the introduction of novel genetic variation through the
introgression of genes from related or unrelated species through transformation [1] and have been
extensively reviewed [29–33]. The uncontrolled nature of both Agrobacterium-mediated transformation
and biolistic transformation could lead to multiple insertion sites and complex integration patterns
that could potentially lead to insertional mutagenesis [34]. This uncontrolled nature of transgene
insertion could mean that each transformant has a different insertion site and potentially has a variable
number of inserts of the transgene as well [10]. Somaclonal variation during tissue culture and
insertional mutagenesis during transformation could also lead to significant phenotypic variation in
primary T0 transgenic events [10,11]. This could become a significant barrier in transgenic breeding
but could be overcome by generating large numbers of primary T0 transgenic events, to screen for T0

events with low transgene copy number, that exhibit the desired trait without negatively affecting the
agronomic performance of the plant [10]. Recent developments in genome editing techniques will
also be able to address these concerns through the precise, targeted deletion, substitution, or addition
of nucleotides within a specific site in the genome [15,35]. The advantage of these new techniques
over Agrobacterium-mediated transformation and biolistic transformation is that the integration is
site specific, which has the potential to reduce insertional site effects, complex integration patterns,
and multiple copy insertions [35] although depending on the technology used there can be a large effort
to define and characterize suitable introgression sites. It will also reduce the burden of identifying
and characterising insertion sites for the deregulation of a selected transgenic event for commercial
use [36]. There is currently no literature available that reports targeted genome editing in any forage
species, but the use of genome editing has been reported in other plant species, including maize [37],
rice [38], wheat [39], barley [40], and soybean [41].

For a transgenic event to be successful as a cultivar, it is expected that the trait will be
stably inherited, consistently expressed, and with no significant negative impact on the agronomic
performance [10,11]. In perennial ryegrass, the transgenic breeding strategy starts with the production,
evaluation and selection of primary T0 events for the targeted trait, followed by the introgression
of the transgene into the larger population. The cost of running a field trial with transgenic events
can be substantial due to regulatory requirements [36,42]. To reduce environmental risks that may
arise from the release of transgenic material into the environment, restrictions may be placed on the
number of T0 events that can be evaluated, the length of the trial and the methods used for evaluation
(e.g., no animal grazing) by the regulatory governing body. For these reasons, it is necessary to reduce
the number of primary T0 transgenic events to progress to field evaluation, by pre-screening the
T0 events in containment glasshouse facilities. Pre-screening can include gene expression analysis,
estimation of transgene copy number, marker gene copy number, and phenotypic analysis of the target
trait. For qualitative traits (e.g., disease resistance, herbicide tolerance, etc.), it is possible to pre-screen
large numbers under containment conditions in the glasshouse and only take promising T0 events for
evaluation in targeted environments under field conditions. Although it is possible to pre-screen for
quantitative traits (e.g., fructan biosynthesis) in the glasshouse as well, it is advisable to screen for the
trait in targeted environments under field conditions, as promising events might not express the trait
under glasshouse conditions. Due to the cost of deregulation of a transgenic event [43], it is most likely
that only one primary T0 event will be selected for deregulation. However, it is critical that between
4–20 of the most promising T0 events be advanced in the breeding program, as transgenic events might
be deemed unfit due to low T0 fertility, limited seed production, and irregular trait heritability [10].

4. Introgression of the Transgene into the Wider Breeding Population

Genetic transformation and selection of elite T0 transgenic events that exhibit the trait of interest is
only the start of making a commercial transgenic product and has not diminished the need for cultivar
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development through breeding [6]. The introgression of individual genes for cultivar development
have been limited in outcrossing species, such as perennial ryegrass, as repeated backcrossing to
a single parent is required [44] which, in turn, can lead to inbreeding depression. In this study,
the method used to introgress the transgene within a breeding population was to use the clonal
ramets of ryegrass to facilitate the simultaneous pair-crossing of a single transgenic event to a number
of selected genotypes. Using multiple pair-crosses allowed for the introgression of the transgene
into a range of genetically diverse genotypes of single/multiple breeding population(s), in the most
cost-effective and controlled manner. To create a transgenic synthetic cultivar, while reducing the
risk of inbreeding, around 4–20 recipient genotypes would need to be pair-crossed with each selected
primary T0 transgenic event [45]. This reduces the chance of a founder effect within the transgenic
population and will reduce inbreeding depression in the following generations [46]. Kidwell et al. [47]
have shown that fewer parents that are genetically diverse are more suited for cultivar development
than highly related plants. Plant breeders have, however, until recently, been unable to distinguish
genetically-diverse parents within breeding populations and had to rely on larger numbers of parents
as a precaution against inbreeding [48,49]. New advances in molecular genetics have enabled breeders
to determine the genetic distance between parents and, thus, select smaller subsets of parents, while
maintaining genetic diversity and desired characteristics within the population [18]. Recipient
genotypes can, thus, be selected based on genetic diversity between genotypes that will be used
in crossing activities [47].

In recent years, genomic selection strategies suitable for use in Lolium have been proposed [13,16,17].
In a genomic selection breeding program, recipient parents could be selected based on GEBVs, as well
as on phenotypic selection [17]. GEBVs could allow for the rapid identification of genetically-diverse
parents that contain the desired genotypes for agronomic performance. Although the use of genomic
selection is novel in plant species it is likely that for species where appropriate resources are placed into
the development of genomic selection algorithms that the technology may be widely used. If genomic
selection if combined with a transgenic breeding strategy it is import that both the transgenic genotype
and the recipient genotypes should, however, be selected from the breeding population that is linked
to the genomic selection training population, to ensure that the genomic predictions of the progenies
are accurate [13,17].

The recipient parents could also be a vehicle to introduce endophyte strains into the breeding
population. Endophyte/ryegrass symbiota have shown to have a competitive advantage over ryegrass
without endophytes [50].

5. Evaluation of Progeny for Transgenic Trait Stability and Agronomic Performance

One of the characteristic features of biolistic transformation is the integration of both full length
transgenes and possibly rearranged fragments of the transgenes, with variable copy numbers of
both full-length transgenes and transgene fragments [51]. The multiple copies of the full transgenes
and possibly rearranged fragments are most frequently inherited as a single locus [51] and is, thus,
expected to exhibit a monogenic Mendelian segregation ratio of 1:1. However, studies have shown that
between 10%–50% of transgenic events produced by either Agrobacterium-mediated transformation or
biolistic transformation will show non-Mendelian inheritance of the transgene [10,51,52]. Yin et al. [52]
have attributed the non-Mendelian segregation of the transgene to the nature of the recipient
genome, the nature of the transgene and the interaction between them. The consequences of selecting
a transgenic event that shows non-Mendelian inheritance for the genetic transgene is that an increased
number of crosses should be produced after transformation [52]. The selection of a transgenic event
that exhibits Mendelian segregation is, thus, preferable.

In this study, the method used to select for monogenic Mendelian inheritance in transgenic events
was to pair-cross the primary T0 event to a recipient genotype. This allowed for the calculation of
segregation ratio within the T1/F1 progeny. All transgenic events that had a 1:1 segregation ratio in
their T1/F1 progeny were progressed for further crossing. Using pair-crosses also allowed for cost
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savings in molecular screening of progeny as the segregation ratio was likely to be 1:1. This would
not have been the case if the transgenic events were placed in poly-crosses with multiple recipient
genotypes in the initial integration step. A 1:1 segregation ratio was observed for three primary T0

events. Using pair-crosses also allowed for full-sib or half-sib progeny testing, and for the selection
of genetically-diverse parents to reduce the chances of inbreeding depression. To introgress the
transgene into a diverse genetic background, the clonal propagation ability of ryegrass was used to
allow for the simultaneous pair-crossing of a single transgenic event to a number of selected genotypes.
Using multiple pair-crosses allowed for the introgression of the transgene into a range of genetically
diverse genotypes of single/multiple breeding population/s. This crossing step was also used to
integrate a novel fungal endophyte in the T1/F1 progeny, by only collecting seed from the recipient
endophyte-containing maternal parents.

The introduction of a transgene into a recipient genome is complex and can potentially alter the
transgene expression levels, depending on a number of factors, including the transgene integration
site, transgene duplication, deletion, repeated sequence recombination, rearrangement, and gene
interactions [10,52]. It is, thus, critical to screen the T1 progeny for transgene expression and to evaluate
the trait under field conditions. To reduce the number of T1 progeny that requires screening, GEBVs
can be used to select the T1 progeny with the desired genotype first and then only screen those plants
for transgene expression. In this study, transgenic T1 progenies derived from three primary T0 events
were screened under field conditions, as GEBVs were not available.

A sub-selection of transgenic T1 plants from each transgenic event can be used in a poly-cross to
create T2/F2 progeny. The T2/F2 progeny should exhibit a 1:2:1 segregation ratio for the transgene as all
T1s used in the poly-cross would have been heterozygous for the transgene. T2 progeny, homozygous
for the transgene, can be used as Syn0 parents in a synthetic breeding program. Choices in regards
to which event to deregulate can be made at this point. If the trait is deregulated, the progeny of
the Syn0 parents could be used in a recurrent breeding nursery or genomic selection nursery, where
sub-selections can be made for varietal development.

6. An Optimum Transgenic Breeding Strategy in Lolium Grasses that Is Compatible with
Genomic Selection

An optimised transgenic breeding strategy in Lolium grasses will now be outlined. This strategy
will address all of the abovementioned requirements, while making use of new technologies that have
come to light in the last few years. This transgenic breeding strategy for Lolium grasses will allow for
an efficient method to deploy transgenes into the wider perennial ryegrass breeding population for
commercial cultivar development. This strategy is adapted from a genomic selection strategy described
by Hayes et al. [16] (Figure 1) and reviewed by Simeão Resende et al. [17] and assumes that the genomic
selection program for non-transgenic breeding material is well established, and that accurate GEBV’s
can be predicted on selection candidates for important traits, such as biomass yield, nutritive quality,
and persistence in a sward [16,17]. With these basic genomic selection steps, a transgenic breeding
strategy can be simplified to the following steps:

Year 1:

(i) Selection of TCR and agronomically superior genotypes for transformation—Figure 1,

number 1.

Selection of superior genotypes from the genomic breeding nursery (Figure 1A) for transformation,
based on genomic predictions of performance for a range of agronomic traits, as well as the TCR
trait that is required both for callus induction and callus regeneration during transformation.

(ii) Creation of primary T0 transgenic events in Lolium grasses through targeted genome editing—

Figure 1, number 2.
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Generation of primary T0 events through targeted genome editing technology. Genome editing
can accurately delete, substitute, or add nucleotides at a specific site within the genome [35].
This technology has distinct advantages over Agrobacterium-mediated transformation and biolistic
transformation in that the transgene integration is site specific, which has the potential to reduce
insertional mutagenesis, complex integration patterns, and multiple copy insertions [35]. It will
also reduce the burden of identifying and characterising insertion sites for deregulation purposes,
as the integration site is known and targeted for [35].

(iii) Application to Regulator for the limited release of transgenic Lolium grasses for evaluation.

Transgenic technology is governed by the Gene Technology Act 2000 and regulated by the Office
of the Gene Technology Regulator in Australia. A licence by the Regulator is required for the
intentional release of a transgenic event into the environment.

Year 2–3:

(i) Evaluation and selection of primary transgenic T0 events in Lolium grasses—Figure 1, number 3.

Phase A: Pre-screening of T0 events for transgene expression and qualitative traits under
containment conditions, if possible.
Phase B: Establishment and evaluation of pre-screened T0 events in a clonally-replicated,
space-planted field trial for agronomic performance and performance of the targeted trait.
Phase C: Select 5–10 primary T0 events for progression, based on “transgene traits” and transgene
expression levels under field conditions. Data is based on phenotypic evaluation.

(ii) Selection of recipient genotypes to cross with the primary T0 transgenic events—Figure 1,

number 4.

Selection of genetically-diverse recipient genotypes from the genomic breeding nursery (Figure 1,
box A) based on genomic predictions of diversity and performance for a range of traits and
endophyte presence.

Year 4:

(i) Pair-crossing of recipient genotypes and primary T0 transgenic events—Figure 1, number 5.

Four to eight genetically-diverse recipient genotypes (with endophyte) are to be pair-crossed to
each of the selected T0 events (5–10 events). Harvest seed from each recipient parent (endophyte
present) as a half-sib family.

(ii) Selection of T1 progeny for trait stability and agronomic performance.

Phase A: Screen all half-sib families for transgene presence. Transgenic events that exhibit
a monogenic Mendelian segregation ratio of 1:1 for the transgene can be progressed. Using
targeted genome editing, trait inheritance and trait expression should be more predictable in the
progeny compared to alternative transformation methods.
Phase B: T1 plants from selected events can be screened using genomic predictions for a range of
traits/all traits. 4–6 T1 plants that are genetically-diverse and show high transgene expression,
can be selected for synthetic cultivar development through poly-crossing.

(iii) Poly-crossing of selected T1 events—Figure 1, number 6.

Phase A: Poly-crosses are made for each selected transgenic event (3–5 events). All crosses are
4–6 parent synthetics. Seed should be harvested from each parent as a half-sib family. Molecular
analysis for each half-sib family should indicate a segregation ratio of 1:2:1 for the transgene in
the T2/F2 progeny.
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Phase B: T2 progeny homozygous for the gene of interest GOI can be used as Syn0 parents in
a synthetic breeding program. The Syn0 seed from the 3–5 transgenic events can progress to
mini-sward evaluations.

Year 5–6:

(i) Mini-sward field evaluation of Syn0 progeny for cultivar development—Figure 1, number 7.

All Phases: Mini swards are sown as Syn0 half-sib populations. Each of the potential 4–6
parent synthetic populations, (i.e., the 4–6 mini-swards) will need to be observed together
for assessment of flowering time uniformity. Phenotypic evaluation of the transgenic trait
is measured on a population basis. Choices in regards to which event to deregulate can be
made at this point. If the trait is deregulated, the progeny of the Syn0 parents could be used in
a recurrent breeding nursery or genomic selection nursery, where sub-selections can be made
for varietal development.

The ability to do whole genome selection has been proven in the cattle industry and although the
specific population structures and breeding strategies differ between species the general principles have
been used to develop theoretical genomic selection strategies for ryegrass breeding as well [16,53,54].
These technologies have the power to maximise genetic gain whilst reducing the generational cycle time
and have become practical within forage breeding [16,17], the result that the potential in commercial
breeding programs is being evaluated [13,55]. All of these technologies have enabled a paradigm shift
in the way that we evaluate Lolium grasses and will ensure a future for both forage development and
the grazing industries.

Figure 1. An optimum breeding strategy for transgenic Lolium grasses based on a genomic selection
approach described by Hayes et al. Sections (A–D) are the phases of the genomic selection schema as
proposed by Hayes et al. Sections 1–7 relate to the transgenic breeding strategy defined in this paper.

7. Conclusions

For novel forage traits to efficiently reach the marketplace, new breeding programs must evolve that
optimize the rate of genetic gain, cost of implementation, and are compatible with current commercial
breeding practices. Genetic simulation allows the modelling of multiple scenarios before they are
implemented, as has recently been demonstrated for genomic selection of perennial ryegrass [13].
Similar challenges exist for transgenic breeding strategies with the added complexity of operating in
a regulated environment. However, transgenic technologies offer the potential to incorporate novel
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high impact traits into forage breeding programs. To reach this potential value, the technology needs
to be incorporated into the wider perennial ryegrass breeding population for cultivar development.
The challenges associated with using conventional breeding strategies have been discussed and an
optimised transgenic breeding strategy in Lolium grasses was formulated, using a genomic selection
strategy to deploy transgenes into the wider perennial ryegrass breeding population for commercial
cultivar development. The strategy that is proposed is adapted from a genomic selection strategy
described by Hayes et al. [16] and is compatible with modern breeding strategies, like F1 hybrid
breeding and genomic selection, providing the opportunity for a fully-integrated molecular breeding
strategy for perennial forage grasses.
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Abstract: Connected multiparental crosses are valuable for detecting quantitative trait loci (QTL)
with multiple alleles. The objective of this study was to show that the progeny of a polycross can be
considered as connected mutiparental crosses and used for QTL identification. This is particularly
relevant in outbreeding species showing strong inbreeding depression and for which synthetic
varieties are created. A total of 191 genotypes from a polycross with six parents were phenotyped for
plant height (PH) and plant growth rate (PGR) and genotyped with 82 codominant markers. Markers
allowed the identification of the male parent for each sibling and so the 191 genotypes were divided
into 15 full-sib families. The number of genotypes per full-sib family varied from 2 to 28. A consensus
map of 491 cM was built and QTL were detected with MCQTL-software dedicated to QTL detection
in connected mapping populations. Two major QTL for PH and PGR in spring were identified on
linkage groups 3 and 4. These explained from 12% to 22% of phenotypic variance. The additive
effects reached 12.4 mm for PH and 0.11 mm/C◦d for PGR. This study shows that the progenies of
polycrosses can be used to detect QTL.

Keywords: marker assisted selection; outbreeding species; forage species; connected populations;
MCQTL

1. Introduction

Molecular markers are being used increasingly in plant breeding either to construct new genotypes
having favourable alleles or to better estimate the breeding values of genotypes [1,2]. The first option
implies the detection of the loci involved in the variation of quantitative traits (QTL). This detection is
usually realised either in populations derived from bi-parental crosses between contrasting parents or
in populations for which the lineage is unknown (association studies). The first strategy is interesting
because linkage disequilibrium (LD) is long in the populations created, allowing the use of a limited
number of markers to cover the genome. Nevertheless, this strategy can be limited by difficulties in
creating the populations by the low number of alleles surveyed and by the accuracy of the location of
the QTL. The second strategy (association studies) is interesting because the populations already exist
and can be highly diverse. Nevertheless, it can be limited by short LD, forcing breeders to focus on
just a few genes (candidate gene approach) or to use a very large number of markers [3]. In particular,
LD is often very short in outbreeding species [3].

Synthetic varieties are produced in outbreeding species for which crosses cannot be controlled
at large scale to produce hybrid varieties (e.g., in the majority of perennial forage and tree species).
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Synthetic varieties are created by inter-crossing a number of selected plants (from four to several
hundred parents (i.e., making a polycross)) and then multiplying up the resulting population over
three or four generations (Syn 3–4), without selection, to obtain sufficient seed for commercialisation.
The genetic diversity remaining in synthetic varieties avoids inbreeding depression and also allows
better stability of performance in variable environments (spatial and temporal variations) [4]. When a
low number of parents is used, these can be selected for their specific combining ability in addition to
their general combining ability [5]. To apply marker assisted selection (MAS) in such species, QTL can
be detected in bi-parental populations and then the favourable alleles must be introgressed into more
diverse populations, such as elite varieties. This process is time consuming and the effect of the QTL
can change in a new genetic background. Another way is to detect QTL directly in diverse populations
such as in the progeny of a polycross or in a given generation of multiplication of a synthetic variety
(Syn 2, 3 or 4). Linkage disequilibrium decreases with successive generations of multiplication [6].
Depending on the genetic architecture of selected traits, the knowledge of candidate genes and the
budgetary allocation for genotyping (number of markers necessary to cover the genome depending
on the LD) breeders can choose the best population for MAS. For example, a Syn 4 has been used to
detect an association between a candidate gene and leaf elongation rate in perennial ryegrass [7].

Perennial ryegrass (Lolium perenne L.) is the most commonly sown forage and turf-grass species in
temperate climates and it is considered to be a model for genomics in forage grasses [8]. Varieties are
synthetics, due to biological constraints. In this species, LD decreases very rapidly (r2 < 0.2 over less
than 1 kb) in natural populations but also in synthetic varieties, except for in varieties produced from a
very small number of parental plants [9,10]. Leaf length and leaf elongation rate are important traits
affecting: (i) vegetative yield [11–15]; (ii) intake rate by dairy cows [16]; and (iii) plant survival under
light competition conditions [17]. At the plant level, leaf length can be estimated by stretched plant
height (PH) and leaf elongation rate by plant growth rate (PGR).

The objective of this study was to demonstrate that the progeny from a polycross can be used
advantageously for the detection of QTL with interval mapping because (i) the variability within the
progeny can be sufficient to avoid inbreeding depression in the following step of selection to produce
a variety; (ii) LD is high, allowing the use of a moderate number of markers to cover the genome; and
(iii) polycrosses are classically made in breeding programs for species in which synthetics are produced.
Our approach was to identify QTL in the progeny of a polycross of perennial ryegrass including six
parents, for PH and for PGR, the increase in plant height over a certain time after a defoliation event.

2. Results

2.1. Paternity Identification

A total of 82 codominant molecular markers allowed the identification of the male parent for
the 191 genotypes (Table 1). The number of genotypes per full-sib family ranged from 2 to 28, clearly
showing that the crosses within the polycross were not in panmixia. That is, Nemo A, Nemo B,
Nemo D, and Nemo G tend to cross preferentially together, except for Nemo B and Nemo D. Also,
Nemo C and Nemo H tend to cross preferentially together but there was a deficit of genotypes in
all other crosses involving either Nemo C or Nemo H. In addition, few genotypes were obtained
from Nemo B × Nemo D. This non-random mating could be at least partly due to differences in
flowering date. Indeed, Nemo C and Nemo H showed heading dates three to four days earlier than
the other potential parents (Table 1). Another reason for low mating between Nemo A × Nemo C,
Nemo B × Nemo D, and Nemo D × Nemo H could have arisen from the spatial distance between
parents in the polycross (Figure 1). These pairs were not nearby in any of the four repetitions of
the polycross.
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Table 1. Number of genotypes per family and heading dates of the parents.

Nemo A Nemo B Nemo C Nemo D Nemo G
Total Number of Genotypes

per HS Family
Heading Dates 1

Nemo A 84 157
Nemo B 20 55 157
Nemo C 5 3 48 153
Nemo D 27 5 10 67 156
Nemo G 23 22 2 16 70 157
Nemo H 9 5 28 9 7 58 154

1 Calendar day counting from 1 January; HS: half-sib.

Figure 1. Design of the polycross including Nemo A–D, Nemo G, and Nemo H organised in four
repetitions. Nemo E and Nemo F were discarded before crossing. In each repetition, each parent is
represented by a line of 10 clones (dots). The polycross was planted in a field of rye (in yellow).

2.2. Phenotypic Analyses

The 191 genotypes were measured for PH in spring and autumn in a spaced-plant trial with four
replicates. Six measurements of PH in April were used to estimate PGR (Figure 2). After the defoliation
of all plants on 24 March, PH increased linearly up to a maximum reached after three to six weeks,
depending on the plant. This means that at this date (24 March) all plants had re-started their growth
after winter. The fast regrowth indicates all the plants were certainly induced for flowering [18].

For each trait, the distribution of the error term of the variance analysis was not significantly
different from a normal distribution. The broad sense heritability was medium for PH and low for
PGR (Table 2).

All traits showed large genetic variability (i.e., the variability of the mean per genotype (Table 3)).
On average, PH reached 205 mm after six weeks of regrowth in spring and 203 mm after 11 weeks of
regrowth in autumn.
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Figure 2. Example of plant regrowth in spring for the genotype 23 (four replicates). A non-equilateral
hyperbolic function was fitted between stretched plant height (PH) and thermal time (mm/◦Cd,
base 0 ◦C).

Table 2. Genetic variance, error variance, and broad sense heritability (H2 = σ2
g/(σ2

g + σ2
e)) for

stretched plant heights (PH in mm) in spring (0309 and 0409) and autumn (0909) and maximum plant
growth rate (PGR in mm/◦Cd, base 0 ◦C) in spring.

Traits σ2
g σ2

e H2

PH0309 414 382 0.52
PH0409_1 172 164 0.51
PH0409_2 451 451 0.50
PH0409_3 378 360 0.51
PH0409_4 512 552 0.48
PH0409_5 595 665 0.47

PGR 0.039 0.083 0.32
PH0909 426 394 0.52

Table 3. Distribution of the mean per genotype for stretched plant heights (PH in mm) and maximum
plant growth rate (PGR in mm/ Cd, base 0 ◦C).

Traits Average Minimum Maximum Standard Deviation

PH0309 129 71 190 22
PH0409_1 114 66 147 15
PH0409_2 134 53 185 24
PH0409_3 137 96 237 22
PH0409_4 198 114 266 25
PH0409_5 205 123 282 28

PGR 0.95 0.48 1.66 0.25
PH0909 203 116 271 24

All PH measurements done in spring were highly inter-correlated and were also highly correlated
with the PGR estimated in spring (Table 4). The high correlation between PH in March and in
April indicates the majority of the plants had already started their regrowth in March, after winter.
As expected from the estimation of PGR, PGR was very highly correlated with the first three PH
measurements in April. The value of PGR was also highly correlated with the last two measurements
in April, although slightly less than with the first three measurements. This indicates the rate of plant
regrowth in spring had a greater influence on PH after six weeks of regrowth than the duration of the
linear phase of regrowth. The PH in autumn was only poorly correlated with PH and PGR in spring.
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Table 4. Pearson correlation coefficients for pair-wise combinations of mean data for each genotype for
stretched plant heights (PH in mm) and maximum plant growth rate (PGR in mm/◦Cd, base 0 ◦C).

Traits PH0309 PH0409_1 PH0409_2 PH0409_3 PH0409_4 PH0409_5 PGR

PH0409_1 0.83 ***
PH0409_2 0.89 *** 0.90 ***
PH0409_3 0.83 *** 0.83 *** 0.88 ***
PH0409_4 0.81 *** 0.83 *** 0.87 *** 0.88 ***
PH0409_5 0.77 *** 0.82 *** 0.83 *** 0.87 *** 0.88 ***

PGR 0.81 *** 0.86 *** 0.90 *** 0.78 *** 0.73 *** 0.68 ***
PH0909 0.18 * 0.11 ns 0.15 * 0.13 ns 0.20 ** 0.17 * 0.13 ns

*** significant at 0.001; ** significant at 0.01; * significant at 0.05; ns: not significant at 0.05.

2.3. Genetic Map

A consensus map was built based on the recombination information of the six parents included
in the polycross (Figure 3). The map included seven linkage groups (LG) as expected in perennial
ryegrass. The LG were numbered as in the map built by the International Lolium Genome Initiative [19].
It covered a distance of 491.4 cM with an average distance between two consecutive markers of 5.1 cM.
The maximum distance between two markers was 36.9 cM on LG 2. LG 1 was surprisingly short,
indicating a lack of markers on this LG.

Figure 3. Consensus map of the six parents of the polycross. Seven linkage groups (LG) are presented.

2.4. QTL Identification

Two loci (LG 3 and 4) were identified with significant effects for PH and PGR in spring for all
parents (Table 5). These explained between 12% and 22% of the variance of traits. The locus on LG 3
was detected only at the beginning of spring. No QTL was detected for PH in autumn. Significant
effects were identified in all parents with Nemo C, showing the highest number of significant effects.
The most favourable alleles were identified in Nemo C, Nemo D, and Nemo G on LG3 and Nemo B,
Nemo C, and Nemo H on LG4.
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3. Discussion

In this study, we successfully carried out genetic mapping and QTL detection on the progeny of a
polycross, considered as a sum of connected populations. In the progeny, molecular markers allowed
the identification of the male parent for each sibling. This approach has previously been used in red
clover and alfalfa allowing increase of the selection gain [20]. As expected, we found the progeny of
the polycross with six parents consisted of 15 full-sib families. However, the number of plants per
full-sib family was highly variable with some families comprising fewer than five plants. This is a
limitation for the estimation of a trait mean for very small families. To avoid this problem in future
studies, it would be best to genotype a larger number of plants per half-sib family than the one needed
for phenotyping and then to select seedlings based on their genotype so as to have equal numbers of
plants per full-sib family. Another point that could be improved is the spatial design of the polycross,
which should allow all crosses between the constituents of the polycross [21].

As expected in perennial ryegrass, we were able to build a genetic map with seven linkage groups,
but the map was shorter than expected with only 491 cM, instead of between 700 and 800 cM [19,22–25].
The belonging of markers to LG was in agreement with previous studies [22,26–28]. The order of the
markers on the LG was generally identical to the one in [27,28] except for LG3 and some punctual
changes. For example, on LG2, the upper part of the LG, including G01_040 on the map in the present
study, was at the opposite extremity in the map of [28]. The markers used in the present study cover
the entire map of [28], but the size of the map was shrunk. For example, on LG1 the distance between
LMgSSR04-09F and LpSSR085 was 33.5 cM in [28] and only 6.3 cM in this study. This could be due to
the limited number of plants within each half-sib family and/or the number of markers in this study.
In future, the number of markers used for this kind of study should be increased. This is now feasible
at reasonable cost with marker platforms such as Genotyping by Sequencing (GBS) [29,30].

Values of QTL with strong effects were detected on LG 3 and 4 for PH and PGR in the spring.
These regions have already been identified as QTL involved in traits related to leaf growth, such
as leaf length, leaf elongation rate, and plant height [22,24,31–35]. In particular, the QTL on LG4
nearby LpSSR011 and G05_014 is located on the map of [22] nearby a QTL for leaf elongation rate,
lamina length, and plant height. Moreover this QTL was near LpSSR082 which is close to the gene
Gibberellic Acid Insensitive [9], which is involved in leaf elongation rate and leaf length [7]. The QTL
on LG3 was not far from a QTL for leaf elongation rate in [32] (marker pps0164 in common) and
in [34] (marker 25ca1 in common), but the very low number of common markers between studies
does not allow a real accurate comparison. In the literature cited above, QTL were identified on
all seven LG with the percentages of phenotypic variance explained by the QTL ranging from 5%
to 43%. The fact that we detected only two strong QTL could arise from (i) the very small size of
some full-sib families; (ii) a relatively low number of plants surveyed in comparison to the number
of parents [36]; (iii) a partial genetic map; and (iv) the change of the effect of a QTL with genetic
background. Nevertheless, the results obtained in this study are very encouraging for future work
with larger populations and higher numbers of markers. It would improve the robustness of QTL to
phenotype the plants on a multi-local trial, but due to the cost it could be a good option to keep the
multi-local trials for advanced elite material tested on swards.

This study shows it was possible to detect QTL in the progeny of a polycross. This finding should
be useful for breeding synthetic varieties because it allows maintenance of enough diversity to avoid
inbreeding, while still selecting for the best alleles from different parents. Practically, from the progeny
of a polycross, we propose to perform 1/ a selection based on molecular markers and on phenotypes
(cycle 1) then 2/ a cycle of selection only on molecular markers (cycle 2) and 3/ a selection on seedlings
based on molecular markers followed by a selection based on phenotypes on the rest of plants (cycle 3)
(Figure 4). The selected plants could then be used to create a variety or to create new polycrosses for
further cycles of selection. This breeding scheme could be done on several polycrosses at the same time
and new polycrosses could be created with selected plants from different polycrosses. The selection
on molecular markers should be performed for both increasing the frequencies of favourable alleles
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and for maintaining diversity 1/ on the rest of the genome and if possible 2/ at the QTL locations
by selecting different favourable alleles. In our case, genotypes bearing the favourable alleles from
Nemo C, Nemo D, and Nemo G for the QTL on LG 3 and the favourable alleles from Nemo B, Nemo C,
and Nemo H for the QTL on LG 4 were selected. In addition, we were careful to represent all six parents
in the selected genotypes in order to avoid inbreeding depression. Moreover, the LD in the progeny
allows the genome to be covered with a moderate number of markers. Connected populations have
been used successfully for the detection of QTL in inbreeding [24,37] and outbreeding species [38],
but it is the first time the progeny of a polycross has been used.

Figure 4. Breeding scheme including marker assisted selection (MAS) with QTL identification in the
progenies of polycrosses.

4. Materials and Methods

The plants were obtained from Gie GRASS (a French plant breeding company) and come from
their elite perennial ryegrass breeding programme. Plant material consisted of six half-sib (HS) families
derived from a polycross including six parental plants: Nemo A–D, Nemo G, and Nemo H. The design
of the polycross is presented in Figure 1. Four repetitions of lines (10 clones per line) of the parents
were used to minimise any effects of spatial proximity. For each parent, all 40 clones were harvested
and threshed together. A total of 42 genotypes per HS family were used. Four clones of each genotype
were produced by splitting sets of three to five tillers from a mother plant grown in a spaced-plant
nursery. Clones were planted in November 2008 in a spaced-plant trial in a randomised block design
with four blocks, at Saint-Sauvant (France) (46◦23′1′ ′ N 0◦05′ E). Non-surveyed plants of perennial
ryegrass were planted around the trial to avoid border effects. The distance between plants was 75 cm
in all directions.
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Plants were cut at 5 cm height and fertilised with 50 U of nitrogen on 24 March 2009 and again on
16 July 2009. Stretched plant height (PH) was measured, on 18 March (PH0309), then every seven days
from 1 April to 28 April (PH0409_1 to PH0409_5) and on 29 September after 11 weeks of regrowth
(PH0909). The value of PH was measured using a modified HerboMETRE® (ARVALIS-Institut du
Végétal, Paris, France) which made it possible to stretch the leaves and to record plant height from the
ground to the top of the longest leaf.

For each genotype, 50 mg of fresh leaves were harvested and DNA was extracted as in [24]
(i.e., CTAB (Cetyl Trimethyl Ammonium Bromide) followed by chloroform/octanol (24/1) purification).
A total of 283 SSR (Simple Sequence Repeat) and STS (Sequence-Tagged Site) were tested for their
polymorphism within the six parents of the polycross. A set of 82 markers evenly spread across the
genome were selected to genotype the 252 genotypes (Table 6) as described in [24] (i.e., separation of
PCR (Polymerase Chain Reaction) products on a 6.5% acrylamide gel with a LI-COR DNA sequencer
4200 and coding with SAGA Generation 2 software).

Table 6. Marker description: names, references, and linkage group (LG).

Marker Names Reference LG Marker Names Reference LG

25ca1 [26] 3 LmgSSR01-08H [39] 2
B1A2 [40] 3 LmgSSR02-10B 6
B1C8 7 LmgSSR03-04E 3
B1C9 3 LmgSSR04-09F 1
B3B8 3 LmgSSR10-12D 7
B3-C5 7 LmgSSR15-08E 4

B4D7op 1 LmgSSR15-09F 7
DLF008 [23] 7 LpSSR006 [23] 4
DLF027 1 LpSSR011 4
G01-001 [41] 7 LpSSR020 7
G01-037 4 LpSSR023 4
G01-040 2 LpSSR058 6
G01-043 2 LpSSR066 7
G01-047 6 LpSSR085 1
G01-053 3 LpSSR112 2
G01-054 2 LpSSRH01A02 [42] 5
G01-073 4 M15-185 [43] 2
G01-075 4 M4-136 2
G01-079 1 M4-213 1
G01-080 5 NFFA030 [44] 2
G01-090 7 NFFA036 6
G01-095 5 NFFA064 5
G02-004 7 NFFA087 5
G02-047 1 NFFA099 3
G02-049 2 NFFA114 7
G02-057 5 OSW [45] 7
G03-003 6 pps0007 [25] 3
G03-079 6 pps0040 4
G04-034 4 pps0049 7
G05-014 4 pps0080 2
G05-028 3 pps0164 3
G05-033 5 pps0299 6
G05-046 6 pps0397 5
G05-050 2 rv0244 [26] 1
G05-065 5 rv0641 6
G05-073 7 rv0706 2
G05-090 3 rv0757 5
G05-092 5 rye012 [23] 4
G05-129 2 S7F7-3-4F [39] 6
G07-034 3 syn20738-1 [22] 5

LmgSSR01-02H [39] 6 uni001 [23] 3
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To estimate the maximum plant growth rate (PGR) in spring 2009, a non-equilateral hyperbolic
function was fitted between PH from 1 April to 28 April (five measurements) and thermal time
(base 0 ◦C), using the NLIN procedure of SAS [46] as in [22] to estimate maximum leaf elongation rate.

For both PH and PGR, an analysis of variance was carried out using the GLM procedure in
the SAS software package [46] with the following model: Yij = μ + Gi + Bj + Eij, where μ is the
global mean, Gi is the effect of genotype i, Bj is the effect of replication (four replications), and Eij
is the error term. The Kolmogorov–Smirnov test in the UNIVARIATE procedure was used to test
the normality of the error term Eij in order to detect potential aberrant data. The adjusted mean
for each genotype, used for QTL analyses, was computed with LSMEANS in the GLM procedure.
The genotype and error variances were estimated with the VARCOMP procedure in the SAS software
package. Broad-sense heritabilities (H2) were calculated as H2 = σ2

g/(σ2
g + σ2

e) [5], where σ2
g is the

genetic variance and σ2
e is the error variance. Pearson correlation coefficients were calculated with the

Statistica software [47] for pair-wise combinations of mean data for each genotype.
Molecular markers allowed the detection of 32 genotypes for which the male parent was not

present in the polycross and 21 plants obtained by self-fertilisation. These plants were discarded in the
analyses. Moreover, eight genotypes died in the field. Finally, 191 genotypes were used in the analyses.

For each of the six parents included in the polycross, one genetic map was built with the Joinmap
software [48]. The Haldane distance was used. To increase the number of recombination events
counted for each parent, the molecular data for Nemo A, Nemo B, and Nemo H from [24] were used
to construct the maps of these genotypes and to determine the phase between markers belonging to
the same linkage group. For each map, the linkage groups were defined with a Logarithm of Odds
(LOD score) higher than 3. For each parent, the phases between markers belonging to the same linkage
group were determined with Joinmap. The maps were then combined with the “combine maps” option
of Joinmap. The linkage map was drawn using MapChart 2.1 [49].

The QTL were detected with the software MCQTL with the Outbred module [50] as in [24].
The multipopulation connected analysis was used [38] to detect QTL in the six parents within a single
model, taking into account additive effects. For each parent, the additive effect was calculated as half
the difference between the averages of the two allelic classes.
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Abstract: Italian ryegrass is one of the most important temperate forage grasses on a global basis.
Improvement of both dry matter yield and quality of herbage have been major objectives of pasture
grass breeding over the last century. F1 and F2 progeny sets derived from controlled pair-crosses
between selected Italian ryegrass genotypes have been evaluated for yield and nutritive quality
under field conditions. Linear regression of the performance of F1 families under sward conditions
on parental genotype means in a spaced plant trial was significant for quality characteristics, but not
for herbage yield. This result suggests that phenotypic selection of individual plants from spaced
plant nursery is feasible for improvement of nutritive quality traits, but not for yield. The presence
of significant heterosis within F1 populations was demonstrated by reduced herbage production
in subsequent F2 populations (generated by one cycle of full-sib mating), an up to 22.1% total
herbage yield in fresh weight, and a 30.5% survival rate at the end of the second reproductive cycle.
Potential optimal crosses for exploiting such heterosis are discussed, based on construction and
the inter-mating of complementary parental pools, for the implementation of a novel F1 hybrid
production strategy.

Keywords: herbage quality; herbage yield; hybrid; heterosis; inbreeding

1. Introduction

Italian ryegrass (L. multiflorum Lam.) is one of the most important temperate forage grasses on a
global basis, providing a high quality and cost-effective option for the supply of forage during the
winter and spring seasons. Forage productivity traits such as yield, quality, and persistence have been
the core targets of modern ryegrass breeding [1]. Improvements have been made in yield, digestibility,
water soluble carbohydrate content for perennial, and Italian ryegrasses [2,3]. However, the magnitude
of genetic gains made for dry matter production have been small relative to gains in cereal crops [4,5].
In some instances, no significant changes of forage production have been observed [6].

Despite the widespread use of hybrid cultivars (based on intercrossing of inbred lines) for crop
species such as maize and rice, most varieties of forage crops are synthetic populations that do not
express maximum heterosis for important agronomic traits such as yield [7]. Three types of methods
for first filial generation (F1) hybrid production have been proposed as a means to capture and exploit
heterosis in forage grasses. These include varietal hybrid production [8–11], the use of cytoplasmic male
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sterility (CMS) [12], and a restriction of allelic diversity at self-incompatibility loci by selfing [13,14] or
by genotypic classification and selection [15]. The theoretical expectation from crossing of perennial
ryegrass lines of divergent geographic origin is that 50% of progeny individuals would be intervarietal
F1 hybrids and the remainder would arise from intra-varietal mating, although several factors may
produce bias in the proportions of hybrids and non-hybrids [8]. An empirical study of heterosis
between 15 varieties of perennial ryegrass was conducted in spaced [9], simulated sward [10], and
sown-sward [11] settings. Heterosis was highly specific to the test conditions, varying from up to
31% in spaced trial to only 3.6% in sown sward to the higher parent for herbage yield. Pure hybrids
obtained by experimental pair-crossing outperformed the corresponding intervarietal hybrid by 8.4%
in terms of yield [8].

Inbred lines were developed from several cycles of self-pollination in perennial ryegrass [14],
and crosses between such lines identified a range of heterosis values, from negative to approximately.
20% of the mid-parental value. The author suggested that only the most vigorous individuals within
inbred lines are able to survive under sward conditions, thus increasing the parental means and
reducing the level of heterosis. Nonetheless, slightly lower levels of heterosis (up to 13% for yield)
were observed in diallele crosses between eight distinct populations with distant geographic origins
in Europe [16]. Considering the low levels of genetic gain that have been characteristic of ryegrass
breeding programs based on individual or family-based phenotypic selection [2,3,5], access to even
modest levels of heterosis would prove valuable for ryegrass improvement.

Recently, a F1 hybrid breeding strategy for perennial ryegrass was developed, based on restriction
of allelic diversity at the S and Z gametophytic self-incompatibility loci in complementary germplasm
pools and crossing between pools (alleles) [15]. Since a similar self-incompatibility mechanism is active in
Italian ryegrass, the same strategy would be applicable. From the perspective of seed production, Italian
ryegrass may provide a larger potential market than perennial ryegrass due to more frequent sowing.
If levels of heterosis in Italian ryegrass prove adequate, F1 hybrid production would be an economically
viable strategy. However, Italian ryegrass has a comparatively narrow genetic base compared to perennial
ryegrass [17], and evidence for heterosis is relatively lacking. As a consequence, a crucial first step would
be to identify heterotic combinations between Italian ryegrass germplasm sources.

In a previous study, the extent of trait variation and broad-sense heritability was reported for yield,
nutritive values, and morphological traits evaluated in a spaced plant nursery trial containing 960
genotypes of Italian ryegrass [18]. The plants were also analysed for trait-marker associations using
single nucleotide polymorphism (SNP) genetic marker data. In the present paper, the results of selection
from those genotypes and the evaluation of the first and second generations derived from bi-parental
crosses are described. The objective of this study was to estimate narrow-sense heritability as an
indicator of feasibility for spaced plant selection for improvement of yield and quality, and to quantify
the presence of heterosis in F1 progeny sets and its subsequent erosion in succeeding generations.

2. Results

2.1. Field Evaluation of F1 Progeny Sets

Changes in yield and quality parameters were observed across multiple harvests (Figure S1).
Yield from the first harvest exhibited the broadest range and highest average value, representing
the establishment phase of growth in the first three months after planting. Yield gradually declined
following harvest-2 and havest-3, and recovered during harvest-4 in November, when plants were
developing flowering tillers. Growth slowed again for harvest-5 and havest-6, and reached the lowest
point during harvest-7, corresponding to the aftermath regrowth in summer. Yield from harvest-8
(conducted in July) represented autumn recovery following a dry summer and was slightly higher
on average than the yields from harvest-6 and harvest-7. Herbage quality also altered according to
harvest. Water-soluable carbohydrate (WSC) content was lowest for harvest-3 and harvest-8, while
crude protein (CP) content was highest for these two harvests. Acid detergent fibre (ADF) and netural
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detergent fibre (NDF) contents were high for harvest-4 and havest-5, while dry matter digestibility
(DMD) was low for both harvests.

Simple linear regression of quality parameters for the F1 progeny sets for each harvest and mean
quality parameters across all harvests on those of the parental genotype means resulted in regression
coefficients of 0.32 (p < 0.001), 0.21 (p = 0.008), 0.34 (p < 0.001) , 0.23 (p = 0.002), and 0.26 (p = 0.029) for
mean WSC, CP, NDF, ADF, and DMD, respectively (Table 1).

Table 1. Regression of F1 family performances on the parental means for quality parameters
(b: regression coefficient; S.E.: standard error; WSC: water-soluble carbohydrate; CP: crude protein;
NDF: neutral detergent fibre; ADF: acid detergent fibre; DMD: dry matter digestibility).

b S.E. p-Value b S.E. p-Value

WSC-1 0.47 0.222 0.037 CP-1 0.42 0.184 0.026
WSC-2 0.31 0.110 0.006 CP-2 0.26 0.125 0.077
WSC-3 0.29 0.094 0.003 CP-3 0.28 0.111 0.012
WSC-4 0.33 0.095 <0.001 CP-4 0.29 0.103 0.006
WSC-5 0.33 0.102 0.002 CP-5 0.03 0.116 0.817
WSC-8 0.30 0.067 <0.001 CP-8 0.33 0.122 0.008

Mean WSC 0.32 0.078 <0.001 Mean CP 0.21 0.076 0.008

NDF-1 0.42 0.177 0.020 ADF-1 0.19 0.163 0.251
NDF-2 0.30 0.100 0.004 ADF-2 0.25 0.108 0.022
NDF-3 0.43 0.130 0.001 ADF-3 0.34 0.122 0.006
NDF-4 0.31 0.120 0.012 ADF-4 0.26 0.126 0.044
NDF-5 0.24 0.109 0.032 ADF-5 0.18 0.152 0.242
NDF-8 0.37 0.095 <0.001 ADF-8 0.21 0.128 0.110

Mean NDF 0.34 0.080 <0.001 Mean ADF 0.23 0.071 0.002

DMD-1 0.34 0.215 0.121
DMD-2 0.14 0.148 0.338
DMD-3 0.44 0.161 0.008
DMD-4 0.15 0.241 0.547
DMD-5 0.22 0.241 0.361
DMD-8 0.38 0.185 0.042

Mean DMD 0.26 0.118 0.029

Total yield from F1 swards was not significantly associated with the parental mean herbage yield
from the spaced plant trial. Survival rate was highly correlated with fresh weight from harvest-8 (FW-8)
(r = 0.70, p < 0.001), which was therefore taken as an indicator of persistence. Significant positive
correlations were observed between parental mean plant height and F1 plot total dry matter yield in
2012 (r = 0.27, p = 0.0088). However, parental plant height was also negatively correlated with F1 plot
persistence, as indicated by FW-8 (r = −0.22, p = 0.03). Genetic distance [17] between pairs of parental
genotypes calculated on the basis of shared SNP markers was not correlated with the total herbage
yield of the corresponding F1 family (r = 0.06, p = 0.57).

2.2. Field Evaluation of F2 Progeny Sets

Changes of yield and quality parameters across harvests in the sward trial of F2 families (Figure S2)
showed a similar trend to that observed for the F1 sward trial. The first harvest showed the lowest
ADF and NDF contents, and the highest DMD and WSC contents.

Residual maximum likelihood estimation (REML) analysis showed that different pair-wise
combinations of parental genotypes produced significant effects on the yield and quality of offspring
(p < 0.001). Identity of generation exerted a significant effect on herbage yield (p < 0.001), but not on
quality. The total herbage yield of F1 populations was significantly higher than that of F2 populations
(Figure 1A). The mean reduction of total herbage FW for F2, as compared to F1, populations was
3.96 kg, equivalent to 22.1% of the mean value across F1 families. For the individual family-harvest
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combinations, the corresponding value varied from negative in nature (such that higher yields were
observed in the F2 sets) to reductions of up to 56.1%. There was no significant difference between
the yield measurements for F2B and F2W populations, which suggested that selection for vigor
within-family at an intensity of 20 in 100 plants did not significantly further improve yield. Some F1

families (1804 and 1836) were higher yielding than the best reference cultivars (Figure 1C). The total
herbage yield of the best F1 family (1836) was significantly higher than Hulk (14.4%) and Tabu
(17.3%), and slightly higher than LM299 (4.3%) but not significant. It was also observed that the
reduction of F2 as compared to F1 yield was larger during the first year (25.5%) than the second year
(19.3%). F1 populations also showed significantly higher survival rates than F2 populations (Figure 1B).
The absolute reduction of survival rate was 12.3% (from 40.3% for F1 to 28.0% for F2 families), and the
proportion of inbreeding depression was 30.5%. This value varied across different families from 16.7%
(1901) to 54.5% (1812). Survival of some F1 families were superior to the reference cultivars (Figure 1D).
Within-family selection slightly increased the survival rate from 28.0% (for F2B) to 32.1% (for F2W),
but the difference was not significant.

Figure 1. (A) Predict mean of different generations on total fresh herbage yield including LSD bar
at p = 0.05. (B) Predict mean of different generations on survival rate including LSD bar at p = 0.05.
(C) Total fresh herbage yield of different generation family combinations and reference cultivars.
(D) Survival rate of different generation family combinations and reference cultivars.

3. Discussion

3.1. Effectiveness of Phenotypic Selection from Spaced Plant Nursery

The observed seasonal changes of herbage yield and quality are consistent with previous
reports [19]. The herbage yield of hybrid progeny in a sward setting was not significantly associated
with parental mean herbage yield in a spaced plant trial. Current practices of phenotypic recurrent
selection also involve selection from a spaced plant nursery, followed by testing progenies in sward
conditions [20]. This raises the issue of whether parental genotypic performances in a spaced plant trial
may be trusted to be correlated with the performance of the progeny in a sward setting. The results of
the present study suggest that selection of high-yielding individual Italian ryegrass genotypes from a
spaced plant nursery cannot guarantee high-yielding progeny populations in a competitive sward
condition. Spaced plant evaluation was also found to be unpredictive of sward yield in tall fescue [21].
Nonetheless, the observed correlation of progeny yield with mean parental plant height indicates that
indirect selection for yield may be achievable by direct selection for plant height, which displays a
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higher heritability value in Italian ryegrass. This correlation effect may be more relevant for Italian
ryegrass than perennial ryegrass, as the former typically shows a more erect growth habit in which
the vertical length of tillers will more accurately reflect total biomass. However, plant height was also
found to be negatively correlated with persistence, such that any increases in yield would probably be
achievable in the first growing season. Selection heavily and solely dependent on plant height would
consequently not be ideal in the long term. Genotypic recurrent selection using full-sib or half-sib
families [22] coupled with genomic selection [23] may hence be a necessary part of the breeding system
if forage yield is the target.

The observed significant correlation between parental mean WSC content in a spaced plant trial
and the WSC content of progeny under sward condition indicated that direct selection based on the
former would be effective. The significant regression coefficient may arise because WSC content has
never been the target of selection in the development histories of the particular varieties used in
the present study. In such cases, there would be presumably a higher degree of genetic variability
for the unselected character than for those traits (such as herbage yield) that have been subject to
strong directional selection. This would ensure a broad range of WSC content in the regression
analysis. In contrast, if the genetic variability was small and environmental effects were prominent,
the regression analysis would probably not obtain significant results. Another possible explanation is
that WSC content may be less sensitive to the inhibitory effects of plant neighbour interactions than a
morphophysiological trait such as yield.

Based on these observations, phenotypic selection from spaced plant trials would be more
effective for breeding of quality parameters than for yield. Since the quality parameters were affected
by plant maturity, it would be important to measure at comparable stages of vegetative growth.
In perennial grasses, selection is typically conducted on a single-plant basis and usually displays a
realised heritability for digestibility of about 0.2 to 0.3 [24], in agreement with the results of the present
study. Of the quality parameters, CP displayed lower heritability than for WSC content and NDF,
consistent with reported sensitivity to environmental factors such as fertiliser applications [25].

3.2. Heterosis and Inbreeding Depression

In the present study, F1 families were generated from pair crosses between two unique genotypes.
As a consequence, mean values for a parental population in a field setting could not be obtained,
except by vegetative propagation to produce multiple ramets from the selected genotype, which is
logistically unfeasible, so the performance of F1 families cannot be compared to those of parents.
However, comparisons can be made between F1 and F2 progeny sets derived from a particular
pair-wise genotypic combination in order to deduce the presence of heterosis in the F1 generation and
erosion by inbreeding depression in subsequent generations. High levels of inbreeding depression in
parental lines has been shown to be associated with heterosis in hybrids of other plant species [26].
The magnitude of the observed inbreeding depression in the present study was on average 22.1%
for total fresh herbage yield, with a range from negative values to 56.1% for different family-harvest
combinations. In other studies of ryegrass species, yield in Italian ryegrass declined by 6% from Syn1
to Syn2, and remained constant from Syn2 and Syn3 [27], while that of perennial ryegrass declined by
11% from Syn1 to Syn3 of five-parent synthetic [28]. Dry matter yield in tall fescue declined by 6% from
the Syn1 to Syn2 generations of four-parent synthetic [29]. In smooth bromegrass (Bromus inermis L.),
the average level of heterosis for herbage yield in diallele crosses between seven parents was 14% with
a range of −4 to 39%, and the level of inbreeding depression based comparison of selfed progenies
with parents was 18%–33% [30]. The difference between species may be attributable to the number of
genotypes used for crossing and different mechanisms of genetic control.

Of the 10 different families obtained in the present study, 8 were derived from pair-crosses of
genotypes from different cultivars. If they were assumed to be unrelated, the inbreeding coefficient
would be 0 and 0.25 for F1 and F2 progeny sets, respectively. For the other two families (1857 and
1826), the two parental genotypes were obtained from the same cultivar (“Tabu” for 1857 and “Warrior”
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for 1826), and the two parents within each family, due to an origin from a single polycross, must by
definition be to some extent related. “Tabu” was bred from a mass selection made from an 18-month
old field trial of variety “Flanker” [31], while “Warrior” was bred from breeding pools obtained from
various sources [32]. It is therefore likely that the two parental genotypes of family 1857 were more
closely related than those of family 1826; consequently, the increase of inbreeding coefficient from the
F1 to F2 generation for these two families will be less than 0.25, especially for 1857. A lesser degree
of inbreeding depression would hence be expected in these two families. Results were consistent
with this expectation, as the decline in total herbage yield for 1857 was 13.5%, the least among the
10 families. On average, heterosis increases as the genetic disparity of the parental stocks increases
and interspecific crosses show greater heterosis than intraspecific crosses [33]. However, the extent
of correlations between molecular marker-based genetic distance and heterosis are not conclusive.
There are several prerequisites for positive correlations, such as high trait heritability and close marker
linkage [34]. It is not a surprise that the present study revealed no correlation between yield in the F1

generation and genetic distance between the parents, since yield showed low heritability and random
low-density distribution of markers used for diversity analysis. Cultivars of the interspecific hybrid
between perennial and Italian ryegrass species (L. x boucheanum), which combine advantages from
each species, are available in the commercial marketplace. However, they are not F1 hybrids, and any
heterosis in the initial crosses would have been eroded through seed multiplication during the variety
development process and so would not be expected to exploit the full potential of heterosis.

A 30.5% reduction in survival rate was seen in the F2B generations as compared to F1 generations
across the various families, consistent with heterotic effects. Survival rate is a measure of persistence in
forage grasses. It may be regarded as a fitness-related trait, which generally exhibit lower heritability
values than morphological traits [35]. Nonetheless, heterosis for fitness-related traits is commonly
observed [27]. Hybrid vigour for persistency in Italian ryegrass would be beneficial to farmers to allow
the growth of more productive pastures for longer periods, with reducing re-sowing and establishment
costs. Although inbreeding depression was observed for yield and persistence, no such effects were
seen for quality parameters. Similarly, there is little evidence of heterosis for WSC content in perennial
ryegrass [36] or for total soluble solid and crude protein content in sorghum [26]. Population hybrids
(generated through controlled pair-crossing between varieties) of orchardgrass (Dactylis glomerata L.)
exhibited higher mean phenotypic values than source cultivars for some trait-harvest combinations
(such as increased CP, WSC, and decreased NDF); however, the magnitudes of difference were very
small [37]. Based on these results, the feasibility of exploiting hybrids for improvement of quality traits
in ryegrasses appears limited.

To date, very little information has been generated on the extent and prevalence of heterosis in
Italian ryegrass. As the genetic base of Italian ryegrass is known to be narrow, it may be assumed
that lower levels of differentiation between different germplasm pools are present, compared with
the closely related species, perennial ryegrass. If so, a lesser extent of heterosis might be anticipated.
However, the results of the present study suggest that the magnitude of heterosis in Italian ryegrass, for
comparable traits, is no less than for perennial ryegrass. The significant heterosis observed in herbage
yield and survival rate provided foundation data for the implementation of the F1 hybrid breeding
strategy in Italian ryegrass. However, controlled pair-crossing between specific genotypes is not a
feasible approach for commercial seed production, especially as any advance for seed multiplication by
reproduction will cause inbreeding depression. As a consequence, the development and maintenance of
divergent and compatible parental population pools will be critical for F1 hybrid breeding. Nonetheless,
if an average of 20% yield advantages from F1 hybrids could be achieved in commercial production,
the gain would be enormous compared with the less than 1% of annual genetic gain in yield that has
been achieved via conventional breeding programs.
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4. Materials and Methods

4.1. Selection of Individual Plants as Parents

A total of 960 genotypes from 7 cultivars/breeding lines (“Accelerate”, “AristocratII”, “Hulk”,
“LM299”, “LM414”, “Tabu”, and “Warrior”) of Italian ryegrass were phenotypically assessed for
herbage yield and quality in a spaced plant nursery trial with 4 replicates and genotyped with 384 SNP
markers [18]. To conserve allelic diversity, an in-house R script was developed that selected a minimum
core set of genotypes that contained all the alleles observed in the original population/nursery. This core
set was made up of 29 individual plants, with representation from each of the cultivars/breeding
lines. The core set was then expanded to 150 genotypes, weighted by phenotypic performance, i.e.,
herbage yield.

4.2. Generation of F1 Full Sib Families and Field Test of Performance

The core set of 29 plants, along with 21 of the most elite genotypes (herbage yield) were propagated
into two clonal ramets by a division of tillers. Each replicate of these 50 genotypes was then pair-crossed
randomly with one of the remaining 100 selected genotypes. A total of 100 pair-crosses were conducted
in glasshouses with pollen-proof bags. Seeds of each full-sib family were bulk-collected from each
parent. Seeds were cleaned and germinated in a glasshouse, and 94 of the families obtained more
than 100 seedlings each. Along with the original reference cultivars/breeding lines (2–4 entries
each), the F1 families were tested in a simulated sward setting during 2012–2013 with a total of
110 plots in a 10 (row) × 11 (column) layout. Each plot consisted of 100 plants in a 10 × 10 grid
configuration. The distance between plots was 1 m, and the space between plants within a plot was
15 cm. The seedlings were transplanted into the field on the research farm of the Department of
Economic Development, Transport, Jobs and Resources, Hamilton, Victoria, in May 2012. Apart from
natural precipitation, irrigation was applied to the trial during the summer months (December, January,
and February) in order to minimise plant death. Fertilizer “Grow Plus” (30 N, 10 P, 25 K, 10 S) was
applied at a rate of 150 kg/ha on 18 April 2012 (before planting) and on 13 November 2012. A total
of 8 harvests were conducted. The first 7 harvests were conducted every month from August 2012
onwards until February 2013 for production traits, and the last harvest was conducted in July 2013
for persistence. Fresh weight (FW) of each plot was recorded for every harvest, and herbage quality
data was collected from 6 of the 8 harvests, apart from harvest-6 and harvest-7 which were performed
in January and February 2013, respectively. When herbage quality data was collected, 200–300 g
sub-samples from each plot were dried in a fan-forced oven at 60 ◦C, and dry matter yield was
calculated. Herbage quality parameters including contents of WSC, CP, NDF, ADF, and DMD were
assessed as described previously [38].

4.3. Generation of F2 Families and Field Test of Performance

Based on the performance of the F1 sward trial as described, 10 F1 families were selected for
high yield, high WSC content, and good persistence (Table 2). Within each of the 10 F1 families,
20 plants were further selected based on visual assessment of vigour, and half of each selected plant
was taken from the field and potted in a glasshouse in order to allow polycrossing (exclusive to a
particular family) between extracted individuals (so providing the basis for between- and within-family
selection, designated as F2W). The 10 selected in-field plots were also covered with pollen proof cages
to generate F2 families based on inter-mating of members of the same F1 family (so providing the basis
for between-family selection, designated as F2B). Seeds from these 20 polycrosses were harvested and
cleaned, and used for in-field evaluation.

A simulated sward trial was conducted in 2014–2016 to test the performance of the F2 families
along with F1 progeny sets and reference cultivars. The trial entries included 10 F1 families, 10 F2B
families, 10 F2W families, and the reference cultivars, “Tabu”, “LM299” and “Hulk”. The trial was
basically designed as a split-plot design with family as whole plot and generation (F1, F2B, and F2W)
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as sub-plot, with 2 replicates. Reference cultivars were represented by 4 replicates in the trial. A total
of 72 plots were organized in a 12 (row) × 6 (column) layout. Each of the plots contained 100 plants,
and the space between plots and the distances between plants within a plot were the same as for the F1

sward trial. Seeds from each entry were germinated in seedling trays in the glasshouse, and seedlings
were transplanted to the field in May 2014. Irrigation was applied for the trial in the first summer
months in order to keep plants alive. The trial was fertilized six times with nitrogen fertilizer and
“Grow Plus” at the same rate as that of the F1 trial at 2–3 month intervals, and a total of 12 harvests
were conducted. The first 10 harvests were conducted every month starting from September 2014 to
June 2015, and harvest-11 and harvest-12 were conducted in August and November 2015, respectively.
Quality data were collected from harvests 1, 2, 7, 9, 10, and 11 following the same procedure as
described in the F1 trial. Plant survival rate was recorded on 4 March 2016.

Table 2. Selected 10 bi-parental F1 families.

Family Parent 1 Parent 2

1804 LM299-96 Tabu-37
1812 Hulk-35 LM299-85
1826 Warrior-77 Warrior-181
1836 LM299-48 Hulk-54
1857 Tabu-47 Tabu-60
1858 Hulk-81 Warrior-55
1899 LM299-20 LM414-55
1901 Tabu-58 Accelerate-89
1902 LM299-61 Warrior-26
1913 LM299-17 Accelerate-87

4.4. Statistical Analysis

Statistical analysis was carried out using GenStat [39]. Correlation coefficients between pairs
of traits were calculated using the correlation command in GenStat. Narrow-sense heritability
was estimated by simple linear regression of the F1 progeny on parental mean for each trait.
The narrow-sense heritability for the corresponding traits is equal to the regression coefficient [40].
Significance testing of family and generation differences was conducted using REML. The level of
inbreeding depression from comparison of the F1 and F2 generations was calculated as the deviation
of the mean performance from the mean of the previous generation.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4395/6/4/49/s1.
Figure S1: Scatter plot of yield and quality across harvests from the F1 field trial (FW: Fresh weight (g); WSC:
water-soluble carbohydrate (% dry matter); CP: crude protein (% dry matter); NDF: neutral detergent fibre (% dry
matter); ADF: acid detergent fibre (% dry matter); DMD: dry matter digestibility (%)), Figure S2: Scatter plot of
yield and quality across harvests from the F2 field trial (trait abbreviations and units see Figure S1).
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Abstract: Napier grass (Pennisetum purpureum Schumach.) is a fast-growing perennial grass native
to Sub-Saharan Africa that is widely grown across the tropical and subtropical regions of the world.
It is a multipurpose forage crop, primarily used to feed cattle in cut and carry feeding systems.
Characterization and diversity studies on a small collection of Napier grasses have identified a
moderate level of genetic variation and highlighted the availability of some good agronomic traits,
particularly high biomass production, as a forage crop. However, very little information exists on
precise phenotyping, genotyping and the application of molecular technologies to Napier grass
improvement using modern genomic tools which have been applied in advancing the selection and
breeding of important food crops. In this review paper, existing information on genetic resources,
molecular diversity, yield and nutritional quality of Napier grass will be discussed. Recent findings
on characterizing disease resistance and abiotic stress (drought) tolerance will also be highlighted.
Finally, opportunities and future prospects for better conservation and use arising from the application
of modern genomic tools in Napier grass phenotyping and genotyping will be discussed.

Keywords: Napier grass; elephant grass; Uganda grass; Pennisetum purpureum; diversity analysis;
characterization; phenotype; genotype

1. Introduction

Sustainable livestock production is highly dependent on the availability of quality feed and forage
resources. Napier grass, also known as elephant or Uganda grass, is one of the most important tropical
forage crops. It is widely used in cut and carry feeding systems [1–3] and is of growing importance
in other agricultural systems. Napier grass possesses many desirable characteristics, including high
yield per unit area, tolerance to intermittent drought and high water use efficiency [2], making it a
forage of choice. It has the ability to withstand repeated cutting and will rapidly regenerate, producing
palatable leafy shoots [4]. Consequently, enhancing the knowledge-based use and conservation of the
available Napier grass resources promises to substantially benefit livestock value chains.

1.1. Origin, Propagation and Distribution

Napier grass is a monocotyledonous flowering plant belonging to the family Poaceae (the family
of grasses) and the genus Pennisetum [5,6]. Pennisetum is a highly diverse genus consisting of a
heterogeneous group of approximately 140 species [7–9] with different basic chromosome numbers of
5, 7, 8 or 9, a range of ploidy levels from diploid to octoploid, both sexual and apomictic reproductive
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behaviours and life cycles of an annual, biennial or perennial nature [10]. Napier grass is a perennial
C4 grass species [11,12] native to Sub-Saharan Africa from where it is believed to have been distributed
to other tropical and subtropical regions around the world. It has been reported to be adapted to
grow across a wide range of soil conditions and agro-ecologies, from sea level to 2100 m, and it can
withstand minor dry spells, although it grows best in areas where the annual rainfall is between 750
and 2500 mm [6]. Given its wide agro-ecological adaptation, Napier grass has been naturalized in
areas of Central and South America, tropical parts of Asia, Australia, the Middle East and the Pacific
islands [6,13]. As a result, today it is widely grown in tropical and subtropical regions of the world,
for use predominantly as animal fodder (Figure 1). Napier grass can be more commonly distributed
by vegetative cuttings and tillers [6], since the grass cannot produce many seeds and those that are
produced are normally very small, light, of poor quality and the spikelets are prone to shattering [6,14].
Consequently, the seeds are considered inappropriate for propagation as they produce weak seedlings
and, as Napier grass is an open pollinated crop, the seedlings are also highly heterozygous [6,14].
Therefore, propagation by stem cuttings is currently the dominant practice for the distribution of
Napier grass propagules [6,15].

 
Caribbean, Central and Southern 

America regions Africa Melanesia, Southeast Asia and 
surrounding regions 

Figure 1. Regional distribution of Napier grass around the world (reproduced from [13]).

1.2. Economic Importance

A range of grass species are used as fodder crops by farmers in Africa, Asia and other
tropical/subtropical regions of the world. Napier grass is one of the most important fodder crops,
particularly in Eastern and Central African smallholder farming communities [1,2]. It is mainly used
to feed livestock in cut and carry feeding systems [3,16,17]. It is a multipurpose forage crop that can
be grazed directly, or made into silage or hay [18] and there have also been reports of using Napier
grass as fish food, for example for feeding grass carp and tilapia in Nepal [19,20] and Bangladesh [21].
A recent report from Nigeria also indicated that young shoots of Napier grass were used as a cooked
vegetable [22]. These varied uses provide an indication of the diversity of roles that Napier grass could
contribute to the reduction of poverty and nutritional insecurity.

In addition to its value as a forage crop, Napier grass can also be used to make fences, as a
windbreak, to demarcate boundaries among neighbouring farmers, and the dried material can be
used as a fuel source [18]. In crop land management systems, it is used as a mulch to control weed
infestation and soil erosion [2] and as a trap plant in the push–pull strategy, a pest management
practice which uses repellent intercrop ‘push’ plants and attractant trap ‘pull’ plants [23] for insect
pest control in Africa, particularly for the maize stem borer [24,25]. Plants are also used to scavenge
pollutants, such as heavy metals, and Napier grass has been used in phytoremediation strategies,
for example for the cleanup of cadmium-affected soil, reducing the concentration of cadmium to a
depth of 15 cm in soil [17].

With growing global interest in reducing fossil fuel consumption and concerns about the impacts
of climate change, the search for alternative biofuel sources has led to the promotion of large
biomass plants as second- or next-generation biofuel crops. Napier grass, with its perennial nature
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and fast growing characteristics, has been reported to produce a dry matter (DM) yield of up to
78 tons/ha/annum (35–41 tons/ha average) [26]. Rengsirikul et al. [27] estimated a maximum ethanol
production of 350–460 L/ton DM from Napier grass varieties grown in Thailand, and an estimated
ethanol yield of 329 L/ton DM. Lima et al. [28] demonstrated that this potential was 6% and 15%
higher than for the tropical forages Brachiaria brizantha and Panicum maximum, respectively, around
15% higher than Eucalyptus bark and 17% higher than for sugarcane. Consequently, the potential exists
for the use of Napier grass for phytoremediation purposes, after which the large harvest could go into
processing plants for biofuel production.

1.3. Genetic Resources, Molecular Diversity and Breeding

Napier grass is considered to be a socio-economically important tropical grass species and is
therefore available across most of the tropical and subtropical regions of the world. As reviewed in
Sanghu et al. [5], a number of genebanks (for example: the International Center for Tropical Agriculture
(CIAT); the Commonwealth Scientific and Industrial Research Organisation (CSIRO); the International
Livestock Research Institute (ILRI); and the National Bureau of Plant Genetic Resources (NBPGR))
are involved in conserving a substantial amount of tropical and sub-tropical forage genetic resources.
Through early exploration, Napier grass germplasm has been collected from various geographical
regions and is conserved by these different institutions [5,29,30]. Consequently, over 300 accessions
of Napier grass are currently being maintained in different genebanks (Table 1). Genetic resources
form an essential component of agriculture and livestock production value chains where in-depth
knowledge of the existing resources is required. Accurate passport, characterization and evaluation
data, together with an overall understanding of the diversity of the genetic resources, are considered
the primary reasons for the conservation and use of available genetic resources [5]. For example,
a broad array of Napier grass accessions are currently being maintained by the ILRI forage genebank
in the field at Debre Zeit and Zwai, Ethiopia with considerable diversity in growth and form (Figure 2).
However, germplasm available from genebanks has so far been largely underutilized [5].

Napier grass is a cross-pollinating allotetraploid species with a chromosome number of
2n = 4x = 28 (genome A’A’BB) [11,31,32]. Although there is no clear information on the genetic origin
of allotetraploidy in Napier grass, the A’A’ genome has been reported to be homologous to the
AA genome of pearl millet (Pennisetum glaucum (L.)) and the A’ chromosomes are larger than the B
chromosomes, which contribute genes controlling the perennial growth habit [31]. To date, Napier
grass ‘improvement’ has mainly been based on the evaluation and selection of existing accessions
for traits of interest. For example, accessions were screened for resistance to diseases, and Napier
grass head smut- and stunt-resistant lines were identified from the existing collections [33,34]. Plant
breeding and selection in Napier grass has primarily been aimed at improving different agronomic
traits such as disease resistance, yield, nutritional quality, growth habit (dwarfing), palatability and
abiotic stress tolerance [6,11,35]. Napier grass is cross-compatible with the closely related species
pearl millet (Pennisetum glaucum) (2n = 2x = 14, genome AA) [6,15]; the resultant hybrids are triploid
and sterile [6] and can only be propagated by vegetative means which, although labour intensive,
ensure a true-to-type variety [15]. A number of agronomically important traits, nutritional quality and
palatability for example, have been introgressed into the genome of Napier grass from pearl millet
through conventional plant breeding [29] and hybrids have become a crucial part of the forage crop
value chain in Africa, Asia and South America [6,36].
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Table 1. Napier grass distribution and accessions in various genebanks around the world.

Native to *:
Number of Accessions at **:

ILRI ICRISAT CIAT EMBRAPA 1 USDA GRIN 2 RBG 3 Total ***

Tanzania 6 9 15
Uganda 1 1
Ethiopia 1 12 c 13
Malawi 1 2 1 4

Mozambique 2 2
Zimbabwe 11 5 8 24

Côte d’Ivoire 1 1
Nigeria 1 1 3 5

Cameroon 8 1 9
Sub-total 22 22 1 0 25 4 74

Collected from

Australia 4 4
Brazil 8 39 7 54

Burkina Faso 1 1
Burundi 1 1

Central African R. 7 2 9
China 1 1

Colombia 1 5 6
Costa Rica 1 1 1 3

Cuba 2 4 6
DRC (Zaire) 4 4

Ecuador 1 1
India 2 8 3 2 15

Mexico 2 2
Namibia 1 1
Panama 1 1

South Africa 12 12
Sudan 2 2

Swaziland 6 3 9
USA 16 a 1 6 23

Unknown 14 b 2 29 44 90
Sub-total 52 17 2 83 86 4 244

Total 74 39 3 83 111 8 318
a Breeding lines; b Includes 2 cultivars ‘Mott’ (=PI517947) and ‘Kizizi’. ILRI14983 may = PI667853; c 11 duplicates of
ILRI accessions, not actually from Ethiopia, and none of the 12 are available; * Native distribution taken from [13];
** Number of accessions from the forage registry, except for Brazil, United States Department of Agriculture (USDA)
Germplasm Resources Information Network (GRIN), ICRISAT and RBG (Genesys [37]); *** Some of the accessions
listed here are in fact duplicated between the collections (for example 20 of the ILRI collection are part of the Brazilian
collection); 1 Brazilian Agricultural Research Corporation (EMBRAPA, Empresa Brasileira de Pesquisa Agropecuária);
2 Most USDA accessions not available; 3 Millennium Seedbank, Royal Botanic Gardens (RBG), Wakehurst Place, UK.
ILRI: International Livestock Research Institute; CIAT: International Center for Tropical Agriculture.

Figure 2. Partial view of the Napier grass field genebank in Debre Zeit (Ethiopia).
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Since the early 1990s there have been a number of reports characterizing the genetic diversity of
Napier grass. Tcacenco and Lance [38] evaluated the usefulness of morphological characteristics for the
characterization of Napier grass and were able to differentiate nine accessions based on leaf, stem and
inflorescence characteristics. Van De Wouw et al. [39] also studied a collection of Napier grass using
morphological and agronomic characters where the collection was clustered into six groups. Smith
and co-workers [40] were the first group to develop and use molecular restriction fragment length
polymorphism (RFLP) and random amplification of polymorphic DNA (RAPD), markers in Napier
grass studies and they were able to link quantitative trait loci to several plant traits. A diversity analysis,
based on RAPD molecular markers, revealed a moderate level of diversity with clear differentiation
of Napier grass accessions from pearl millet and its hybrids, and the accessions were clustered into
groups according to their geographical origin [4,41]. However, the difficulty of differentiating some of
the accessions based on their RAPD profile was also acknowledged [4]. Bhandari and co-workers [42]
were able to differentiate 64 accessions of Napier grass based on polymorphisms in isozymes and total
proteins and reported the availability of a wide range of genetic diversity. They suggested that the
markers could be used to efficiently complement the morphological traits for diversity assessment and
varietal identification of Napier grass accessions.

Harris et al. [11] were able to study the genetic relationship among 89 nursery accessions using
amplified fragment length polymorphism (AFLP) markers and the results revealed a moderate to high
degree of genetic relatedness among the accessions. In addition, clustering of the accessions into five
groups in line with geographical origin was observed, which was a similar result to that observed
using RAPD markers [11]. However, in another study using AFLP markers, Napier grass accessions
of different geographical background obtained from research centres in Botswana, Mozambique,
Ghana, South Africa, and Ethiopia (ILRI forage genebank collection) came together into different
groups, with no clear evidence of clustering according to geographical origin [43]. Recent studies
using AFLP markers [44] provided an indication that there was little to moderate within population
diversity and a clustering of two groups in the Napier grass collection held at the ILRI forage genebank
together with some additional accessions collected from Kenya, Tanzania and Uganda. Interestingly,
these results also did not reveal the clustering of different accessions according to their geographical
origin, which was demonstrated by the previous morphological, agronomic and RAPD marker studies.
Other types of molecular markers, such as inter-sequential simple repeat (ISSR) markers [41,45] and
sequence-related amplified polymorphisms (SRAPs) [46] have also been used for the characterization
and identification of Napier grass clones.

Finally, a number of microsatellite, or simple sequence repeat (SSR), markers from pearl
millet genetic studies have been demonstrated to be transferable to Napier grass [47–51]. The
transferrable markers were successfully used in diversity analyses and clone identification of Napier
grass accessions [12,52]. Expressed sequence tag (EST)-based SSR markers have been successfully
used to identify pearl millet-Napier grass hybrids (the majority of hybrid Napier grass varieties under
cultivation have been developed using pearl millet as maternal parents and Napier grass as paternal
parents) [53]. Napier grass collections from Kenya and Uganda [54], the United States Department of
Agriculture-Agricultural Research Service (USDA-ARS, Tifton nursery) [12] and the ILRI forage genebank
(unpublished data) have also been characterized using SSR markers. Results from the SSR analyses
demonstrated the availability of a broad array of genetic diversity in Napier grass germplasm while
some duplicates were also identified in the collections. Kawube and his colleagues [54] also reported
the allelic uniqueness of Napier grass from Uganda when compared with some of the accessions from
the ILRI forage genebank. This array of outcomes highlights the need for the integration of modern
molecular tools (for example, genotyping by sequencing) for the establishment and management of
core collections in order to better capture the available genetic diversity.
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2. Current Status

Due to the fact that most smallholder livestock producers predominantly own small and
fragmented pieces of land, grasses such as Napier grass offer a best-fit alternative to other feed options,
as these are high yielding forages which require a minimum amount of inputs and acreage. Napier
grass possesses a number of attributes including: high biomass yield [55,56]; rapid re-growth potential
and ease of propagation [57]; attributes that help with the control of soil erosion [58]; resistance to
a broad spectrum of pests and diseases [59]; and suitability for cellulosic biofuel production [60].
The growth rate and biomass production of Napier grass surpasses other tropical grasses including
Johnson grass (Sorghum halepense), switchgrass (Panicum virgatum), maize (Zea mays) and sugarcane
(Saccharum officinarum) [61]. In addition, by following best management practices (regular cutting
between 60 to 90 days and keeping soil moisture level at an optimum level) and applying fertilizer
when required, harvesting of Napier grass can be maintained for decades [39].

The aforementioned qualities of Napier grass make it an attractive option for livestock production
systems. However, the adoption and utilization of Napier as an alternative forage crop has not been
totally successful due to the limited amount of research and attention given to this crop [62]. At present,
only a handful of molecular characterization studies have been reported and its genome is yet to
be sequenced. Therefore, in order to increase the utility of Napier grass and advance its breeding
initiatives, genotyping by sequencing (GBS) of the Napier grass collection held at ILRI is currently
underway. This characterization will be of great importance to assess the available diversity within
ILRI collections. Furthermore, GBS characterization will also help develop sufficient SNP markers for
marker-assisted breeding of Napier grass.

2.1. Yield and Morphology

Napier grass cultivars have been reported to yield around 60 tonnes dry matter/ha/year, with
some studies indicating significantly higher yields [26,27]. The yield of Napier grass mainly depends
on the type of cultivar used which in turn is influenced by both the environment and management
practices employed. Nevertheless, there are two major categories of Napier grass cultivars based on
their morphology, the normal or tall (up to 4–7 m) varieties (for example ‘Australiano’, ‘Bana’ and
‘French Cameroon’) and the dwarf or semi-dwarf (<2 m) varieties (for example ‘Mott’) [27]. The normal
varieties have been reported to produce up to twice as much yield as the dwarf ones [27,63]. However,
dwarf varieties also have a number of positive attributes, including enhanced overwintering capacity
in the border areas between subtropics and temperate zones, better nutritive value, and ease of
management and harvesting [64,65]. Therefore, different cultivars of Napier grass can be adopted by
farmers depending on their situation and ultimate use of the crop.

The performance and yield of Napier grass is heavily influenced by agro-ecology, climatic
conditions, management practices and other edaphic factors [27,66]. According to Kebede et al. [67],
the most significant factor affecting DM production of Napier grass is the environment, followed by
genotype by environment interactions and then the genotype. However, the genotype is still important
and the DM yield of Napier grass has been demonstrated to be superior to other tropical forages
including Guinea grass (Megathysus maximus) and Rhodes grass (Chloris gayana) [68]. Table 2 provides
a summary of the dry matter yield, and other important forage quality attributes, obtained in different
studies conducted on Napier grass.
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Table 2. Yield and nutritional qualities of Napier grass accessions across different studies.

Country DM (t/ha/year) CP (%) NDF (%) ADF (%) No. of Accessions Evaluated Ref.

Bangladesh 14.9–16.5 10.3–11.4 NA 29.9–45.9 4 [69]
Brazil 14.9–78 NA NA NA 85 [26]

Ethiopia 4.6–20.5 7.5–15.7 52–64.6 28.8–36.6 9 [70]
Kenya 12.1–19 NA NA NA 8 [71]

Malaysia 43.7–65.9 10–12 60–70 35–40 9 [64]
Mexico NA 9.2–9.9 65.2–69.7 42.2–44.7 3 [72]

Thailand 27.1–58.4 NA NA NA 8 [27]
USA 25.3–28.2 12.42–15.68 62.7–66.8 37.2–39.6 2 [57]

Zimbabwe 90.2 5.35 56.8 39.2 2 [73]

DM: dry matter production; CP: crude protein; NDF: neutral detergent fibre; ADF: acid detergent fibre; NA: ‘Not
available’ is given when that particular component was not measured in that study.

2.2. Nutritional Qualities

Significant variation in dry matter production (DM), crude protein (CP), neutral detergent
fibre (NDF), acid detergent fibre (ADF) and other nutritional qualities have been reported across
different studies and accessions of Napier grass (Table 2). Nutritional quality is strongly influenced
by management practices and age at harvest but, on average, Napier grass is considered to contain
9% CP, 20% DM, 70% NDF, 50% ADF, 9% ash and 6% lignin in samples taken from 10–15 week old
plants [74,75]. Apart from genetics, the nutritional qualities of forages are influenced by many factors
including the climate [76], soil nutrition [77], season and grazing pressure [78], management [65,79,80]
and fertilizer application [81]. Consequently, great care should be taken to determine the optimum
time when planning to harvest or graze Napier grass in order to maximize both yield and nutritional
qualities [82].

An important aspect for most forages is that cutting treatments and interval can have a significant
impact on both yield and nutritional qualities [80,83]. For example, the CP content of Napier grass
has been demonstrated to decrease significantly from 28.2% at a 40-day cutting interval to 8.8% at an
80-day interval [56,84]. In addition, the CP content of Napier grass has been shown to be negatively
impacted over recurrent cuttings, although the possibility exists to increase both DM and protein
content through increased fertilizer application [85]. On the other hand, DM production has been
shown to increase significantly over consecutive cuttings from the first to the third [69]. Although
cultivar and environment specific, Wanghchuck et al. [56] recommended a 60-day cutting interval in
the optimum growing season to maintain a high yield without compromising nutrient composition
too much.

Forages, when harvested during the early stages of their development, are considered to possess
relatively higher crude protein content [76,86]. On the other hand, plant structural components (NDF,
ADF and lignin) increase during later harvests, resulting in decreased dry matter digestibility [76,86].
Lignin, an integral component of the plant secondary cell wall [87], is the primary factor limiting
organic matter digestibility and nutrient availability in forages [88,89] by interfering (as a physical
barrier) with microbial enzymatic activity [88,90]. Despite many desirable characteristics, Napier grass
is generally considered to be of inferior nutritional quality depending on management (particularly in
terms of metabolisable energy, digestion kinetics and percentage crude protein) and palatability when
compared to other forage crops [16,64,84]. Napier grass is reported to possess around 50% NDF, which
is higher than the recommended NDF content for forage grasses [64]. Feeding experiments using
Friesian cows revealed a loss of body weight and reduced milk yield when solely fed Napier grass
varieties [71,74]. Lactating cows that were producing 10 kg/day milk yield, when fed on Rhodes grass
(Chlolris gayana), produced only 6–8 kg/day, which was accompanied by a loss of body weight, when
fed solely on Napier grass [74]. Therefore, when using Napier grass as a main forage supplement,
it is recommended that a portion of the ration needs to be substituted with high energy/protein feed
to prevent reduced rumen microbial activity and depressed digestibility [74]. On the other hand,
dwarf and semi-dwarf Napier grass varieties have been shown to contain a higher CP content and
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lower ADF and hence are considered to be more suited as a forage for dairy farming applications [64].
In general, in areas where supplementary feed is scarce, intercropping Napier grass with legumes is
considered to be a better option and such an approach could be the best alternative for smallholders
who cannot supplement their milking cows with additional protein sources. In addition, using an
increased amount of fertilizers can enhance organic matter content of Napier grass and subsequently
enhance its nutritive quality as a feed [80].

2.3. Water Use Efficiency

A number of traits, including high dry matter production, ease of establishment and regeneration,
persistence, and enhanced water use efficiency make Napier grass the primary forage of choice in
the regions of Eastern and Central Africa where smallholder dairy farmers and pastoralists suffer
from sporadic droughts and possess limited irrigation infrastructure [71]. Grasses which possess a C4
photosynthetic pathway are considered to have a competitive edge over C3 grass species when grown
in tropical and subtropical regions [91]. Napier grass is a C4 grass species that also has the capacity
to reduce shoot dry matter and maximize carbon assimilation during times of water stress, making
it a desirable forage crop in areas subjected to intermittent droughts [92]. Napier grass undergoes
changes in its morphology including leaf rolling, reduced stomatal conductance and enhanced water
use efficiency when subjected to water stress conditions [93]. Since Napier grass is a perennial crop,
it is expected to face rainfall fluctuations which would induce water stress at some point during the
year and cultivars have been reported to lose as much as 20% of their yield potential when grown
under water-deficient conditions in comparison to a control environment [93]. Hence, the development
of cultivars that can withstand and produce during short periods of drought is considered to be useful
for areas without irrigation, particularly as the effects of climate change are expected to impact on a
growing number of regions.

Successful forage cultivation is influenced by the ability to minimize the trade-off between DM
production and yield potential when grown under stress conditions such as drought. Biomass yield
loss in Napier grass has been demonstrated to be less severe than in Guinea grass when grown
under water stress conditions [93]. However, due to the fact that Napier grass has so far received
little attention in terms of research investment, its advancement through breeding is considered to
be minimal and lags behind other forages [62]. In addition, the lack of available genomic tools for
Napier grass has hampered breeding initiatives. If an appropriate genomic toolbox is established and
physiological responses to water stress are well understood, cultivars that can cope with intermittent
drought should be able to be developed in the foreseeable future. The water use efficiency of a range of
accessions from the ILRI forage genebank are currently being evaluated in irrigated and non-irrigated
blocks, which will help further our understanding of their drought response mechanisms and provide
the basis for the development of more drought tolerant Napier grass cultivars.

2.4. Pests and Diseases

Napier grass has been shown to be affected by many insects and other pests, bacteria, viruses,
fungi and phytoplasmas, although most of them do not produce severe disease symptoms [3]. There
have been numerous records of insect infestation on Napier grass. Farrell et al. [3] listed seventy-two
different insects and mites that infect the species although for most of them, Napier grass acts as a
reservoir in which the insect can survive between the growing seasons of other crops. To date, there
has only been a single report of a bacterial infection (Xanthomonas albilineans), the causal agent of
scald disease in sugarcane, in Napier grass and in this case the disease symptoms were unclear [94].
Potyviruses are considered to be the emerging problem for Napier grass but at the moment the two
most significant threats to its productivity are the diseases smut and stunt which are caused by a
fungus and a phytoplasma, respectively.
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2.4.1. Viral Diseases

There have only been nine reported cases of viral infection of Napier grass worldwide. These
viruses belong to the genera Mastrevirus, Potyvirus and Sobemovirus [3]. A geminivirus was the first
virus reported to naturally infect Napier grass, described in Zimbabwe [94]. Subsequently, sugarcane
mosaic virus [95], sugarcane chlorotic streak [96], maize mosaic (stripe disease) [97], die-back virus [98],
maize streak geminivirus [99], elephant grass mosaic virus [100], a member of the potyviruses [101]
and Johnson grass mosaic virus [3,95] have been reported. However, none of these were reported to
produce serious disease symptoms or any significant productivity loss. The only report of symptoms
was by Mih and Hanson [101], who reported that infection by one of the potyvirus isolates (Is16840),
among three potyviruses isolated from the ILRI field genebank at Debre Zeit in Ethiopia in 1994–1996,
produced severe mosaic and stunting symptoms in Napier grass that would cause productivity losses.
Apart from this, an unclassified insect-borne virus was suggested to cause stunt disease in Napier
grass in Uganda [102], that may also cause productivity loss.

2.4.2. Fungal Diseases

There have been as many as seventy-one different fungi reported to infect Napier grass [3].
Among them, only three diseases, namely eyespot, snow mould and head smut, have been addressed
by researchers, mainly because the other fungi do not appear to have a significant effect on plant
growth and productivity. The eyespot disease, caused by the fungus Helminthosporium spp., was first
reported in the Caribbean in 1938 [96]. Although Burton [97] later reported that a Napier grass variety,
‘Merkeron’, was resistant to this disease (as the fungus did not cause a severe disease outbreak) there
has been no significant effort to further any studies on this disease. The snow mould disease, also
known as white mould disease, caused by the fungus Beniowskia sphaeroidea, was first reported to
affect Napier grass in Kenya [98,99] and was later discovered in Malawi, Tanzania, Mauritius, Uganda
and Zimbabwe [100,101]. The disease symptoms only appear during heavy rains and there is limited
damage, restricted to during that season; it also does not appear to affect the vigour of the plants
and livestock feeding on the diseased leaves do not appear to suffer any adverse effects. However,
efforts have been made to introduce resistance to this disease and a resistant variety, ‘Clone 13’, was
developed by conventional plant breeding in French Cameroon in the early 1970s [103].

The fungus responsible for head smut disease caused a severe disease outbreak with huge
productivity losses of Napier grass in Kenya [18,95,102]. The causal agent of this disease is a fungus
from the genus Ustilago, which was initially named as the species “kamerunensis” based on the place
‘Cameroon’ from where it was first isolated [104] and then later described as Ustilago kamerunensis”
by Sydow and Sydow in 1911 [105]. The fungus appears to be slowly spreading from West Africa to
the eastern parts of Africa as the disease was first reported in Cameroon [104], and subsequently in
Uganda [106], Congo [107], Rwanda, Tanzania and then Kenya [108]. However, head smut occurs
only in Africa as it has not been reported elsewhere outside the continent so far [95,109]. The mode
of transmission of this disease is either by wind-borne spores or infected planting materials [110].
The spores of the smut-causing fungus are very light and have been reported to be able to spread by
wind over large distances [111]. However, during a survey of the smut-infected districts of Kenya it was
found that the disease spreads mainly by infected planting materials, as the farmers were completely
unaware of this disease and the possible symptoms [110]. Although the smut disease of Napier
grass has been recorded in many African countries, Kenya was the first country to be threatened by a
potential epidemic. This could be because the strain identified in central Kenya causes the greatest yield
losses when compared with the strains reported in other African countries [95,109,110]. The disease
is widely spread across the central regions of Kenya and has been reported to cause 25–46% loss of
biomass production [18,95,102]. The infected plants have thinner and shorter stems, a reduced numbers
of leaves, and suffer from slower re-growth after cutting. The continual spread of the disease to other
parts of the country, including the Rift valley and lower eastern region has also been recorded [1], which
raises concerns about the possible future spread of this disease. Fungicide treatment is not currently an
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option to control the disease, especially for vegetatively propagated cuttings. Following diagnosis of
infected planting material, destroying these materials by burning is currently the only option to control
this disease. Efforts to select and breed resistant accessions or varieties have led to the identification
of two resistant varieties, namely ‘Kakamega 1’ and ‘Kakamega 2’ [95,112] and the Muguga South
branch of the Kenya Agricultural and Livestock Research Organization (KALRO) is promoting and
distributing planting materials of these varieties to farmers in the affected regions in order to minimize
the effect of this disease in the country. Co-evolutionary modification of some African accessions,
particularly from Southern Africa, has also resulted in the development of resistance to the disease
over time [113,114] and further focus is currently being placed on developing resistant plant material
to manage the disease in the future. Many Napier grass clones have been collected from various sites
across the world and are currently under trial in an attempt to discover whether they exhibit any
selection bias related to their geographic origin which may have developed due to a co-evolutionary
cycle of selection [109,112]. However, this co-evolutionary process in the induction of resistance may
also lead to the selection of more virulent strains of the pathogen U. kamerunensis, in case of widespread
use of selected resistant accessions [114]. Therefore, it is considered advisable to adopt a strategy
which promotes the planting of varieties of mixed origin and resistance levels that could slow down
the likely natural selection of the pathogen into a more virulent strain [33].

2.4.3. Phytoplasma (Stunt) Disease

Napier grass stunt disease is by far the most devastating disease of Napier grass as the infected
plant material shows severe stunting symptoms, resulting in eventual death of the plant [115–117].
The disease was first observed in western Kenya in 1997 and has been reported to spread quickly,
causing serious economic losses [118]. It has been demonstrated that the disease is associated with
the 16SrXI phytoplasma (Candidatus (Ca.) Phytoplasma oryzae) group [118,119]. Subsequently, the
disease has been reported to occur in Ethiopia [120], Uganda [116] and Tanzania and Rwanda [2].
The phytoplasma responsible for the stunt disease in Uganda was discovered to be similar to the Kenyan
strain; however, in Ethiopia the strain was found to be a member of the 16SrIII group, ‘Ca. Phytoplasma
pruni’ or X-disease [116,121], which caused symptoms similar to those observed for stunt disease in
Uganda and Kenya but without the severe stunting [117]. The disease symptoms include yellowing
of foliar material, smaller leaves, a proliferation of tillers, yellow to purple streaking and shortening
of internodes to the extent that clumps appear severely stunted, resulting in a low biomass yield
and eventual death of the plant, although this only occurs after cutting or grazing the grass [118].
However, the level of expression of the symptoms in phytoplasma-infected plants partly depends on
the virulence of the strain, strain interference and phytoplasma concentration [122] and the abundance
of insect vectors and phytoplasma-infested host plants [123]. The primary mode of transmission of
the disease is by vegetative propagation of infected planting material or by phloem-feeding insects
belonging to the families Cicadellidae (leafhoppers), Delphacidae (planthoppers) and some psyllids
(Psylloidea) [124,125]. Obura et al. [126] identified Maiestas banda Kramer (Hemiptera:Cicadellidae) as
a vector for Napier grass stunt disease phytoplasma in Kenya and Leptodelphax dymas and Exitianus spp.
have been recorded in Ethiopia [127]. However, so far no vector has been identified in Uganda [126].
The vector–phytoplasma–host plant three-way interaction plays an important role in determining
the spread of the disease [128]. There is the possible involvement of other phytoplasma susceptible
food crops and grasses which could act as a reservoir, providing a source of inoculum for the spread
of the disease [127] which would present a challenge to the development and implementation of
management strategies for the disease. Two stunt-resistant varieties, ‘Ouma 2’ and ‘South Africa’,
were selected by the International Centre of Insect Physiology and Ecology (icipe) in collaboration
with KALRO and Rothamsted Research (UK) [129]. However, despite the efforts made to date to
develop resistant varieties by national research organizations at various locations in western Kenya,
many selected accessions have ultimately been found to be susceptible [130]. Consequently, the only
guaranteed way to control the disease is through removal of the infected plants [131–133].

113



Agronomy 2017, 7, 28

3. Future Prospects

Through years of effort, a number of cultivars have been selected and are currently in production
in different regions of the world [6]. In addition, active breeding programs have been established
to generate and capture greater diversity for both animal production and biofuel applications [134].
However, despite the efforts made so far, the production and use of Napier grass remains constrained
by many factors. Nutritional quality, palatability, and propagation by seed or vegetative organs are
currently the main limitations, and the diseases Napier grass stunt and head smut are significantly
challenging its production in some regions of Africa. Moreover, enhancing the crop’s water use
efficiency is another key area of research which will allow for production and use in areas with annual
rainfall below its optimal range (<750 mm), and maintenance of current areas under the threat of climate
change. In this review, we have compiled an extensive amount of evaluation and characterisation data
which has been derived from various collections over the past few decades and demonstrated that
significant diversity exists in these traits of interest which have the potential to be captured [39,44,54].
Consequently, by integrating modern molecular approaches into improvement strategies, some of the
constraints in Napier grass production and use could now be efficiently addressed [44].

Opportunities to help capture the genetic diversity in crops for plant breeding and crop
improvement have recently been revolutionized by the integration of advances in molecular genetics
and genomics, plant biotechnology and next-generation sequencing. These advances have already been
widely applied to crop improvement and offer the opportunity for new approaches to enhance quality
and performance traits of feeds and forages at a relatively low cost. However orphan crops, which
include tropical forages in general and Napier grass in particular, have not yet substantially benefited
from these advances in molecular genetics and the associated modern tools that are available. There
remain few reports on characterizing the genetic diversity of Napier grass through the application of
molecular markers, and genetic maps and genome sequence information is largely lacking. As a result,
there is little molecular information on Napier grass, which has implications for the knowledge-based
use and conservation of available genetic resources for sustainable development. This, for example,
has limited the ability to locate genomic regions controlling traits of interest and gene discovery.
Consequently, the potential to use Napier grass as a ‘climate-smart’ forage crop, with traits such as
enhanced water use efficiency, disease resistance and temperature tolerance stacked in new varieties
which perform well in the face of climate change, has not been fully realised. Breeding efforts are
also limited in Napier grass [6], which could be due to poor quality and limited seed production.
The current distribution of planting materials to farmers is considered bulky, expensive [6] and
carries the potential risk of disease distribution (for example, stunt disease) to new areas. In other
vegetatively propagated crops such as potato, cassava and sugarcane, the use of diseased planting
materials has been demonstrated to be the main source of inoculum for disease-causing agents [135].
Therefore, improving the seed production ability (both in terms of quantity and quality) of Napier
grass potentially conveys a multitude of benefits including using seeds for distribution to farmers,
creating genetic variation and new hybrid varieties through crossing and reducing the risk of disease
spread related to distribution of vegetative propagules.

With respect to advances in nutritional quality of Napier grass, a number of opportunities exist to
leverage the knowledge and advances seen in other fodder crops to the improvement of Napier grass
and the benefit of livestock productivity. The plant cell wall provides the major source of dietary fibre
and the nutritional availability of forage fibre to livestock is highly dependent on its composition and
structure [136]. The plant cell wall is a complex biological structure, mainly composed of cellulose,
hemicellulose, protein and lignin, which varies greatly depending on developmental stage, tissue type
and plant species [137]. The bioavailability of cellulose, the major structural polymer of plants and the
most abundant organic polymer on Earth [138] as an energy source is restricted by the β-glucosidic
linkages, making it insoluble in water in its native form [139] and the lignin complex [140]. Lignin
affects the digestion of cell-wall polysaccharides by interfering (as a physical barrier) with microbial
enzymatic activity [88,90] and therefore, developing low-lignin Napier grass lines could substantially
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improve its digestibility and nutritional quality for enhanced livestock productivity. For example, it has
been reported that a 1% increase in in vitro dry matter digestibility of forages leads to a 3.2% increase in
daily weight gains of beef cattle [141]. Thus, the selection and/or development of low lignin varieties
is another area of research where modern genomic tools could contribute substantially to improved
feed quality in Napier grass. For example, the brown midrib mutants could offer an opportunity for
selection in Napier grass. These mutants, which contain mutations in the lignin biosynthesis pathway
and offer improved forage digestibility for livestock, have been selected in maize (Zea mays), sorghum
(Sorghum bicolor) and pearl millet (Pennisetum glaucum) and a similar approach could be employed
on Napier grass to improve its nutritional deficiency as a forage crop [142]. Transgenic approaches
have also been used to enhance the nutritional quality of forages; for example, low-lignin alfalfa lines
with enhanced digestibility have been developed [143] and similar technology can also be an option
for Napier grass improvement. However, it is not only the reduction but the modification of lignin
structure that can be important and the incorporation of p-coumaric acid instead of ferulic acid can
improve cell wall digestibility in grasses by reducing cross linking [144].

In addition to enhancing nutritional quality, the improvement of other attributes of Napier grass,
such as resistance to pests and diseases, also requires attention in order for this species to realise its
full potential. Despite evidence demonstrating that insect vectors are responsible for transmitting
diseases such as stunt and viruses, information on the impact of insects on feed yield and quality in
Napier grass remains largely ambiguous. By employing modern molecular technologies and tapping
into the genetic diversity available, we can develop a better understanding of the potential impacts
and identify accessions which are tolerant to certain pests and diseases which could be used to
introgress plant-derived resistance mechanisms into modern varieties. Two accessions, ‘Kakamega 1’
and ‘Kakamega 2’, have been identified and developed as varieties which provide resistance to the
smut disease [95,112]. However, the mechanism of resistance is not fully understood and molecular
approaches can play a role to augment and transfer the resistance genes in to commercial varieties.
In addition, more severe strains of the pathogen may develop in the future through co-evolutionary
mechanisms. Consequently, a more proactive effort is required, directed towards the discovery and
development of new varieties with alternative resistance mechanisms to help address this threat in
the future. The same applies for stunt disease, caused by the phytoplasmas, which results in severe
productivity loss of Napier grass. To date there has been limited success achieved in the development
of resistant varieties to combat this disease [133]. Therefore, the primary approach towards this disease
would be screening the primary and secondary gene pool of Napier grass held in global collections
that could lead to the identification of disease resistance genes with different modes of action against
the phytoplasma.

The development of disease resistance in plants by introducing a gene, or a part thereof, from the
pathogen is another approach which could be applied. For example, many viral diseases have been
reported to infect Napier grass [3] which could have implications for both yield and quality, and the
transgenic expression of viral coat proteins, replicases or other sequences from the virus genome could
potentially be used to introduce resistance into the grass. Similarly, antifungal genes such as chitinases
and glucanases could be introduced into the genome in order to confer resistance to fungal diseases
such as the head smut disease reported to substantially affect household feed supply in Eastern and
Central Africa. The use of antimicrobial genes to engineer the plant to produce antimicrobial proteins
could also be considered to strengthen resistance mechanisms. Also, engineering with genes producing
antibodies against a protein crucial for pathogenesis could result in a level of immunity or resistance to
the pathogen. Alternatively, genetic modification or the recently developed technique of gene editing
could be used in Napier grass to combat economically important insect pests. Accordingly, transgenic
lines with resistance to different groups of insect pests can be generated using genes from various
origins (Bt cry genes, the insect chitinase gene, RNA interference (RNAi) technology, plant-derived
genes for proteinase inhibitors, and α-amylase inhibitors and lectins for example).
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Good agricultural practices and management of diseases are currently the only option to protect
against the spread of Napier grass diseases. The development and deployment of management
practices to guard against any disease in a particular geographical area is guided by quantitative
information on the existing levels of disease risk, definitive identification of the pathogen and a clear
understanding of the factors that correlate strongly with disease/pathogen risk within a defined host
population [145]. Although most of the viruses infecting Napier grass do not appear to cause any
severe disease symptoms and productivity losses, there have been some reports on the effects of the
potyvirus (Is 16840) identified in Ethiopia [146] and an insect-borne virus identified in Uganda [147]
which need to be investigated more thoroughly, especially in terms of potential productivity loss,
as they were reported to cause stunting in infected plants. There is limited information available on
farmers’ knowledge and understanding of Napier grass diseases, in particular, and forages in general,
which need to be addressed through extension packages. Similarly, in order to manage head smut
disease of Napier grass, there is a need to educate farmers on the identification of disease symptoms
and implementation of management strategies. Although burning of infected material is a good option
to destroy the source of infection, the development of visible symptoms can take time, which allows
the disease to spread further. Therefore, efficient diagnostic tools (serological or molecular) could
offer a valuable asset for the early detection and diagnosis of the disease and to monitor its spread
for improved management and containment. A number of studies have been undertaken towards
the identification of the pathogen, possible vectors and disease severity for an outbreak of Napier
grass stunt disease in Kenya [118,126,148]. However, further studies will be required to elucidate
factors involved in the plant–host–vector three-way interaction related to the spread of stunt disease
in Ethiopia and Uganda. There is also a need for further research to confirm whether Exitianus sp.,
L. dymas, or both species, act as a vector(s) of stunt disease. Further, for the disease outbreak in Uganda,
there is a lack of information regarding the possible vectors involved in the transmission of the disease.
Molecular studies would provide more information about the identity of the causal agent, vectors
involved in disease transmission and the factors supporting the spread of the disease, which may
help in the development of an effective management tool to control/minimize its spread. Seasonal
monitoring of the insect vector populations could also provide information on the spread of the disease,
and should facilitate the prediction of future Napier grass stunt disease outbreaks.

In a similar manner to the approaches reported for other crops, improvements in tolerance to
abiotic stresses such as drought, salinity, soil pH and extreme temperatures in Napier grass could be
achieved by employing a range of modern molecular tools. Despite the successful selection of a few
accessions with resistance to the diseases head smut and stunt, the introgression of stress resistance
into advanced breeding lines is yet to be effectively tackled in Napier grass. Moreover, genomic regions
controlling desirable characteristics such as the dwarf growth habit, smooth (hairless) leaf, water use
efficiency, etc. remain to be elucidated in Napier grass. Genetically Napier grass has two different sets
of genomes: A’A’ and BB. The homologous nature of the A’A’ genome with the AA genome of pearl
millet and the contribution of the B genome to perennial growth habit offers many other opportunities
for future genomic studies in Napier grass.

It is expected that research in Napier grass characterization, phenotyping, genotyping and
breeding will be aided by the application of modern tools in the near future. This will facilitate
clone identification, the establishment, management and exploitation of core collections, generation of
sequence information, development of genetic maps and identification of high throughput marker
systems such as SSRs and single-nucleotide polymorphisms (SNPs) for the localization of genomic
region(s) and discovery of genes controlling traits of interest in Napier grass. Once linkages between
traits of interest and known genetic markers are well established, marker-assisted selection/breeding
could facilitate the selection of new clones and/or varieties with improved agronomic traits. In general,
modern molecular genetics should be quickly integrated into the current conservation, use and
improvement strategies to address nutritional quality and palatability concerns, and biotic and abiotic
stresses in Napier grass.
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The following abbreviations are used in this manuscript:

ADF Acid Detergent Fibre
AFLP Amplified Fragment Length Polymorphism
Bt Bacillus thuringiensis
CIAT International Center for Tropical Agriculture
CP Crude Protein
CSIRO Commonwealth Scientific and Industrial Research Organization
DM dry Matter
DRC Democratic Republic of Congo
EST Expressed Sequence Tag
GBS Genotyping by Sequencing
GRIN Germplasm Resources Information Network
ha hectare
icipe International Centre of Insect Physiology and Ecology
ILRI International Livestock Research Institute
ISSR Inter-Sequential Simple Repeat
KALRO Kenya Agricultural and Livestock Research Organization
L Litre
NBPGR National Bureau of Plant Genetic Resources, Delhi, India
NDF Neutral Detergent Fibre
RNAi RNA Interference
RAPD Random Amplification of Polymorphic DNA
RFLP Restriction Fragment Length Polymorphism
RBG Royal Botanic Gardens
SNPs single-nucleotide polymorphisms
SRAPs Sequence-Related Amplified Polymorphisms
SSR Simple Sequence Repeat
USDA United States Department of Agriculture
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Abstract: Seasonal growth patterns of perennial plants are linked to patterns of acclimation and
de-acclimation to seasonal stresses. The timing of cold acclimation (development of freezing
resistance) and leaf growth cessation in autumn, and the timing of de-acclimation and leaf regrowth
in spring, is regulated by seasonal cues in the environment, mainly temperature and light factors.
Warming will lead to new combinations of these cues in autumn and spring. Extended thermal
growing seasons offer a possibility for obtaining increased yields of perennial grasses at high latitudes.
Increased productivity in the autumn may not be possible in all high latitude regions due to the
need for light during cold acclimation and the need for accumulating a carbohydrate storage prior
to winter. There is more potential for increased yields in spring due to the availability of light, but
higher probability of freezing events in earlier springs would necessitate a delay of de-acclimation,
or an ability to rapidly re-acclimate. In order to optimize the balance between productivity and
overwintering in the future, the regulation of growth and acclimation processes may have to
be modified. Here, the current knowledge on the coordinated regulation of growth and freezing
resistance in perennial grasses is reviewed.

Keywords: CBF; climate change; cold acclimation; de-acclimation; freezing; growth; light;
photoperiod; seasonality; stress; temperature; winter survival

1. Introduction

Changes in atmospheric CO2 concentration, temperature, and precipitation patterns are expected
to affect plant productivity in a complex manner due to a set of mechanisms and interactions at
different scales from leaf to agro-ecosystem [1]. In regions or periods where water availability is
sufficient, elevated atmospheric CO2 concentrations and higher temperatures can potentially increase
growth rates of many plant species, including C3 grasses and forage legumes, and thus increase
grassland productivity [2]. In addition to this direct effect of temperature and CO2 concentration,
cool regions with non-productive winters are likely to have longer thermal growing seasons (often
defined as the part of the year when the daily mean temperature exceeds 5 ◦C), with earlier springs
and later autumns. For example, in Finland, where the annual mean temperature has most likely
increased by at least 2 ◦C during the last 150 years [3], the thermal growing season was predicted to
become one to three months longer by the end of the century as compared to the period 1971–2000 [4].
Such extended growing seasons are expected to contribute to the increase in annual grassland yields in
temperate climates [5–9]. Although the prediction models used so far account for drought limitations
on growth, they do not account for possible effects of plant survival during seasonal stresses. However,
a recently developed model, which incorporates both the cold acclimation process in autumn and
winter survival, will improve predictions for high latitudes in this respect [10].
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Perennial grasses have the potential to utilize the light energy over a larger part of the year than
most annual crops, but should survive and produce biomass for several years. The annual recurrent
periods of winter stresses or summer droughts in some regions have led to the evolution of seasonal
acclimation and de-acclimation processes regulating the level of resistance to seasonal stresses [11–13].
These processes, which are largely regulated by temperature and photoperiod, correlate with changes
in growth, development, and dormancy status [13–15], and latitudinal clines in growth responses to
temperature and photoperiod have been described [16]. Acclimation and de-acclimation are associated
with cessation and resumption of leaf growth, respectively, suggesting a classical growth–stress
survival trade-off [17] in the adaptation to seasonal stresses [15]. It is important to note, though,
that cessation of leaf growth does not always mean cessation of biomass accumulation, but rather
a shift in allocation of photosynthates from leaf blades to newly formed tillers, roots, and storage
tissues [18]. Although some perennial grasses have been shown to possess summer endodormancy
of shoot meristems [12,14], the existence of winter endodormancy has not been demonstrated to
my knowledge, although perennial grasses are obviously ecodormant during cold winter periods.
Instead, the shoot meristems that are formed during the latter part of summer and/or during autumn
(variations between species) are more or less unresponsive to long day-induction of reproductive
development. They gradually become responsive during weeks of low temperature (vernalization),
a process which occurs faster in short than in long photoperiods [19].

Winter survival of perennial grasses can be measured directly at the individual plant level, but is
frequently measured at sward level as the relative recovery in spring, a measure which also encompasses
rate of tiller survival, and earliness and rate of regrowth. Winter survival is an extremely complex
trait being the result of both an acclimation process and responses to numerous types of stresses that
plants encounter and must endure during winter and early spring [20]. The term “cold acclimation”
refers to the development of resistance to freezing stress. Temperature is a major environmental factor
controlling cold acclimation and cold de-acclimation in perennial grasses, although light factors are
also of importance. Low temperature induces not only freezing resistance, but also resistance to other
winter stresses, such as ice encasement/anoxia [21], and fungal pathogens (snow molds) [22,23], which,
depending on climatic conditions, may have a much stronger influence on winter survival than
freezing [20].

Temperatures are increasing in most regions of the world [24,25], but the annual variation in
photoperiod will remain the same. We will therefore have new seasonal combinations of temperature
and photoperiod in the future, particularly at high latitudes, where photoperiod changes dramatically
during the course of a year. This may lead to mismatches between annual cycles of growth, development,
and stress resistance. In order to utilize the new seasonal patterns to maximize the production of biomass
from perennial grasses, while maintaining sufficient survival through stressful parts of the year, we need
species and varieties with temperature and photoperiod responses conferring an annual growth pattern
that optimizes the balance between growth and survival. This review aims to describe the physiological
and genetic factors that determine the balance between the productivity and overwintering of perennial
grasses in the longer thermal growing seasons expected at high latitudes in the future.

2. Can We Increase Autumn Productivity at High Latitudes?

Autumn-extended thermal growing seasons, combined with higher atmospheric CO2 concentrations,
have the potential to increase the productivity of perennial grasses in the autumn [6–9]. However, since
the annual variation in temperature lags behind the annual variation in photoperiod, there is less light in
autumn than at comparable temperatures in spring (Figure 1). Therefore, light availability may limit the
utilization of the extended growing season in autumn [26,27]. Insufficient light not only limits growth rates,
but can also prevent proper acclimation to several types of winter stress [28–33]. Light factors during the
cold acclimation period can affect the freezing tolerance of herbaceous overwintering plants in several
ways [34,35]. Firstly, a certain irradiance combined with low temperature increases photosystem II
(PSII) excitation pressure, which is a signal leading to the development of freezing resistance [36–40].
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Secondly, short photoperiod and low red to far red light (R:FR) ratio can interact with low temperature
to stimulate the development of freezing resistance [41–44]. Thirdly, irradiance is the energy source
for the accumulation of carbohydrates with a functional role in freezing resistance [40]. In addition,
irradiance is the energy source for the accumulation of carbohydrate reserves needed for maintenance
and stress responses during winter, as well as for early regrowth in spring.

Figure 1. The thermal growing season and annual variation in photoperiod and temperature at
a northern latitude. With higher temperatures in the future (light grey area), the thermal growing
season will extend in both ends (outer green box) as compared to today (dark grey area and inner
green box). The annual changes in temperature (grey area) lags behind the annual changes in
photoperiod (black line). With higher temperatures in the future, but the same photoperiod variation
as today, we will have new combinations of temperature and photoperiod.

In order to obtain high productivity over several years, a high rate of winter survival and vigorous
spring regrowth is necessary, and therefore increased autumn productivity through an extended
growing season can only be sustainably achieved if there is enough light during the delayed cold
acclimation period. The required levels of acclimation and of stored carbohydrate reserves depend
on the severity of the prevailing stresses and on the magnitude of the net photosynthetic deficit that
might accumulate during winter, both which can vary greatly from year to year, and which do not
necessarily diminish with climate change [20]. There are, in theory, two contrasting options for genetic
adaptation to autumn-extended thermal growing seasons at high latitudes: either utilize the extended
growing period and cold acclimate later in the autumn, but at the same temperature as today, or
cease leaf growth and cold acclimate at the same photoperiod as today, but at higher temperatures
(Figure 2). Which option is the best one with regard to optimization of long-term yield would depend
on the amount of light needed for sufficient cold acclimation and for sufficient accumulation of
carbohydrates. The relative importance of temperature and light factors in cold acclimation and
cessation of leaf growth in perennial grasses is not very well characterized, neither are the interactions
between temperature and light. It has been suggested that plants adapted to the extreme north rely
more on photoperiod than temperature for timing of cold acclimation and cessation of leaf growth
than other plants, and that such photoperiodic control will be of increasing importance in southern
Scandinavia in the future [32]. The genetic association between cold acclimation and cessation of leaf
growth is also not well characterized. The negative correlation between accumulation of carbohydrate
reserves and production of harvestable biomass (i.e., assimilate partitioning) is difficult to get around.
The association between leaf growth and cold acclimation may have a regulatory cause (discussed
below) rather than a physiological cause, and thus it may be possible to break this association through
breeding, as has been suggested for alfalfa (Medicago sativa L.) [45–47].

127



Agronomy 2017, 7, 19

When considering the possibilities for adaptation to autumn-extended thermal growing seasons,
it would be relevant to know: (1) to what extent do perennial grasses depend on PSII excitation
pressure for induction of cold acclimation and how much light is required for this? (2) how much
carbohydrate reserves are needed, and how much light is required after cessation of leaf growth, if any,
to build this storage? and (3) how are the different aspects of growth, allocation of photosynthates,
and cold acclimation regulated by environmental and genetic factors?

Figure 2. What is the optimal timing of cold acclimation and cessation of leaf growth in autumn?
The grey arrows indicate the change in photoperiod and temperature during current (dark grey) and
future (light grey) autumns. The timing of cold acclimation and cessation of leaf growth (blue dot) in the
future climate could occur (1) at the same temperature as today, but shorter photoperiods (horizontal
black arrow), or (2) at the same photoperiod as today, but warmer temperatures (vertical black arrow).
Option (1) would allow higher biomass production, but cold acclimation and accumulation of sufficient
carbohydrate reserves might be compromised by limited light energy.

2.1. The Role of Light in Signalling Mechanisms Inducing Cold Acclimation

Low temperature limits the rates of enzymatic reactions of photosynthesis more than the rates of
electron transfer reactions in the light harvesting systems. As a result, low temperature in light creates
an energy imbalance in the photosystems, leading to a change in the redox state of photosynthetic
electron-transport components and a high excitation pressure of PSII [36–38]. The altered photosystem
redox state functions as an irradiance-dependent cold sensor. As a result of the PSII over-excitation,
reactive oxygen species (ROS) are generated, and these may act in signaling pathways leading to
the expression of genes involved in freezing resistance [48,49] as well as a compact growth habit in
overwintering herbaceous plants [36,37,50–53]. This mechanism of sensing cold might become less
efficient if the cold acclimation period is shifted to a later time in autumn in the future, particularly
at high latitudes, were irradiance levels are rapidly declining during that time of year. There are,
however, also other mechanisms by which plants may sense low temperature and initiate development
of freezing resistance, such as changes in membrane rigidity, temperature-dependent histone-DNA
interactions, and conformational changes of RNA and protein structure [48,54]. These mechanisms
may increase in importance if the cold acclimation period is postponed to a later time of year in
the future.

Overwintering plant species have different strategies to handle the potentially damaging excess
energy associated with elevated PSII excitation pressure [37–39]. In winter wheat and winter rye the
photosynthetic capacity is upregulated during cold acclimation (photochemical quenching, qp), ensuring
utilization of the energy available from the light harvesting complexes. Compared to winter cereals, spring
cereals exhibit less photosynthetic acclimation, rely more on dissipation of excess energy by release of
heat (non-photochemical quenching, NPQ) and less on qp, and are more sensitive to both photoinhibition
and freezing [55–57]. In the perennial grasses meadow fescue (Schedonorus pratensis Huds., syn. Festuca
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pratensis Huds.), perennial ryegrass (Lolium perenne L.), and timothy (Phleum pratense L.), NPQ appears to
be a more important mechanism of photosynthetic acclimation to cold than qp [58–60]. In the less freezing
resistant Italian ryegrass (L. multiflorum L.), qp increased after cold acclimation and NPQ decreased,
while a part of meadow fescue chromosome 4 introgressed into Italian ryegrass was associated with
higher cold-induced NPQ and freezing resistance [59]. However, it appears that both NPQ and
qp take place and that the relative importance of these two mechanisms vary among genotypes.
For example, Kosmala et al. [61] found higher amounts of some proteins involved in photosynthetic
carbon metabolism in a freezing resistant genotype of meadow fescue than a less tolerant genotype,
suggesting a role of qp. Moreover, the relative magnitudes of NPQ and qp may be related to the
carbohydrate status of the plant, with higher qp in plants with less stored carbohydrates. Selection of
photochemical quenching rather than non-photochemical quenching as a mode of photoacclimation to
cold appears to be favorable as some of the accumulating photosynthates could either support survival
during a long winter or be converted into forage production the following spring.

2.2. The Role of Photosynthates in Winter Survival

In temperate perennial grasses, simple carbohydrates accumulate during cold acclimation
and most of these are converted into fructans, which accumulate mainly in the basal part of the
shoot [18,62,63]. In regions with a long winter, a storage of organic reserves, particularly carbohydrates,
are necessary for maintenance respiration, stress responses, and early spring regrowth. In addition,
carbohydrates have specific roles as osmolytes and protectants of cellular components [13,40], and
winter survival ability is often associated with a higher concentration of both simple sugars and
fructans in the basal parts of the shoot attained during cold acclimation [64–67]. As described above,
winter cereals maintain CO2-fixation rates at low temperatures due to photosynthetic acclimation,
a mechanism, which combined with restrictions on leaf growth, ensures that a storage of carbohydrates
is accumulating. Elevated atmospheric CO2 concentrations may affect cold acclimation and winter
survival in several ways. For example, higher CO2 concentrations could inhibit the generation of
a PSII excitation pressure signal or enhance the accumulation of carbohydrate reserves. The few
studies of perennial grasses have contrasting results regarding the impact of elevated CO2 on freezing
resistance [30,68,69].

The amount of carbohydrate reserves that have to be stored in order to ensure winter survival
depends on several factors. A general assessment is that a larger carbohydrate storage will be required
in areas were photosynthesis is limited for a long period due to low irradiance, thick snow cover,
freezing temperatures, or dying leaf blade tissues, meaning that the plants must draw on stored
reserves. Obtaining as high annual yields as possible while maintaining tiller survival is a fine-tuned
balance between the allocation of autumn photosynthates into leaf growth versus storage. The potential
for utilizing light energy in longer growing seasons (beyond the autumn equinox) for increased autumn
yield, rather than for storage, may therefore be highest at lower latitudes and diminish as we move
towards higher latitudes with darker autumns and longer winters. Interestingly, during a relatively
mild winter without snow cover (approximate average temperature 2 ◦C) at 61◦ latitude in western
Norway, timothy and perennial ryegrass both accumulated carbohydrates in the shoot base during
winter, and more so in the most winter hardy species/cultivars [62,70]. Although this could be due to
reallocation within the plant, it is known that photosynthesis can operate at very low temperatures
around or even below 0 ◦C [71,72]. This result indicates that at this latitude, there may be possibilities
for maintaining or even accumulating a carbohydrate storage during such mild winters. It is, however,
a prerequisite that the leaf tissue survives, and it is likely that there will be strong effects of the timing
of the last defoliation, as the amount of new leaf area developed prior to the cessation of leaf growth is
critical. Predictions of ideotypes for different regions in a future climate [73] could aid breeding efforts
to achieve the optimum balance between allocation of photosynthates to leaf growth versus storage.
The severity of winter conditions vary greatly from year to year, and plants need to be designed to
be able to survive winters that are harsher than the average winter. In any case, when it comes to
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photosynthates, these are possibly better invested in rapid regrowth in spring, when light conditions
are very good, than in autumn growth.

2.3. Regulation of Leaf Growth versus Cold Acclimation

In herbaceous overwintering plants, leaf growth inhibition in response to low temperature is not
simply a result of lower metabolic rates, but an actively regulated process, which is coordinated with
changes in carbon metabolism [74]. Concomitantly with the development of freezing resistance at
low temperatures, winter rye, winter wheat, Arabidopsis thaliana, and Brassica napus develop a dwarf
phenotype with shorter, thicker leaves that have a distinct anatomy and high concentrations of
proteins and carbohydrates [75]. In addition, these species upregulate their photosynthetic capacity
to compensate for the slower rates of enzymatic reactions at low temperature, and accumulate
carbohydrates in storage organs. Unlike winter cereals, spring cereals do not develop a dwarf
phenotype during cold acclimation, do not upregulate the photosynthetic capacity to the same level,
and are not able to attain the same level of freezing resistance [57,75].

In experiments with several perennial forage grasses exposed to different photoperiods, but
the same total amount of photosynthetic active radiation (PAR), it was shown that long photoperiods
stimulate increased specific leaf area (SLA, leaf area per unit of leaf dry weight) and increased dry matter
production, and conversely, that short photoperiods result in lower SLA and productivity [76–78]. Short
photoperiod also stimulates tiller formation in perennial forage grasses [79,80], a process which likely
improves the potential for spring productivity. Interestingly, at short photoperiods, low irradiance
levels, and relatively high autumn temperatures (12 ◦C), a stimulation of leaf elongation was observed
in perennial ryegrass and timothy [33], indicating that when the temperature is not low enough, the
shade avoidance syndrome [81] can override the photoperiod response of leaf elongation. This could
possibly become a problem during mild, rainy autumns at high latitudes in the future.

C-REPEAT BINDING FACTORs (CBFs) appear to be central in the coordinated regulation of leaf
growth and freezing tolerance in response to low temperature [34,74] (Figure 3). CBF transcription
factors upregulate whole sets of genes encoding proteins with direct functions in freezing resistance [82].
Temperate grasses have a large number of CBF genes, which are differentially expressed in response
to various environmental signals [82–88]. Exactly which of the CBF genes has the largest influence on
freezing resistance appears to vary between species, genetic background, and/or environment [89–92].
One of the three CBFs in A. thaliana is upregulated by PSII excitation pressure, redox state of the
plastoquinon pool, and ROS signaling [49]. However, barley mutants with an impaired chloroplast
development had normal cold-induced expression of at least some CBFs, indicating that their expression
does not depend solely on a signal generated in the chloroplasts [93]. Indeed, Marozsán-Tóth et al. [85]
showed that some CBFs in barley were regulated through Ca2+ signaling. Short photoperiods and low
R:FR ratios can interact with temperature to induce freezing resistance in A. thaliana, and this effect is
mediated by the circadian clock through its control of CBF expression [42,43]. In wheat and barley, low
R:FR ratios upregulate expression of CBF14 as well as freezing resistance [44], and in meadow fescue
CBF6 expression is affected by interactions between temperature, light quality, and irradiance [94]. In A.
thaliana, CBFs can down-regulate leaf growth by down-regulating the content of gibberellic acid (GA),
thereby allowing the accumulation of DELLA proteins which inhibits growth, and in addition increases
freezing resistance by a reduction of ROS [95,96]. CBFs can also enhance photosynthetic capacity in
B. napus [56,97,98], and may therefore play a role in photosynthetic quenching and maintenance of
biomass accumulation at low temperatures. All this points to the CBF family of transcription factors as
integrators of many different adaptive responses to autumn conditions leading to winter survival.
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Figure 3. Putative model showing the central role of CBF transcription factors in coordinating freezing
resistance and leaf growth in response to temperature and light. Cold induces expression of CBFs,
which are important in the development of freezing resistance through the induction of the CBF regulon
of cold-induced genes (here collectively indicated with COR), and also play a role in down-regulation
leaf growth via gibberellic acid (GA). Short days (SD), irradiance, and low red to far red light-ratio
(R:FR), can take part in the induction of CBFs. Prolonged cold leads to a gradual increase in VRN1
transcripts. VRN1 can down-regulate CBFs and freezing resistance, particularly in long days (LD).
In temperate grasses there are around 20 CBF genes which are likely to have partly differentiated roles.

3. Can We Increase Spring Productivity at High Latitudes?

Unlike the situation in autumn, it is not light availability, but temperature, which is currently
limiting biomass production in spring at high latitudes (Figure 1). Thus, there is a potential to utilize
an earlier thermal growing season in the future. However, with the growing season starting earlier
in the year, and possibly before the spring equinox, the day-night temperature amplitude and the
probability of night frost or longer freezing periods increases. For example, the probability of spring
frost damage was predicted to increase in the western part of the Nordic area in 2040–2065 as compared
to 1960–1990 [5].

In general, exposure to higher temperatures in spring results in stimulation of growth and at
the same time, loss of freezing resistance (de-acclimation) [20]. There are several reports describing
de-acclimation and re-acclimation responses in perennial grass species [99–105], and some of them also
report a negative association between freezing resistance and leaf growth during the de-acclimation
period. In cereals, it has been shown that both freezing resistance and expression of cold-induced
genes are down-regulated in shoot base tissue when the vernalization requirement is saturated, but
before any development of the apex is visible in the microscope [106–108]. There is an interaction
between vernalization and photoperiod on de-acclimation. In cultivars with a long day requirement
for flowering, the negative effect of vernalization on freezing resistance is stronger when plants are
vernalized under long days than under short days, whereas vernalization- and photoperiod-insensitive
cultivars are not able to develop much freezing resistance at all [109–112]. Also, plants vernalized and
de-acclimated under long days are often found to be less able to re-acclimate [113,114]. Vernalization
not only enhances de-acclimation, as well as competency to flower in response to long photoperiod in
a large number of perennial grass species [19], but also increases the rate of leaf expansion, specific leaf
area, and photosynthetic rate of perennial ryegrass leaves developed after transfer to 15 ◦C, particularly
under long photoperiods [115].

In order to utilize more of the spring light for increased productivity, it would be necessary to grow
plants that are capable of maintaining freezing tolerance during early spring growth, and/or able to
rapidly re-acclimate upon demand. In this context, it would be desirable to have a better understanding
of (1) how do temperature, vernalization, and photoperiod together control leaf growth and freezing
resistance in spring? and (2) which mechanisms govern rapid re-acclimation after de-acclimation, and
to which extent do these function in growing plants?
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3.1. Regulation of Leaf Growth versus Freezing Resistance in Spring

VRN1, an inducer of the transition to generative development in cereals and other temperate
grass species, is gradually up-regulated during vernalization [116,117]. Several studies indicate that
there is a negative association between expression level of VRN1 and the expression of cold-induced
genes and freezing resistance. Using near-isogenic lines of wheat and barley, and a T. monococcum
deletion mutant, it was shown that, under 16 h photoperiod, the VRN1 locus controls expression of
VRN1, COR14B, and other cold induced-genes [106–108,112,118]. High expression levels of VRN1
were associated with the down-regulation of cold-induced genes and freezing resistance. From these
studies, however, it is not entirely clear whether it is VRN1 itself, or very closely linked genes, that is
responsible. However, using a transgenic approach combined with chromatin immunoprecipitation
sequencing and RNA sequencing, Deng et al. [119] showed that in barley grown at 16 h photoperiod,
VRN1 binds to the promoter of several CBF genes. After short-term cold exposure, when the expression
level of VRN1 is still very low, Oliver et al. [120] found similar kinetics in the initial transcription of
VRN1 and COR14B upon cold exposure (24 h) in barley. Under short photoperiods, high COR14B
expression or positive correlation between expression of VRN1 and COR14B remained after long-term
cold treatment in T. monococcum [112], barley [121], and meadow fescue [105]. COR14B is induced by
CBFs, and barley VRN1 also has a putative CBF binding site in its promoter [122]. Oliver et al. [107]
therefore suggested that VRN1 and COR14B may be regulated by similar mechanisms in early cold
acclimation, possibly through the action of CBF transcription factors. Several studies show that CBF6
and COR14B are down-regulated in cereals and meadow fescue by prolonged cold, but only under
long photoperiods [105]. Taken together, these results suggest that VRN1 and the CBF regulon are
co-regulated during cold acclimation of temperate grasses and as long as photoperiods are short,
but that VRN1 down-regulates CBFs when photoperiods become long (Figure 3). This is a possible
explanation for the interaction between vernalization and photoperiod during de-acclimation in
temperate grasses. Also, given that CBFs can inhibit leaf growth via GA and DELLA proteins [34],
the regulatory effect of VRN1 on CBF expression may explain the effects of vernalization on leaf
growth and photosynthetic activity observed by Stapleton and Jones [115], and also its interaction
with photoperiod.

3.2. Is Re-Acclimation in Spring Different from Cold Acclimation in Autumn?

Under controlled conditions, the re-acclimation of temperate grasses differs somewhat from the
initial cold acclimation. For example, carbohydrates did not accumulate to the same extent during
re-acclimation as during initial cold acclimation in winter wheat [114], and several cold induced genes
upregulated by cold acclimation in meadow fescue were not upregulated during re-acclimation [105].
The mechanisms behind these differences are not known, but are likely to be related to a coordinated
regulation of growth and freezing tolerance as described in Section 2.3. In the field, re-acclimation may
also be inhibited if plants are exhausted from carbohydrate reserves or devoid of functional leaf area.
Re-acclimation at a time when spring growth has been initiated may be provided by other mechanisms
than those employed during initial cold acclimation in the autumn. For example, while expression of
COR14B could explain some of the variation in freezing resistance in de-acclimated meadow fescue,
CR7 was, unlike COR14B, significantly upregulated by re-acclimation and could explain some of the
variation in freezing resistance after re-acclimation [105].

4. Conclusions

The expected prolonged growing season in future autumns can probably be utilized for higher
autumn productivity in some areas, but in areas were photosynthesis is prohibited during long winters,
such as at high latitudes, areas with a deep long-lasting snow cover, or with severe stresses killing leaf
blades, this may not be possible due to the need for storage carbohydrates. There is a larger potential
for utilizing the earlier springs to increase productivity in such areas, but it will be necessary with
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varieties that maintain some level of freezing resistance and re-acclimation ability also during early
spring regrowth.

The many CBF genes in perennial grasses, which are differentially regulated and probably have
different functions, could possibly be utilized in developing varieties that combine some autumn
productivity with cold acclimation. Similarly, a possibility of at least partly breaking the association
between growth, de-acclimation, and loss of re-acclimation ability in spring may lay in playing with
alleles of the various CBF genes and their differential functions. The interaction between temperature
and light factors, particularly photoperiod, on CBF regulation is critical in this respect. An improved
understanding of the specific functions of the various CBF genes—how they are regulated and which
parts of the CBF regulon they control, as well as an overview of allelic variation—could aid in the
development of perennial grass varieties with an optimal balance between growth and perennial
persistence under future climates.
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Abstract: Flowering time is a key target trait for extending the vegetative phase to increase biomass
in bioenergy crops such as perennial C4 grasses. Molecular genetic studies allow the identification
of genes involved in the control of flowering in different species. Some regulatory factors of the
Arabidopsis pathway are conserved in other plant species such as grasses. However, differences in
the function of particular genes confer specific responses to flowering. One of the major pathways is
photoperiod regulation, based on the interaction of the circadian clock and environmental light signals.
Depending on their requirements for day-length plants can be classified as long-day (LD), short-day
(SD), and day-neutral. The CONSTANS (CO) and Heading Date 1 (Hd1), orthologos genes, are central
regulators in the flowering of Arabidopsis and rice, LD and SD plants, respectively. Additionally,
Early heading date 1 (Ehd1) induces the expression of Heading date 3a (Hd3a), conferring SD promotion
and controls Rice Flowering Locus T 1 (RFT1) in LD conditions, independently of Hd1. Nevertheless,
the mechanisms promoting flowering in perennial bioenergy crops are poorly understood. Recent
progress on the regulatory network of important gramineous crops and components involved in
flowering control will be discussed.

Keywords: flowering; Arabidopsis; grasses; photoperiod; circadian clock

1. Introduction

Global climate change and energy security issues have promoted interest in the production and
increased availability of alternative energy sources. Lignocellulosic biomass is a promising feedstock
source for biorefineries producing biofuel, which can mitigate greenhouse gas emissions [1–3] and reduce
dependency on fossil oil [4,5]. Perennial C4 bioenergy crops such as switchgrass (Panicum virgatum L.) and
Miscanthus spp. provide good targets as non-edible plant species [6–8] having advantages with regard to
land utilization and the avoidance of conflict with food security [9–11] to provide efficient production
systems at low cost.

One of the most important traits in the plant life cycle is the timing of flowering, the floral
transition between the vegetative and reproductive phases of plant development [12,13]. Consideration
of flowering time is an important strategy in the cultivation of grain crops in northern latitudes. Early
flowering is useful in regions where growing seasons are short to enhance grain yield stability by
avoiding drought or adverse temperatures [14–16]. Flowering time is also a major determinant of
biomass yield in perennial C4 bioenergy crops, because delayed flowering time allows an extended
period of vegetative growth and produces more biomass. Thus, earlier flowering will produce lower
yields than late flowering in terms of feedstock production [17]. However, biomass potential also
depends on environmental conditions. In switchgrass, lowland ecotypes that originate from southern
areas flower later in high latitude areas, but the yield advantages of these southern switchgrasses are
often not realized at northern latitudes due to high winter mortality [18].
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Natural variation in flowering time is related to latitude in several plant species. Migration
of plants into different latitudes often require the adoption of different signals to induce flowering
and promote adaptive responses to diverse growing seasons [19]. Factors such as photoperiod and
temperature that vary over large geographical scales are involved [20]. Plants possess an internal
biological clock providing circadian rhythms that respond to fluctuations in day-length and thus
anticipate upcoming seasonal changes [21] to regulate flowering. Depending on their requirements
for day-length (light period in a 24-h cycle) to promote flowering, plants can be classified as long-day
(LD) plants when photoperiod exceeds a critical day-length, short-day (SD) plants when photoperiod
is shorter than a critical day-length and day-neutral plants when flowering occurs irrespective of
day-length [22–24]. Winter annuals (e.g., wheat (Triticum aestivum L.)), biennials (e.g., sugar beet
(Beta vulgaris L.)) and numerous perennials (e.g., orchardgrass (Dactylis glomerata L.)) are obligatory LD
plants. These plants, however, flower only after vernalization during a cold period [23]. The molecular
basis of flowering time regulation has been extensively studied using classical Quantitative Trait Loci
(QTL) approaches in model plant species such as Arabidopsis thaliana [25–27], a LD plant, and rice
(Oryza sativa L.), a SD plant [28]. Grasses have multiple pathways to control flowering time but only
some of them are conserved in Arabidopsis thaliana (L.) Heynh. [29]. These studies have been crucial
in establishing the multiple pathways that control flowering, of which the photoperiod pathway
is of major importance [30]. The use of model species has played a major role in understanding
the molecular mechanisms involved in flowering time to help in the genetic improvement of crop
development. Nevertheless, little is known about the mechanisms promoting flowering in perennial
C4 bioenergy crops. In this review, we discuss recent progress concerning the regulatory network and
components involved with flowering control in different species including C4 grasses such as sorghum
(Sorghum bicolor (L.) Moench), switchgrass and Miscanthus spp. To understand how plants initiate
flowering is a crucial step in developing selection criteria in breeding programs of grasses used as
bioenergy crops.

2. Conservation and Divergence in Flowering Pathways

2.1. Arabidopsis and Rice

In the last decades, studies on the model plant Arabidopsis have revealed that molecular mechanisms
discovered in that species are evolutionally conserved in other species [15]. Genetic approaches
in Arabidopsis have identified three genes that control flowering: GIGANTEA (GI)—CONSTANS
(CO)—FLOWERING LOCUS (FT) [15,28]. Loss of function mutations in each gene for flowering control
delay flowering under LD conditions but no effect is produced under SD [31]. GI is a key regulator of
the photoperiodic pathway and in the evening promotes CO transcription under LD conditions [32].
The most extensively gene studied in Arabidopsis flowering is CO that confers LD responses. CO encodes
a B-box zinc finger transcription factor and CCT domain genes that promote flowering under LD
conditions and activate the expression of FT [33–35], a major component of the florigen that induces
flower differentiation [29]. Its inactivation causes flowering delay, while its over-expression induces early
flowering. CO and FT are expressed in the phloem and act there to promote flowering [31]. This signalling
pathway is conserved in rice: OsGI-Hd1-Hd3a [28], mediated by LD responses. OsGIGANTEA (OsGI)
acts an activator of Heading date1 (Hd1), an ortholog of CO, and controls flowering time by modulating
rhythmic flowering under SD [36]. Hd1 encodes a zinc finger type transcriptional activator with the
conserved CCT (CO, CO-like, TIMING OF CAB EXPRESSION1 (TOC1)) domain [15,37]. In contrast
to Arabidopsis CO, Hd1 promotes Heading date 3a (Hd3a) expression in SD but expression is modified
in LD conditions [38,39] where Hd1 function is converted into a repressor. Rice involves at least
two flowering pathways that control the expression of the florigens: Hd1 that is conserved in rice
and Arabidopsis, and Early heading date 1(Ehd1), without an ortholog in Arabidopsis [39,40] (Figure 1).
Moreover, Grain Number, Plant Height, and Heading Date7 (Ghd7) is unique in grasses [16]. Ehd1 is a
B-type response regulator that induces the expression of Hd3a in rice, conferring SD promotion of
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flowering in the absence of a functional allele of Hd1. It also controls Rice Flowering Locus T (RFT) gene in
LD conditions independently of Hd1 [40]. In LD conditions Hd1 acts as a flowering repressor inhibiting
Hd3a expression but promotes its expression and subsequent flowering in SD [41]. Ghd7 is a small
protein with a CCT-domain that represses Ehd1 expression and downstream Hd3a/RFT1 expression in
LD conditions to delay flowering [42–45]. Recent studies demonstrated that the interaction between
Ghd7 and Hd1 can play a critical role in repressing Ehd1. Under SD conditions Hd1 activates the
expression of Ehd1 at night but not in the day while under LD conditions Hd1 represses its expression
in the morning. Indeed, Hd1 repressor activity requires a proper Ghd7 function under LD conditions to
repress Ehd1 in the morning. In contrast, Ghd7 can repress the expression of Ehd1, Hd3a and RFT1 by
itself under all photoperiod conditions [15].

Figure 1. A simplified model of flowering time under short-day (SD) and long-day (LD) conditions
in rice and sorghum. A dashed green arrow indicates transcriptional activation and a solid red line
indicates transcriptional repression.

2.2. C4 Grasses

Previous studies identified two floral activators in sorghum, a SD plant: SbEhd1 and SbCO. SbCO
is a homolog of the floral activator CO in Arabidopsis and an ortholog of Hd1 in rice. It promotes early
flowering in both LD and SD conditions, and increases the expression of SbEhd1, SbCN8, SbCN12
and SbCN15 [16]. Genetic analyses and expression studies in sorghum reveal that SbCO shares a
conserved CCT-domain with TOC1, PSEUDORESPONSE REGULATOR PROTEIN 37 (PRR37), Ghd7
and HEME ACTIVATOR PROTEINS (HAP). SbCO also increases expression of SbEhd1, a promoter of
Hd3a in rice. In comparison with rice, Ehd1 regulates positively the expression of RFT1 to promote
flowering; however, no ortholog of RFT1 is present in the sorghum genome. SbPRR37 (Ma1) and
Ghd7 (Ma6) inhibit flowering, reducing the expression of SbEhd1 and SbCN8/12 (florigens) under LD
conditions, but not in SD (Figure 1). The ability of SbPRR37 to inhibit their expression could be
due to inhibition of SbEhd1 or SbCO, activators of SbCN8 and SbCN12 expression [14,16]. The PhyB
regulation of SbCN15 expression may modify flowering time in a photoperiod-insensitive manner [46]
(Figure 1). In switchgrass, the flowering time regulatory network is similarly to maize (Zea mays L.) and
is regulated by both photoperiod-dependent and autonomous pathways. Some conserved flowering
genes such as FT-like gene (ZCN8 in maize) and INDETERMINATE 1 (ID1) have also been identified
in the maize genome. The study of genes involved in flowering of switchgrass is relatively new.
Hence, the functions of FT-like gene in switchgrass germplasm have not been clarified yet but may
contribute to delayed flowering time as in maize [18]. Thus, the switchgrass FT homolog may have
similar functions to the maize FT gene and is down-regulated by the expression of LONG VEGETATIVE
PHASE ONE (AtLOV1) in switchgrass [18]. Overexpression of AtLOV1 causes delayed flowering time
in switchgrass but does not enhance cold tolerance as in Arabidopsis [18]. Sorghum is closely related
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to Miscanthus spp., a promising candidate C4 bioenergy crop in temperate climates. The CO/Hd1
sequence in Miscanthus sinensis Andersson was identified as MsiHd1 with two types of diverged loci,
MsiHd1a and MsiHd1b. The MsiHd1 gene encodes two conserved B-box zinc finger domains and a CCT
domain. Two to five different alleles of MsiHd1 were found in Miscanthus accessions from mainland
Asia and from Japan, suggesting that MsiHd1 consists of at least three loci in the Miscanthus genome
with small differences in the number of functional alleles [38]. From preliminary data we identified
at least three alleles suggesting that MsiEhd1 has two loci in the Miscanthus genome, MsiEhd1a and
MsiEhd1b in comparison to sorghum, rice and maize, which have only one gene. We also detected two
loci in MsiGhd7. The current diploid M. sinensis evolved from genome duplication of its progenitor
that was very close to a sorghum ancestor [46]. Gene duplication is a key mechanism in evolution
because it can provide genes with new functions.

3. QTLs Analysis

To understand the complex genetic network of flowering in perennial ryegrass (Lolium perenne L.),
a C3 forage grass, a number of genes have been identified through QTL mapping, using different
plant material and genetic maps and by sequence homology with Arabidopsis, rice and maize [47].
The genomic and phenotypic variations associated with perennial ryegrass LpFT3, an ortholog of
FT, were assessed in a diverse collection of nine European germplasm populations, identifying a
total of 7 haplotypes. The results indicated a significant association between allelic variation in the
LpFT3 gene and flowering time. Haplotype C was associated with early flowering and the A and
B haplotypes with late flowering. The variations were identified in the predicted sequence and in
non-coding regions, mainly within the 5′ region of the coding sequence which is strongly conserved [48].
Comparative analysis established close proximity between genetic markers related to the DGL1, Ph1
and OsPIPK1 ortholoci and the corresponding perennial ryegrass QTLs. This suggests that DGL1 and
Ph1 ortholoci may provide candidate genes for the herbage yield-related QTLs on linkage group 3
(LG3). The physical location of the OsPIPK1 gene (a heading date locus) was located at the 28.2 Mb
position of rice chromosome 3, close to the predicted CDO795 ortholocus (23.1 Mb). Further studies
have suggested that the CDO795-linked heading date QTL was equivalent to a rice heading date
QTL, dth3.3 (Gramene QTL Acc. ID AQFE011). As a consequence, the perennial ryegrass OsPIPK1
ortholocus may be related to the heading date QTLs on LG4 [49]. In addition, the major QTL in the
F2/WSC and ILGI perennial ryegrass populations was identified on LG7, which is associated with
the position of the genes Hd3a and Hd1, two heading date genes of rice on chromosome 6. However,
analysis of the ILGI population grown in Japan identified a QTL on LG4, but not the QTL reported
on LG7 [50,51]. This result emphasizes the importance of adaptation in plants to the broad range of
agro-environmental conditions in which they grow. In sorghum, three significant QTL associated with
flowering time, PHYB (Ma3), PHYC (Ma5) [52] and SbGHD7 (Ma6) [14,52] were identified, through
analysis of flowering variation in LD using an F2 population, which explained ~50% of the phenotypic
variance for flowering time [52]. Recessive ma3R alleles from 58 M populations associated with Ma3
QTL produced early flowering time phenotypes; however, dominant alleles of SbGhd7 (Ma6) and
SbPRR37 act in an additive manner to delay floral initiation for ~175 days until day-lengths decrease
below 12.3 h [14,52]. Sorghum accessions exhibit significant variations in flowering time in response to
day-length. One QTL controlling photoperiod sensitivity was detected on chromosome 1 under SD, and
one QTL controlling photoperiod insensitivity expression was detected on chromosome 4 under 12 h
and natural photoperiod conditions, from the SSR markers Xtxp61 and Xtxp51 respectively [53]. Under
LD, a cross between tropical and temperate sorghums (Sorghum propinquum (Kunth) Hitchc.×S. bicolor (L.)
Moench), revealed one QTL FlrAvgD1 located in chromosome 6 in a 10 kb interval, which accounted for
85.7% of the variation in flowering time. This interval contains a single annotated gene, Sb06g012260,
which is a member of the FT family of transcription factors. Sb06g012260 is unique to panicoids and
suppresses flowering, although it is quite distant evolutionarily from other FT family members that are
floral suppressors [54]. In M. sinensis five putative flowering QTLs were detected using the Multiple
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QTL model (MQM) approach for plants grown in the years 2000 and 2001 [55]. Only QTL F12 was
detected in both years on LG1, F11 and F13 were only detected in the first year while F14 and F15
were detected in the second year. So these QTLs may depend on interactions between genotype and
environment. A genome-wide association study may be identified association with gene network in
flowering time.

4. Circadian Clock and Photoperiod Response

The circadian clock plays an important role in seasonal flowering time regulation of angiosperms;
photoperiodic time measurement is based on the interaction between the endogenous circadian
clock and environmental light signals in Arabidopsis [56,57]. The plant circadian system consists of
biochemical timing mechanisms that temporarily modulate the function of several signalling pathways
to measures changes in day-length and promote suitable timing of flowering to maximize reproductive
success [2,3,6,7,9,10,13–15,21,24,26,28,29,31,36,38,41,42,46,48,49,56–66]. The photoperiod response on
flowering time varies among grasses. Barley (Hordeum vulgare L.) and wheat are LD plants, while rice
and sorghum are SD plants [52]. Flowering is regulated through the CO and FT genes [66]. GI plays an
important role in regulating the circadian clock and flowering, promoting CO gene expression and
light response. The rice ortholog of GI, OsGI, is a positive regulator of Hd1 expression under both
SDs and LDs [24]. Mutation in OsGI reduced photoperiod sensitivity in rice [36] and affected the
expression of LATE ELONGATED HYPOCOTYL (LHY) and several PSEUDO RESPONSE REGULATOR
(PRR) genes. However, PRR37 expression was not affected in the osgi mutant, suggesting independent
control of heading date by these factors [66]. Hd1 is predominantly regulated by the circadian clock
through OsGIGANTEA (OsGI) [64] and possesses two contrasting functions in the regulation of the rice
ortholog of Arabidopsis FT gene, Hd3a. The bi-functionally mechanism of Hd1 involves the action of the
red-light photoreceptor phytochrome B (phyB), a primary cause of long-day suppression of flowering
in rice [39,60]. Over-expression of Hd1 causes a delay in flowering under SD conditions and a single
extension of day-length decreases Hd3a expression consistently with the duration of daylight [44,59].
The repression of flowering by Hd1 under LD conditions is enhanced by the kinase activity of Heading
date 6 (Hd6), a gene encoding the α subunit of protein kinase CK2 (CK2α) [58]. Hd6 is a QTL involved
in photoperiod response in rice. To induce delayed flowering under LD conditions, Hd6 requires the
presence of functional Hd1 alleles and plays a critical role in Hd1 activity. Despite this, Hd6 regulation
is not mediated by changes in the circadian clock [37,65]. The rice genome contains two important
genes for photoperiodic regulation: Ehd1 and Ghd7, specific to grass species such as rice, maize and
sorghum but absent in the Arabidopsis genome [44]. The expression of Hd3a is also regulated by Ehd1
conferring SD promotion of flowering and controlling FT-like gene expression independently of the
Hd1/CO photoperiodic flowering pathway [30,40] (Figure 1). Hd1 and Ehd1 expression are controlled
by the circadian clock, although Ehd1 is also regulated by both blue and red light. In sorghum, SbCO
expression is not altered significantly in response to day-length. However, Ghd7, a floral repressor
regulated by the circadian clock and light, represses the expression of SbEhd1 and SbCN8 [14]. Ehd1
expression in rice is strongly repressed by Ghd7 in LD conditions but in SD conditions Ghd7 rarely
affects flowering time [36].

5. Photoreceptors Involved in Flowering Time

Plants use the phytochrome system to regulate time of flowering and adjust growth based on
the duration of dark and light periods (photoperiodism), while the spectrum of the light also affects
flowering. Plants use many photoreceptors to detect the intensity and quality of light, including
PHYTOCHROMES (PHY), which absorb the red and far-red region of the visible spectrum, and
the CRYPTOCHROMES (CRY) [63]. Arabidopsis contains five PHYs (A-E), where accumulation of
CO in LD is due to stabilization mediated by phytochrome A (PHYA), cryptochromes (CRY1/2) and
SUPPRESSOR OF PHYA-105 (SPA1) [61]. However, it has been shown that PHYB signals delay
flowering by destabilizing CO protein during the morning and have an inhibitory effect on FT
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expression [60]. The phytochromes PHYA, PHYB, CRY1 and CRY2 are directly clock regulated under
specific light conditions. For example, over-expression of the photoreceptor PHYA under SD conditions
promotes flowering, but phyA mutants delay flowering in LD conditions. In contrast to Arabidopsis, rice
and sorghum encodes three phytochromes (PHYA, PHYB and PHYC) [12,52], where phyA mutants of
rice do not produce significant alterations in flowering time [52,63]. This is despite the high similarity
between the PHYA locus in Arabidopsis rice, sorghum and maize [62] suggesting that a similar response
would be expected. However, PHYA mutations in combination with PHYB or PHYC cause early
flowering in rice [61]. In addition, studies have shown that PHYC plays an essential role in the
acceleration of wheat flowering under LD photoperiods. Moreover, it is stable and functionally active
even in the absences of other phytochromes, compared with rice and Arabidopsis [67]. Blue and
far-red lights promote flowering in Arabidopsis and rice, acting through the action of PHYA, CRY1 and
CRY2 photoreceptors in Arabidopsis, while red light delays flowering [12,33,43,67]. On the other hand,
PHYB modulates the expression of genes in response to red light and is the main component of the
shade-avoidance mechanism in Arabidopsis. PhyB mutants revealed that PHYB inhibits flowering under
both LD and SD photoperiods, but an over-expression of PHYB in LDs results in early flowering [22].
PHYB is responsible for delayed flowering and Hd3a suppression in the presence of a night-break
(NB) treatment and activates the Hd1 expression in rice. The NB treatment is a short exposure to
light in the middle of night and was widely used to understand the role of the circadian clock and
light on flowering. In recent studies, photoperiodic sensitivity 5 (SE5) and PHYB also suppress Ehd1
expression, by suppressing Oryza sativa CO-like4 (OsCOL4) [39]. Rice mutants deficient in PHYB have
reduced sensitivity to red light and are early flowering [43,60]. In contrast, phyB null mutations in
wheat are connected with delayed flowering [24]. In sorghum, under LD, PHYB (Ma3) is required
for elevated expression of SbPRR37 and SbGHD7 during the evening to inhibit flowering (Figure 1).
This response results in repression of SbEHD1, SbCN12, SbCN8 and floral initiation. Ghd7 represses
Ehd1 expression in response to the red light signal in the morning mediated by phytochromes. In SD
conditions, PHYB may have a limited effect on the expression of these genes as peak SbPRR37 and
SbGHD7 expression is highest in the morning and lowest during the evening compared with expression
in LD. The inactivation of PHYB results in early flowering in LD [43,52].

6. Conclusions and Perspectives

Genetic analysis in Arabidopsis has allowed the identification of different pathways that promote
flowering in response to environmental conditions and developmental regulation. The primary
mechanism of the photoperiod pathway in plants is evolutionary conserved for flowering signalling. CO
is the central regulator in promoting flowering and exhibits complex regulation. In addition day-length
and the circadian clock control critical aspects of flowering. The effect of GI on flowering is associated with
promoting expression of genes related to the circadian pathway. Arabidopsis is considered as a model plant
to understand flower development while some grasses have defined their own responses and adaptation
strategies. For example, Ehd1 and Ghd7 genes are unique in grasses in relation to the promotion and
repression of flowering time respectively. Due to the lack of nucleotide information in Miscanthus, few
genetic resources have been developed to clarify the relationship of the Miscanthus genome to its close
relatives, sorghum and sugarcane (Saccharum spp.). Comparisons between the Sorghum genome and the
genus Miscanthus reveal that whole genome duplication occurred in Miscanthus after its divergence
from a common ancestor shared with sorghum. The base chromosome number of Miscanthus is
approximately twice that of sorghum with nominally diploid and tetraploid species [46,68]. Analysis of
natural variation in flowering in different ecotypes of grasses with economic value, such as Miscanthus
spp. and switchgrass, is necessary to clarify the molecular network of flowering time control in these
species. Through breeding programs, favorable alleles of QTLs then can then be efficiently introduced
into elite cultivars to generate new varieties with high biomass productivity and beneficial adaptations
to environmental changes.
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Abstract: Forage legumes have a relatively high biomass yield and crude protein content, but their
grazed and harvested biomass lacks the high-energy carbohydrates required to meet the productivity
potential of modern livestock breeds. Because of their low carbohydrate content, forage legume
diets are typically supplemented with starch rich cereal grains or maize (Zea mays), leading to the
disruption of local nutrient cycles. Although plant leaves were first reported to accumulate starch in
a diurnal pattern over a century ago, leaf starch content has yet to be exploited as an agronomic trait
in forage crops. Forage legumes such as red clover (Trifolium pratense) have the genetic potential to
accumulate up to one third of their leaf dry mass as starch, but this starch is typically degraded at
night to support nighttime growth and respiration. Even when diurnal accumulation is considered
with regard to the time the crop is harvested, only limited gains are realized due to environmental
effects and post-harvest losses from respiration. Here we present original data for starch metabolism
in red clover and place it in the broader context of other forage legumes such as, white clover
(T. repens), and alfalfa (Medicago sativa). We review the application of recent advances in molecular
breeding, plant biology, and crop phenotyping, to forage legumes to improve and exploit a potentially
valuable trait for sustainable ruminant livestock production.

Keywords: forage legumes; non-soluble carbohydrates; starch; water soluble carbohydrates

1. Introduction

In many areas of the world, ruminant-based livestock production has for centuries been a
key component of sustainable agriculture and cultural traditions. These traditionally pasture and
grassland-based agroecosystems maintain carbon balances, nutrient cycles, biodiversity, and water
quality. However, in the past decades a growing global population with more purchasing power has
placed a greater demand on livestock production. To meet demand, traditional forage-based production
has ever-increasingly been intensified and replaced by confined feeding operations (CFOs) [1]. One of
the primary reasons for this transition is that the high-energy feeds, which are required for maximum
animal productivity, are difficult or too costly to distribute to livestock that graze on pasture lands.
Because of the reduced efficiency of grassland-based livestock production, these traditional systems
are not economically competitive with CFOs. The supplementation of local perennial forage with
externally grown maize (Zea mays) and cereals has led to the disruption of the local nutrient, carbon,
and water cycles that are maintained by the buffering capacity of perennial grassland agriculture.
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Society is increasingly becoming aware of this environmental impact, and the challenges modern
livestock production places on global water pollution, land use, and greenhouse gas emissions [1,2].

Although grassland-based forages can supply energy, protein, and fiber into animal diets,
consistent nutritional quality required for optimal animal productivity is difficult to obtain. In the humid
cool temperate to sub-tropic climates of Europe and Eastern North America, clovers and ryegrasses are
major components of pastures and meadows. While perennial ryegrass (Lolium perenne) is valued for its
high soluble sugar content, low lignin content, and high digestibility, red (Trifolium pratense) and white
clover (T. repens) are valued for their high protein content. White clover is generally grown in pastures,
while red clover in cut grasslands. Ryegrasses and clover are typically grown in mixed swards, because
of their complementary nutritive and yield traits. Alfalfa (Medicago sativa) is the principle forage legume
grown in dryer climates such as Western North America and the Mediterranean. It is typically grown
in cut grasslands in monoculture for its high protein content and high digestibility. These legumes
produce forage normally containing between 15% and 30% protein by dry weight (DW), depending on
conditions during harvest [3,4].

The primary advantage of CFOs is the supplementation of readily transportable, starch rich grains
such as barley (Secale cereale), wheat (Triticum aestivum), and maize into the animal’s diet. Depending
on animal species, age, and production type, the optimal total non-structural carbohydrate (NSC)
concentration in the diet typically ranges between 25% and 60% [5,6]. Simple or soluble carbohydrates
such as glucose and sucrose are readily broken down in the rumen, while NSCs with a more complex
structure, such as starch, are more resistant to degradation. Due to their high digestibility, mono-
and disaccharides improve animal performance by maintaining efficient rumen fermentation and
the production of bacterial protein. Unlike simple sugars, up to 40% of ingested starch can pass
through the rumen and eventually into the small intestine, because of its complex structure [6,7]. There,
starch is broken down by glucosidases and amylases into glucose, which facilitates improved protein
and energy uptake [6]. These combined effects on ruminal and intestinal digestion are the primary
reasons why dietary soluble and insoluble carbohydrates are important for reaching the animal’s
productivity potential.

Although classically characterized as low in energy content, forage legumes are one of the most
attractive crops for sustainable agriculture, because of their high cropping versatility, high digestibility,
high leaf-to-stem ratio, high biomass yield potential, and high protein content [8]. Through their
mutualistic relationship with soil rhizobia and their control of nodule number, forage legumes fix and
furnish atmospheric nitrogen to companion species, buffer excess nitrogen to maintain soil quality with
reduced input requirements, and subsequently reduce freshwater nitrate pollution [2,9]. Therefore,
forage legumes are essential components of well managed pastures and grasslands that can coexist
with native ecosystems more readily than modern farming systems based on arable crops [10]. As a
major carbon sink, well managed perennial pastures and grasslands could play a major role in reducing
global warming. Based on the modeling of global carbon balances, it was estimated that shifting
annual crops toward managed perennial grasslands is part of a strategy to reverse current greenhouse
gas levels using “climate smart soils” [11].

Despite their potential to contribute to sustainable agriculture, dedicated forage crops such
as perennial grasses and legumes have not seen the same investment in research as maize or soy
(Glycine max). Consequently, the genetic and genomic resources for breeding more productive forage
crops have lagged behind high input crops. In the last two decades, forage crops have only seen yield
improvements of 8%–10%, whereas in the same time period, yield improvements of maize and soy
were in the range of 50%–60% [12,13]. This review aims to present the potential of integrating modern
genetic tools and resources, the current knowledge of plant biology, and contemporary breeding
strategies to address the low energy content in forage legumes. Although this review addresses
concepts that in principle can be applied to all forage legumes, original research from red clover is
presented as a model.
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2. Energy Content in Forage Crops

As a quality trait in forages, NSCs are differentiated from structural carbohydrates, which are
major components of digestible fiber. NSCs are further divided into water soluble carbohydrates
(WSCs) and starch. In forage legumes, WSCs are primarily glucose, fructose, and sucrose, but osmolytes
such as pinitol can make up a significant fraction of the WSCs during stress [14–16]. Although NSCs
have received little to modest attention in forage legumes, perennial ryegrass varieties with high sugar
content, such as “AberMagic” [17,18], have been readily accepted by the pasture livestock community
and have been a commercial success. Unlike forage legumes, perennial ryegrass accumulates fructans
in the vacuole. These high fructan varieties can accumulate up to 30% more WSCs than traditional
varieties [19]. Although reported to increase animal productivity by up to 10%–15% in comparison to
traditional varieties [20,21], high sugar grass diets only marginally increased animal productivity in
comparison to grain supplementation, because the energy from the soluble sugars is rapidly converted
to bacterial protein in the rumen [22]. Therefore, further increases in forage WSC concentration will
not replace starch rich grain supplementation, because unlike starch, sugars do not contribute to the
synergistic action in the animal’s small intestine required for maximum production.

Starch is an important form of assimilated carbohydrates in forage legume herbage, which
diurnally accumulates in the leaf and nocturnally mobilizes to support growth. Reported starch
concentration in forage legumes is inconsistent, but typically ranges from 0.5% to 10% of DW [23–25].
This 20-fold disparity is in part due to varying sampling strategies, weather conditions, the time of
day the samples were harvested, postharvest treatment, and genotypic variation. The accuracy and
standardization of quantification protocols also limits direct comparison of reported starch values.
Moreover, genetic variation is often not addressed, as a majority of reports focus on bulked field
samples and not on single genotypes. Recently, conventional breeding programs in alfalfa successfully
selected for increased NSC concentration, and synthetics with a 10%–20% higher starch concentration
were developed [26,27]. However, due to the low harvestable starch concentration of less than 10%
the full benefit to animals’ diets cannot be realized and the trait has so far been elusive for forage
legume breeders.

3. Physiology, Biochemistry, and Genetics of Starch Metabolism in Model Plants

Plant carbohydrates and their metabolism have received considerable research attention because
of their high energy density, economic value, and dietary importance [28]. Leaf starch synthesis,
structure, and degradation is best understood in the model plant arabidopsis (Arabidopsis thaliana),
where ample knowledge on starch physiology, mutants, genes, and quantitation methods has been
developed for over two decades. In leaves, starch and most of the protein is located in the chloroplast.
The majority of leaf based protein content is chloroplast derived (from Rubisco and photosynthetic
enzyme complexes) [29]. As a direct product of photosynthesis, starch accumulates in the chloroplast
and it occupies a substantial proportion of the chloroplast volume at the end of the day (ED)
(Figure 1). Starch can accumulate to significant levels, and up to 25% of the leaves’ dry biomass
can be starch [30]. Ultimately, this starch is typically mobilized during the night to facilitate growth
and cellular respiration, when, at the end of the night (EN), the diel (or daily) cycle repeats.
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Figure 1. Light micrograph of starch granules in chloroplasts of arabidopsis (Arabidopsis thaliana)
mesophyll cells harvested at the end of the day. Protein dense chloroplasts (the light-greyregions) and
starch granules (the black regions) are indicated with a blue and a red arrows, respectively. Details are
described in Supplemental Methods.

Leaf starch directly accepts and stores fixed carbon from photosynthesis and the Calvin cycle,
and its diurnal accumulation and depletion ultimately depends on the balance of starch synthesis
and degradation. The enzymes required for starch synthesis and degradation are well understood
in leaves, cereal endosperms, roots, and tubers in several plant species [28,31]. Although there are
similarities between different starch forms, the regulation, structure, and utilization are distinct.
Much of the detailed knowledge of leaf starch metabolism was derived from mutant studies in
arabidopsis. As illustrated in Figure 2 in detail, starch metabolism consists of four basic processes;
synthesis, remodeling, degradation, and sugar export. Mutants in starch synthesis accumulate less
starch, mutants in starch remodeling loose starch structure, degradation mutants accumulate starch,
and export mutants accumulate soluble sugars during granule degradation [28,32,33]. Degradation
mutants are particularly interesting for developing a high starch trait, because mutants in the enzymes
that solubilize the granule surface of starch or hydrolyze glucan chains, such as GWD1, SEX4, and
BAM1/3/4, can accumulate up to 8-fold more starch than wild type arabidopsis [30,34,35].

Detailed knowledge of genes, enzymes, and processes involved in starch metabolism are key
for developing modern breeding strategies. Analysis of QTL for primary leaf metabolism traits in
arabidopsis have shown that a portion of the genetic variation causing the metabolite differences
corresponds to genetic variants of known biosynthetic enzymes [36,37]. In the model forage legume
birdsfoot trefoil (Lotus japonicus), this knowledge was used to guide a Targeted Induced Lesions In
Genomes (TILLING) approach, which identified both starchless and starch excess mutants [38].

Remobilization of leaf starch serves to support both nocturnal respiration and facilitate continued
leaf and root growth in the dark. Growth throughout the combined diurnal and nocturnal, or diel
cycle is determined by carbohydrate availability, carbohydrate deposition, construction of the cell
wall, and cell wall expansion. Since quantitation of leaf growth only directly measures cell wall
expansion, diel growth patterns do not always reflect carbon availability [31]. For example in wild
type arabidopsis, leaf relative growth rates (RGR) increase during the late night until dawn, when a
burst of cell wall expansion is observed, presumably following carbohydrate deposition in the late

153



Agronomy 2017, 7, 16

day and early night [39]. Alternatively in a starchless mutant, RGR increase in late afternoon when
soluble sugars accumulate and carbohydrate availability is high, and decrease at night and dawn [39].
In soy, RGR correlates more directly with carbohydrate concentration, which peaks at ED, and linearly
decreases to the lowest level at dawn [40]. Taken together utilization of leaf starch provides flexibility
to plant growth strategies during the diel cycle, but how starch concentration and this added flexibility
relates to overall biomass potential is still not well understood.

Figure 2. The synthesis and degradation of the complex semi-crystalline structure of starch is
orchestrated by a series of enzymes that are involved in four basic processes. Synthesis: fructose-6-P
from the Calvin cycle is isomerized (PGI1; PGM2) before it is activated with a UDP moiety (ADG1;
ADG2). Soluble and granule bound starch synthases polymerize UDP-Glucose to produce amylose
and amylopectin (STS1-4; GBS). Remodeling: the crystalline helical structure of starch requires the
amylopectin to be remodeled, which is carried out by branching enzymes (SBE1-3) and debranching
isoamylase (ISA1-2). Degradation: To release the soluble sugars from the starch granule, first the
amorphization of the crystalline structure must be carried through glucan phosphorylation, which is
done by glucan dikinases (GWD1; PWD1). Once amorphous, phosphatases remove the phosphate from
the glucan chain (SEX4, LSF1-2), allowing hydrolyzing enzymes such as the β-amylases, (BAM1-3),
α-amylases (AMY3), isoamylase (ISA3), and limit dextranase (LDA1) to cleave the glucan polymer.
Export: Prior to export, oligomaltosaccharides are disproportioned to glucose and maltose (DPE1).
These soluble sugars are exported out of the chloroplast by the maltose exporter (MEX1) and glucose
transporter (GLT1). Enzyme nomenclature is based on arabidopsis for the enzymes that are conserved
in higher plants.

In arabidopsis, a broad analysis of metabolites in natural accessions found that genetic variation
in starch concentration inversely correlates with biomass. Because of this inverse correlation, starch
concentration is hypothesized to be a major integrator of plant growth through a regulatory network
that balances carbon availability with growth [41]. This hypothesis is supported by the reduced
growth of both starch excess and starchless mutants, which has been observed in various species [31,38].
The reduction in growth of the starchless mutants is thought to come from nighttime starvation.
In starch excess mutants, the unused sequestered carbon delays the exponential increase in biomass,
which is observed during the development of wild type plants [31]. Because plant metabolism is highly
plastic, one hypothesis would be that weak mutations that only moderately disrupt starch metabolism
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would be tolerated without a growth penalty. In birdsfoot trefoil and maize, disruption of the starch
synthesis and degradation, respectively, led to altered starch concentration, but without an observed
biomass penalty, suggesting that the reliance of growth on starch is complex and likely varies among
species [38,42]. Although starch is a central component of plant metabolism, the potential to develop
a high starch trait could be achieved by exploiting this innate flexibility between starch metabolism
and growth.

4. The Potential of Leaf Starch Content as a Trait in Forage Legumes

We adapted the knowledge from model species to assess the genetic potential of starch
production in forage legumes. A controlled growth regime, optimized sampling strategy, and accurate
quantification method was used to determine leaf starch concentration in single red clover genotypes.
Leaf starch accumulation was estimated with a visual screen based on iodine staining of 32 plants
derived from a genetically diverse population grown under simulated partially sunny conditions.
To accurately quantify leaf starch, eight genotypes were selected based on their iodine stained
phenotype and vegetatively propagated into biological replicates. These replicates were harvested at
ED and EN (Figure 3). In these eight genotypes, the observed variation in leaf starch concentration
at ED ranged between 6% and 35% by DW, and the variation in leaf starch concentration at EN
ranged from 1% to 15% by DW. Moreover, two basic patterns of accumulation were observed in this
population. The majority of the genotypes degraded almost all of their starch at night and their ED
starch concentration was dependent on diurnal accumulation. These genotypes were designated
diurnal dependent starch accumulation and two examples are presented, TpDST05 and TpDST20.
Two of the eight genotypes degraded less than 50% of their starch at night, and their ED starch
concentration was more independent from diurnal accumulation and more dependent on starch
retention at night (Figure 3). These genotypes were designated diurnal independent starch and two
examples are presented, TpDIST31 and TpDIST27. Although the diel usage of starch is well studied
in model species, little is described about the genetic variation in diurnal starch accumulation and
nocturnal mobilization. These diurnal dependent and independent starch concentration patterns
illustrate the genetic potential of red clover to not only accumulate significant levels of starch during
the day, but also the genetic potential of some genotypes to maintain high starch levels during the night.

Figure 3. Diel patterns of leaf starch accumulation in selected red clover genotypes. (a) The starch
concentration in four genotypes harvested at the end of the day (ED; dark-gray bars), and at the end of
the night (EN; light-gray bars). Plants were grown at a fluence rate of 250–350 μmol·m2·s−1 in a 14:10
light/dark and 14–16 ◦C/19–23 ◦C diel cycle. Error bars indicate 95% confidence intervals (N = 8);
(b,c) Iodine staining of ED (left) and EN (right) plants of genotypes TpDST05 (b) and TpDIST31 (c).
Details are described in Supplementary Methods.
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The reduced nocturnal starch degradation observed in the genotypes with weak or no diurnal
response is consistent with reduced mobilization, respiration, or growth [31]. Respiration in plants
is temperature dependent, as reduced respiration rates are observed at lower temperatures [43].
Although in forage legumes little is known about the direct effect of night-time temperature on starch
concentration, in other legume crops such as soy and white clover, studies have shown that lower
temperatures lead to reduced degradation of starch at night. The temperature at which starch turnover
is reduced differs between species, as reduced starch turnover occurs at 17 ◦C in soy, and at 7 ◦C in
white clover [44,45].

One of the major challenges with assessing starch concentration is its dependency on the
environment. Light is arguably the greatest determinant of starch concentration; During intense
light, such as direct sunlight, starch accumulates to a greater degree, but under low light conditions,
less starch is produced [46]. To determine the effect of light on starch concentration in red clover,
four of the genotypes from above were re-grown in simulated cloudy conditions and compared to
plants grown in simulated partially sunny conditions (Figure 4). The total leaf starch concentration in
the plants grown in the cloudy conditions was between 0.5% and 1.0% by DW at ED and undetectable
at EN, while it reached 16% and 4% at ED and EN, respectively under partially sunny conditions
(Figure 4a). Taken together, the potential of red clover to accumulate starch is strongly dependent on
light intensity.

Figure 4. Starch concentration in red clover is dependent on the light intensity. (a) The starch
concentration in TpDST34 harvested at the ED (dark-gray bars), and at the EN (light-gray bars).
Plants of TpDST34 were grown under a moderate fluence rate of 250–350 μmol ·m2· s−1 or a low
fluence rate of 50–150 μmol·m2·s−1. Other growth conditions were the same as described in Figure 3.
Error bars indicate 95% confidence intervals (N = 8); (b–d) Iodine staining of moderate light grown
ED (left 2 plants) and EN (right) TpDIST34, and low light ED (c) and EN (d) TpDIST34. Details are
described in Supplementary Methods.

Another major challenge with utilizing leaf starch content as a trait in forage legumes is the
influence of harvest time and postharvest loss. As a diurnal trait, the peak starch concentration is
observed at ED. This time is typically less convenient for farmers to cut forage fields, and the late
cutting time also reduces the critical drying time in the sun. Although less feasible, studies have
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demonstrated that hay produced from alfalfa fields harvested later in the evening contain 20% more
NSCs than equivalent fields cut in the morning [47]. This higher NSC content was primarily attributed
to higher starch concentration. The higher NSC content from the evening cutting resulted in higher
digestibility, and when evening cut forage was fed to dairy cows, they produced up to 5% more
milk compared to the morning cut [47,48]. Breeding for traits, such as diurnally independent starch
turnover, as seen in TpDIST27 and TpDIST31 genotypes, would increase the harvestable starch content.

Unfortunately, maximizing starch concentration in forage legumes through breeding and
adjustment of cutting time is only marginally useful, due to immense postharvest losses. After cutting,
plants are unable to carry out transpiration and the production of carbohydrates from photosynthesis is
not possible. Moreover, cut forage immediately begins to respire the produced energy. In forage crops,
the yield loss due to postharvest respiration can be 10%–15% of the DW [49]. This yield loss is primarily
due to a loss in total NSC concentration, as sugars and starch are readily mobilized after cutting to
facilitate respiration [49]. Therefore, most of the energy potential of forage legumes is lost during
harvest. Although the development of better varieties that accumulate more starch will be important,
breeding for reduced postharvest respiration and loss will be crucial for successfully developing
high starch content in red clover. Such strategies would include specifically targeting and selecting
genotypes with reduced postharvest respiration rates, and reduced postharvest starch mobilization.

Because of starch’s physiological relationship to growth, improvement of a leaf starch trait
could appear counterproductive in forage crop species, since it could come at the cost of reduced
biomass yield. To test the relationship between biomass and starch concentration in red clover,
128 genotypes were analyzed for ED starch concentration and biomass. Phenotypic variation in
starch concentration ranged from 10% to above 40%, and a 10-fold difference in biomass was observed
(Figure 5). Little to no correlation between starch concentration and biomass in this population was
observed (Pearson r = 0.1223, p = 0.169) (Figure 5). Although under controlled conditions, phenotypic
variation in starch concentration is less than the genetic variation observed between genotypes
(Figure 3), the lack of phenotypic correlation between biomass and starch concentration does not
imply a genetic correlation to distinguish these as independent traits. This observation, along with
observations on starch mutants in birdsfoot trefoil [38], raises the hypothesis that forage legumes may
have more flexibility in the regulatory and metabolic networks that link starch with growth.

Figure 5. Biomass yield does not correlate with starch concentration in 128 red clover genotypes. The starch
concentration and biomass were measured in 50 day old red clover plants grown under controlled growth
conditions with a fluence rate of 200 μmol·m2·s−1 in a 14:10 light/dark, 13–14 ◦C/18–19 ◦C diel cycle and
harvested at the end of the day. Details are described in Supplementary Methods.
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Although, diurnal accumulation of starch in the leaves facilitates diel growth, forage legumes also
accumulate long term storage of starch in heterotrophic tissues, such as roots and stolons. This starch
is important for the remobilization of carbon during stress or during specific stages of development to
support growth [16]. In forage legumes, remobilization of starch in the roots and stolons is critical for
regrowth after cutting, which is a key determinant of overall biomass potential [50]. Although there is
overlap between the genes, and enzymes that control starch metabolism in leaves and heterotrophic
tissue, their regulation is independent, leading to distinct traits, and allowing for the positive selection
for leaf starch concentration, without impacting forage regrowth after cutting [28].

Based on the analysis of single genotypes in red clover, it is likely that forage legumes share a
similar genetic potential to produce different amounts of leaf starch. Although a leaf starch concentration
of over 30% by DW was observed in some red clover genotypes, to be a practical trait, the dependence
on the environment and harvest loss must be feasibly addressed.

5. The Potential of Modern Genomic and Phenomic Tools to Develop Leaf Starch as a Trait in
Forage Legumes

In the past decade, the scientific resource gap between forage crops, model species, and high value
crops has narrowed due to an ever-increasing plant biology knowledge-base and better genomic tools.
Therefore, many benefits of functional genomics and molecular breeding techniques are now accessible
to forage crop breeders. Alfalfa, red clover, and white clover have described genetic linkage maps
and partial genome sequences based on assembled contigs and scaffolds [51–55]. Contig mapping
and gene annotation of these genomes has been aided by cDNA sequencing, and genomic synteny
mapping using well defined legume genomes, such as M. truncatula [53,55–57]. Given these genomic
tools, modern breeding methods such as genotyping by sequencing (GBS), genome-wide association
study (GWAS), marker assisted selection (MAS), and TILLING can be integrated into traditional trait
selection pipelines [58]. Combined with progress made in the field of starch metabolism, these methods
have the potential to address the issues that have made starch content so far an elusive trait.

For complex traits such as leaf starch content, MAS can play an important role to overcome the
limitations of conventional selection [59]. A basic prerequisite for MAS is the identification of genomic
regions linked to the trait of interest. Under controlled conditions, quantitative trait loci (QTL) for leaf
starch concentration have been identified in arabidopsis [36]. In the field, GWAS are challenging for
complex traits, because the identified QTL are dependent on environmental context, but strategies
have been developed to identify QTL for diel traits that are influenced by light and temperature,
similar to starch [60]. Using ecophysiological modeling, QTL were identified for diel leaf elongation
rates in maize [61]. Such ecophysiological modeling could be useful to apply the appropriate context
to starch concentration QTL identified in the field.

An alternative approach would be to influence starch metabolism through mutagenesis. Starch
degradation mutants would have less variation in genetic background, time of day, and environment [62].
Starch degradation mutants identified through TILLING in birds-foot trefoil maintained high levels
of leaf starch concentration throughout the diel cycle [38]. TILLING has been adapted to breeding
programs in many crop species, but it remains challenging to identify induced mutations in populations
that are genetically heterogeneous, such as forage legumes [63,64]. Because transformation methods
exist for alfalfa and red clover, CRISPR/Cas9 mediated mutagenesis has the potential to replicate well
described alleles in starch degradation from other species and overcome challenges that TILLING has in
heterogeneous genomes [65,66]. Such approaches have been used to specifically target branched amino
acid metabolism to confer herbicide resistance in maize [67].

In addition to targeted genetic approaches, a rapid, cost-effective, high-throughput, phenotyping
method is needed to allow for developing starch content into a selectable trait. Such a method would
have to be field based and allow for assessing the trait throughout the season to compensation for
seasonal variation. Due to the lack of uniformity of starch concentration between leaves (Figure 3b,c),
sample homogenization is a major bottleneck for accurate inferred or biochemical analysis. Therefore,

158



Agronomy 2017, 7, 16

technologies such as hyperspectral imaging offer the greatest promise for efficiently and accurately
measuring starch in the field as has been shown for WSC in wheat [68].

Figure 6. Diurnal starch accumulation increases the digestibility of red clover. The same tissue that
was analyzed in Figure 3a for genotype TpDST20 was analyzed by the Hohenheim gas test. (a) Gas
production from rumen fluid digestion of TpDST20 samples harvested at the ED (empty circles), or
the EN (filled circles). Gas production from the Hohenheim concentrate standard is presented as a
reference (empty diamonds); (b) Methane production from ED and EN samples from Figure 6a after
24 h of digestion. Error bars represent 95% confidence intervals (N = 5). Details are described in
Supplementary Methods.

6. The Potential to Reduce Concentrate Feeding

Forage legumes such as red clover have the potential to accumulate one third of their dry
matter biomass as starch, but due to environmental, harvest, and post-harvest limitations, a 10%–15%
final starch proportion in post-harvest biomass is optimistic. An amount of 10%–15% starch is 2-
to 10-fold greater than the starch concentration reported in bulk field samples of red clover [23,24,69].
This concentration of starch in an animal’s diet is sufficient to promote ruminant microbial activity, better
protein absorption, and ultimately better productivity with less nitrate and methane emissions [13,70].
Although leaf starch has been reported to be completely fermented during in vitro rumen assays, much
of the research regarding the role of starch in the small intestine has focused on grain supplements [6,23].
An amount of 10%–15% dietary starch is adequate to support the ruminant microbial activity required
for better protein absorption, and for the high protein content of forage legumes to be fully utilized [3,4].
Higher protein absorption rates facilitated by 10%–15% grain starch supplementation can lead to
25% more daily animal productivity, 30% reduced methane emissions and 20% reduced nitrate
emissions [71–73].

To determine whether red clover leaf starch improves rumen fermentation, we tested the in vitro
digestibility of one particular red clover genotype which accumulates around 12% of its DW as starch at
ED and little to no starch at EN under standard growing conditions (Figure 3a). The ED and EN samples
were assessed for digestibility in comparison to a high energy concentrate using the Hohenheim Gas
Test [74]. Based on the gas produced after 24 h of rumen fluid digestion, the starch containing ED
samples had 20% more digestible organic material than the EN samples (Figure 6a). Because the rumen
degrades compounds at different rates, the major class of compounds leading to the digestibility gain
can be estimated. As observed in the concentrate control, soluble sugars and proteins are rapidly
digested in the first 4 h, starch is degraded for up to 8 h, and structural carbohydrates such as cellulose
are degraded beyond 8 h [74]. Therefore, the increased digestibility observed between 4 h and 8 h, is
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consistent with higher starch concentration of the ED sample compared to the EN sample (Figure 6a).
The slower rumen digestion of leaf starch should allow it to move to the small intestine, where it is
hypothesized to have more impact on animal productivity [6]. Moreover, because the ED sample is
more efficiently digested than the EN sample, the ED sample produced almost 15% less methane per
unit of digested of organic material than the EN sample (Figure 6b). Since in vivo rumen digestibility
is a strong measure of the productivity potential of a feed, diurnal leaf starch has the potential to
increase productivity and reduce grain starch supplementation.

7. Conclusions

The goal of this review was to illustrate the potential that forage legumes have to produce starch,
and to dissect the major factors that currently limit the development of a high starch trait. For decades,
traditional breeding strategies to increase NSC content, decrease post-harvest dry matter loss, and
increase digestibility have resulted in minimal gains in alfalfa starch content [26]. Arguably, these
minimal gains are due to the complexity of the trait. The lack of success in selecting a high starch trait
has led it to receiving much less attention than other forage legume traits in recent years. Today, the
merging of novel phenotyping platforms, molecular breeding tools, knowledge of plant biology, and
genetic resources with traditional breeding allows for a greater level of creativity to develop novel
traits that have never seen selection, or were considered too challenging to develop. Theoretically, the
tools and knowledge are available to develop high starch content in forage legumes, but there is still
significant investment required to merge basic biology with modern breeding.

Investment into developing a high starch trait in forage legumes is particularly imperative to
address negative aspects of modern agriculture. Traditionally, the driving force behind the development
of a high NSC trait was the economic benefit it offered to farmers. These economic incentives have
increased with increased awareness of sustainable livestock production by the public. Because a
high-starch content in forage legumes would have the potential to reduce grain supplementation
in the livestock’s diet, the demand for high-input grain crops, such as maize and soy would be
reduced. Therefore, livestock production based on sustainable pastures and grasslands would be more
economically competitive. Because of the potential value and impact that a high starch trait could have
on agriculture, the concerns about the feasibility of this orphan trait should be re-evaluated.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4395/7/1/16/s1. Detailed
growth conditions and experimental methods are supplied as supplemental Materials and Methods.
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Abstract: This paper reviews the current status, methodology, achievements, and prospects of
alfalfa (Medicago sativa L.) breeding in China. There are 77 cultivars that have been registered in the
country, these include 36 cultivars bred through breeding programs, 17 introduced from overseas,
5 domesticated from wild ecotypes, and 19 through regional collection/breeding programs. Cultivars
have been selected for cold resistance, disease resistance, salt tolerance, grazing tolerance, high yield,
and early maturity. Most of these cultivars have been developed through conventional breeding
techniques, such as selective and cross breeding, and some are now being evaluated that have been
developed through the application of transgenic technology. The major problems for alfalfa breeding
in China include low success rate, slow progress to breed resistant varieties, lack of breeding materials
and their systematic collection, storage and evaluation, lack of advanced breeding techniques, and low
adoption rate of new cultivars. There are gaps in alfalfa breeding between China and the developed
world. Improvement of alfalfa breeding techniques, development of cultivars with adaptations to
different regions within China, and the protection and utilization of alfalfa germplasm resources have
been identified as major strategies to improve the efficiency of alfalfa breeding in China.

Keywords: China; alfalfa; varieties; breeding; selection; Medicago sativa L.

1. Introduction

China has abundant genetic resources of Medicago spp. with 12 species M. sativa subsp. sativa L.,
M. ruthenica L. Ledeb., M. pubescens Sirj., M. archiducis-nicolai Sirjaev., M. platycarpos L. Trautv., M. sativa
subsp. falcata, M. sativa subsp. x varia, M. polymorpha L., M. minima L. Grnfb, M. lupulina L., and
M. orbicularis L. Bart., which are mainly distributed in northern and southwest China [1].

M. sativa L. is a perennial species of the genus, originating in Asia Minor, Transcaucasia, Iran and
Turkmenistan highlands. The common name “alfalfa” refers to the main species M. sativa subsp. sativa
but may also describe M. sativa subsp. falcata and M. sativa subsp. x varia (a hybrid between subsp.
sativa and subsp. falcata) which is closely related to M. sativa in morphology. Among the Medicago
species, M. sativa has the largest cultivation area in the world at present because of its numerous
superior traits such as cold resistance, salt tolerance, wide adaptability, high yield, good herbage
quality, resistance to frequent cutting, good persistence, soil amelioration, and economic benefit. It is
therefore regarded as “the queen of forages”. As the concept of “Pasture-based livestock industries”
gained prominence in China in recent years, and with the application of new policies such as subsidy
for grassland ecological protection, revitalization of alfalfa for dairying, and conversion of crops to
forest and grassland, M. sativa has become the most widely used species in integrated farming systems,
grazing, and ecological conservation in China. It is therefore imperative to develop new alfalfa varieties
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to meet production targets under local conditions, which presents both opportunities and challenges
for alfalfa breeding. Although there have been previous reviews of alfalfa breeding in China [2–4]
these have not been widely available to an international audience, this review seeks to provide an
updated review of the status of alfalfa breeding in China and a comment on the future needs for
research and development.

2. Alfalfa Breeding in China

Forage breeding in China commenced about half a century later than the developed world. Until
1949, only a few scientists collected and evaluated wild forage germplasm for agronomic adaptation.
Modern herbage breeding programs commenced in the 1950s and have been developed extensively
since the 1980s. The National Committee for the Examination and Approval of Pasture Variety
(NCEAPV) was established officially in 1986, and has promoted the selection and development of new
pasture varieties, the collection and domestication of local ecotypes, and the introduction of foreign
forage germplasm.

As of 2015, a total of 77 Alfalfa varieties were registered by NCEAPV, including 36 domestic
varieties, 17 introduced varieties, 5 domesticated varieties, and 19 local varieties [5,6]. These do not
include varieties registered by regional authorities (provinces and autonomous regions).

Varieties developed in China can be divided into eight categories based on their main
characteristics (Figure 1), which have been described briefly below:

1. High yield: such as cv. Gannong 3 and 4;
2. Disease resistance: such as cv. Zhonglan 1, which has high resistance to downy mildew (Peronospera

trifoliorum), and moderate resistance to brown leaf spot and rust disease, with resulting increases
of herbage production of ca. 30% compared with cv. Longdong in the presence of these
diseases. The resistance to downy mildew and brown leaf spot of cv. Xinmu 4 is better than cv.
Xinjiang Daye;

3. Cold resistance: such as cvv. Longmu 801, Longmu 803, Longmu 806, Longmu 808, Caoyuan 1,
Caoyuan 2, Caoyuan 3, Tumu 1, Xinmu 1, Xinmu 3, and Chicao 1. Most of these have been
developed for planting in high latitude and high altitude areas in North China;

4. Salt tolerant: such as cvv. Zhongmu 1, Zhongmu 3, and Zhongmu 5; these have more than
10% higher yields compared with control cultivars when planted in saline-alkali soil;

5. Grazing tolerance: creeping-rooted types alfalfa such as cvv. Gannong 2, Zhongmu 2, and
Gongnong 3. This suitability to grazing is conferred through strong root systems and greater
ground cover. These cultivars are also highly suitable for conservation of water and soil,
wind-breaks and sand/dune stability, soil reinforcement, and slope protection which represent
other important areas of use for alfalfa in the pastoral regions of China;

6. Early maturity: such as cv. Xinmu 2, which matures earlier (about three to five days) than cv.
Xinjiang Daye, and has high rates of regrowth following grazing;

7. Lower fiber concentrations: such as cv. Gannong 7 which has Neutral Detergent Fiber(NDF) and
Acid Detergent Fiber (ADF) concentrations 2 percentage points lower than that in other alfalfa,
and crude protein 1 percentage point higher than other cultivars, and hence improved palatability;

8. Insect resistance: such as cv. Gannong 5, with high levels of resistance to aphids with yields
increased 14.22% [7] compared with the control cv. Golden Empress, cv. Caoyuan 4 is a variety
developed for regions with serious thrip infestations.
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Figure 1. The number and reported general attributes of alfalfa varieties bred in China.

The introduction of new alfalfa cultivars from overseas has been increasing with the rapid
development of the alfalfa industry in China. The number of alfalfa varieties imported to China
has increased dramatically to a current level of approximately 400. There are presently 17 varieties
registered by the NCEAPV, including cvv. AmeriGraze 401+Z, Derby, Sanditi, and WL525HQ. (
tab:agronomy-07-00001-t001). This has been attributed to the improved production and forage quality
that can be directly utilized for animal production. These importations also contribute to the pool of
the alfalfa germplasm resources for alfalfa breeding in China.

Table 1. Introduced Medicago sativa varieties registered by the National Committee for the Examination
and Approval of Pasture Varieties.

Num. Cultivar Country Main Characteristics

1 AmeriGraze 401+Z USA Cold tolerance, regeneration
2 Derby France Lodging resistance, cold tolerance, high yield
3 Eureka Australia Heat tolerance
4 Golden Empress USA Cold tolerance, drought tolerance, regeneration
5 Crown USA Cold tolerance, drought tolerance, regeneration
6 Sanditi France Lodging resistance, cold resistance, yield
7 Sitel France Lodging resistance, yield
8 Victor Canada Drought tolerance, insect resistance, heat tolerance
9 Victoria Canada Moderate cold tolerance, heat tolerance
10 WL232HQ USA Cold tolerance, regeneration
11 WL323ML USA Cold tolerance, yield
12 Rambler Canada Cold tolerance, drought tolerance, grazing tolerance
13 Caribou Canada Cold tolerance
14 WL525HQ USA Heat tolerance, yield
15 Wisdom USA Heat tolerance

16 WL343HQ USA Resistance to diseases and insect pests, cold tolerance,
regeneration, frequent cutting tolerance

17 Qiuliu Russia Cold tolerance, drought tolerance, saline-alkali soil tolerance

Local varieties are mainly distributed in Xinjiang, Inner Mongolia, Gansu, Shaanxi, Shanxi, Hebei,
Shandong, Heilongjiang, Jiangsu, and Yunnan provinces. They have resistance to environmental
stresses, for example, cv. Zhaodong and cv. Aohan are resistant to cold.

Alfalfa has been cultivated for more than 2000 years in China; a nation with vastly diverse climate,
soil, and other ecological conditions across different regions. Under the long-term influence of natural
conditions and farming conditions in different parts of the country, the formation of the local varieties
has primarily been achieved by natural selection (Local varieties,
tab:agronomy-07-00001-t002). These local varieties play a significant role in production, are extremely
valuable germplasm resources, and have strong resistance, wide adaptability, and yield stability.
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Table 2. Local alfalfa varieties registered by the National Committee for the Examination and Approval
of Herbage Varieties.

Num. Cultivar Region Main Characteristics

1 Beijiang Xinjiang Drought tolerance, cold tolerance, poor regeneration
2 Xinjiang Daye Xinjiang Large leaves, good regeneration
3 Hexi Gansu Late maturing, poor regeneration
4 Longdong Gansu Drought tolerance, poor regeneration
5 Longzhong Drought tolerance
6 Tianshui Gansu
7 Guanzhong Shanxi Early regrowth, early maturing
8 Shanbei Shanxi Late maturing, drought tolerance
9 Jinnan Shanxi Good regeneration, early maturing
10 Pianguan Shanxi Late maturing
11 Aohan Inner Mongolia Drought tolerance, cold tolerance, suitable for dryland cultivation
12 Junggar Inner Mongolia Drought tolerance, suitable for dryland cultivation
13 Cangzhou Hebei Comparative tolerance to saline-alkali soils
14 Weixi Hebei Drought tolerance
15 Baoding Hebei Good regeneration
16 Zhaodong Heilongjiang Cold tolerance
17 Huiyin Jiangsu Heat tolerance, early maturing

18 Chuxiong Yunnan Annual or biennial, high nitrogen-fixing ability, cold tolerance,
drought tolerance

19 Wudi Shandong Highly salt tolerant

The five wild varieties registered for cultivation are cvv. Aletai, Longdong, Hulunbeier, Deqin,
and Qingshui. Among them, cv. Qingshui is the first rhizomatous alfalfa registered in China, and
plays an important role in production for some regions. The width of the crown is 25–30 cm with
well-developed underground horizontal roots, which enables the variety to produce abundant shoots
(25–46 shoots/plant) and to have a strong regenerative ability following grazing.

3. Breeding Methods

Alfalfa is a perennial predominantly cross-pollinated plant; self-fertility is affected by many
factors. Morphological features and physiological characteristics prevent alfalfa from self-pollination
which results in low selfing rates. Hence, alfalfa is classified as a cross-pollinated species, and its natural
cross-pollination rate is between 25% and 75%. As an autotetraploid, it has its specific requirements in
breeding methods and selection of offspring that are different to diploid plant species; these factors
have also contributed to the delay in utilizing some modern breeding technologies in alfalfa compared
to major food crops. Currently selective breeding, cross breeding, male sterile line breeding, space
breeding, and biotechnology-assisted breeding have been adopted for alfalfa breeding in China, among
which selective breeding and cross breeding are the most widely applied.

3.1. Selective Breeding

Selective breeding is the selection of improved varieties and genotypes with advantageous
characteristics to develop new varieties with specific breeding objectives. It is an important method
to improve both existing cultivars and breed new varieties from germplasm collections or other
sources. The methods of selective breeding include individual selection, mass selection, improved
mass selection, group selection, and recurrent selection etc. [8]. There are a large number of new
varieties developed and registered in China using this method, including cvv. Zhongmu 1, Zhongmu 2,
Zhongmu 3, Gongnong 1, Gongnong 2, Gongnong 3, Xinmu 1, Xinmu 2, Xinmu 3, and Gannong 2.
Selective breeding is practical, effective, manageable, and is one of the most commonly used methods
in alfalfa breeding in China.
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3.2. Cross Breeding

Cross breeding uses cross-pollination between different species or sub-species to breed varieties
by selection from the hybrid progeny. It can recombine the parents’ genes to form a variety of different
types and provide abundant material for selection. Genetic recombination allows the accumulation of
desirable alleles from parents that differ for major traits. Choosing the correct parents and making
suitable combinations are critical for cross breeding. Among alfalfa varieties that have been bred using
cross breeding and registered in China are cv. Gannong 3 and Tumu 2. M. sativa subsp x. varia cvv.
Caoyuan 1, Caoyuan 2, Tumu 1, and Gannong 1 were developed through crossing subsp. sativa and
subsp. falcata. Intergeneric reciprocal hybridization combined with radiation breeding techniques were
used to develop Melilotoides ruthenicus Sojak hybrids cvv. Longmu 801 and Longmu 803.

3.3. Male Sterile Line Breeding

Male sterile line breeding is where the male organs in flowers do not function to produce
pollen whereas the female organs function normally. No seeds of male sterile lines are produced by
self-pollination but seeds can be produced when pollinated with other non-male sterile lines.

The first alfalfa male sterile line was found in Canada in 1958. Since then researchers in the
USA, Russia, Hungary, Bulgaria, France, and Japan used male sterile lines in their breeding programs.
Petkov discovered that the maintainer line (line to help maintain the male sterile lines) for sterile
line breeding in 1979. Other researchers conducted hybridization experiments with the sterile line
and obtained excellent hybrids, which showed obvious heterosis. Herbage yield increased by 30%
compared with control species, with improved resistance to stress. From the 1980s, researchers have
studied a range of aspects related to the basic biology and agronomic suitability of male sterility in
alfalfa breeding including pollen sterility and fertility, regarding the characterization of male sterile
lines, and investigated the sterility mechanism of alfalfa pollen. More recently, Hybrid force-620 that
was bred with male sterile line technique by Dairyland company in the US has been widely sown by
dairy farmers due to its high yield and improved quality [9].

In China, Yongfu Wu [10] from Inner Mongolia University selected and bred six male sterile lines
from M. varia Martin. cv. Caoyuan 1; scientists from the Institute of Animal Science, Chinese Academy
of Agricultural Sciences developed three male sterile lines from M. sativa cv. Atlantic Ocean; and
scientists from the Institute of Grassland Science, Jilin Academy of Agricultural Sciences pioneered the
male sterile variety test in alfalfa and obtained F1 seeds under open pollination [2]. However, there has
been no practical use of male sterile line technology in the development of new cultivars of M. sativa
in China.

3.4. Biotechnology Assisted Breeding

Biotechnology assisted breeding is the use of genomic techniques such as molecular markers
and transgenesis to incorporate new traits or increase the rate of genetic gain [11–14]. Research on
biotechnology assisted breeding for alfalfa in China began in late 1970s. We used tissue culture and
somatic cell hybridization initially, and then moved to the development and application of transgenesis
and molecular markers. At present, studies are focused on the transformation and expression of
genes related to stress resistance and tolerance. Although there are few varieties developed using this
technology to date, the methods adopted in China are briefly summarized below.

3.5. Transgenic Technology

Different genetic transformation methods significantly affect the efficiency of exogenous genes
transfer into M. sativa, which is the basis for the acquisition and development of transgenic plants.
There are three main methods in genetic transformation of M. sativa, germplasm line transformation,
direct transformation, and indirect transformation. Germplasm line transformation method uses
a plant’s own pollen, ovary, and other germ cells to introduce exogenous genes, such as via the
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ovary injection and pollen tube method. Direct transformation methods use chemical or physical
methods to introduce exogenous DNA into plant cells and obtain transgenic plants. Biolistic, ultrasonic,
polyethelene glycol (PEG)-mediated, and microinjection are all examples of direct transformation
methods. Indirect transformation methods use carriers to introduce DNA into the plant cell, and
Agrobacterium-mediated transformation is the major example of this method.

In genetically modified breeding for alfalfa salt tolerance [15], Li et al. overexpressed the
Alfinl transcription factor in alfalfa via Agrobacterium-mediated transformation, which enhanced
the expression of endogenous gene MsPRP2 and improved the salt tolerance of transgenic alfalfa
plants. Liang et al. [14] studied several factors that influence the efficiency of Agrobacterium-mediated
genetic transformation in alfalfa and obtained transgenic plants expressing the betaine aldehyde
dehydrogenase (BADH) gene. Yan et al. [16] showed that the BADH gene can enhance the salt
tolerance of alfalfa. Wang et al. [17] used the vacuum infiltration-aided Agrobacterium-mediated
method to transfer salt tolerance gene AtNHXl into Alfalfa and obtained salt tolerant somatic embryos.
Pan et al. [18] used Agrobacterium EHA105-mediated cotyledon dissemination method to transfer
Cg-NHXl gene into cv. Xinjiang Daye. Zhao et al. [19], transferred the Atriplex dimorphostegia NHX
salt tolerance gene into aseptic seedling leaves and cotyledons of cv. Xinmu No.1 and cv. Xinjiang
Daye, and obtained salt tolerant plants. Li et al. [20] studied genetic transformation of M. sativa and
transferred DsNRT2 (a Nitrate Transporter) that was cloned from Dunaliella salina into cv. Zhongmu
No.1 and 7 with positive seedlings obtained. Liu et al. [21] transferred the HAL1 gene that was cloned
from yeast into the embryogenic callus of cv. Longmu 803 with the Agrobacterium-mediated method
and obtained 11 transgenic plants. Expression of HAL1 gene improved the salt tolerance characteristics
of alfalfa. Sui [22] studied a vacuolar Na+/H+antiporter gene (ScNHXI) from Suaeda corniculata, which
was introduced into M. sativa and improved salt tolerance of transgenic alfalfa. Sheng [23] successfully
introduced the DREB2A gene into a range of alfalfa genotypes cvv. Zhaodong, Aoha, Gongnong 1,
and Gongnong 2, primarily from Heilongjiang province with the aim of improving drought tolerance
characteristics. Wang et al. [24] transferred the LEA3 gene from barley into cv. Zhongmu 1 through
biolistic transformation and obtained an increased survival rate of transgenic plants under high salt
stress. The salt tolerance of the transgenic plants was greater than that of the control plants, which
shows that LEA3 gene has potential for application in developing drought resistance and salt tolerance
for alfalfa breeding. The improvement of salt tolerance was also the aim of Bao et al. [25] where
the transgenic co-expression of tonoplast Cation/H+ antiporter and H+-pyrophosphatase genes from
the xerophytic plant Zygophyllum xanthoxylum increased the growth and salt tolerance of genetically
modified alfalfa plants under field conditions. The use of transgenesis to introduce genes into alfalfa
to confer stress tolerance outside of the range that is presented within sexually compatible species
offers the potential to greatly increase the adaptation of cultivated alfalfa in stressed and degraded
environments in China.

The recent advent of transcriptomics and next generation sequencing technologies offers the
potential to identify genes involved in stress tolerance on a broader scale than previous technologies.
Deep sequencing of the transcriptome of alfalfa was used recently to identify 5605 differentially
expressed genes in the crown buds of cv. Zhaodong when grown under naturally occurring freezing
stress in northern China [26]. These studies may identify further candidates for deployment using
transgenic or genome editing technologies.

Due to various constraints, the further development of transgenic alfalfa in China has not been
widely carried out. Although progress and achievements have been made, most are still at the laboratory
experiment phase. Currently there are no transgenic alfalfa cultivars developed and adopted in practice.

3.6. Molecular Marker Technology

In stress resistance breeding, Yang et al. [27] used M. sativa L. cv. Zhongmu No. 1 and salt
sensitive alfalfa as materials to screen from and build up the basis for research on salt tolerance
genes for molecular marker development in alfalfa, using the Random Amplified Polymorphism
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(RAPD) technique. In disease resistance breeding, Gui et al. [28] used RAPD technique and Bulked
Segregation Analysis to study molecular markers linked to resistance genes against brown spot disease
in five Medicago species, and selected eight random primers which are able to indicate polymorphism
between resistant and susceptible materials in more than three species simultaneously. Wei [29] used
RAPD, Simple Sequence Repeat (SSR), and Inter Simple Sequence Repeat (ISSR) molecular marker and
field experiments to study DNA fingerprints and genetic diversity of 84 alfalfa lines. Xu and Jia [30]
regenerated somatic hybrid plants between alfalfa and sainfoin by protoplast fusion and culture,
and extracted DNA from leaf material from regenerants of hybrid tissue; they also analyzed the
recombination of the genetic materials by RAPD and Southern hybridization techniques. Yu et al. [31]
combined SSR and Expressed Sequence Tag derived SSR (EST-SSR) molecular marker techniques to
construct molecular marker profiles of alfalfa germplasm. Su et al. [32] established a tetraploid F2
mapping family in a hybrid between subsp. sativa and susbsp. falacata, and constructed a genetic map
of this population. Fu and Pauls [33] used 20 imported alfalfa accessions and demonstrated that RAPD
markers could determine the relationship between alfalfa varieties. SSR marker technologies have been
used to characterize and contrast the genetic diversity within and between cultivars and landraces of
Chinese origin with those from other geographic regions, thereby providing insights into the nature of
population structure and variation that could be used in a genomics assisted breeding program [34]
Again, there have been no bred varieties of alfalfa registered in China using these technologies to date.

3.7. Space Breeding

Space breeding, also called space technology breeding or spaceflight breeding, takes advantage
of space environment which has been known to induce physiological changes in plants and
heritable mutations, although the mechanisms through which these mutations occur are not fully
understood [35,36]. Space breeding has been performed in China since 1987 with recoverable spacecraft
allowing the recovery of plant material. Space breeding has resulted in new cultivars of rice, wheat,
and soybean, and although the efforts have focused on major food crops approximately 1% of the
seed accessions in China’s space breeding program have been pastures [35]. Ren [37] studied alfalfa
seed carried by recoverable satellite using Fourier Transform (FT)-Raman spectroscopy, which showed
that the content of DNA and Ca2+ increased and that of sugar and lipid decreased compared with the
control seed on the ground. Zhang [38] analyzed leaf microstructure of four alfalfa varieties grown
from seeds carried by Shenzhou-3 spacecraft in comparison with control plants, and found that leaf
thickness and palisade tissue thickness of the varieties are much greater than that of the control plants,
with their leaf protuberance degree being much less than the control plants. In addition, the cell
structure tightness of the four alfalfa varieties was different from the control plants. These mutations
may have influenced its resistance performance, and could be used for further resistance breeding.
Zhang [39] studied the space mutation of cv. Longmu 803 and cv. Zhaodong with their seeds carried by
recoverable satellite. The results indicated that the types of alfalfa chromosome aberration produced
by space mutation were mainly the formation of micronuclei. Visible mutations occurred in mitotic
cell chromosomes due to space mutation effects.

Space breeding technology has been widely used in the breeding of other crops; however, there is
no alfalfa variety registered on a national scale. Nevertheless, there are several varieties registered in
provinces or autonomous regions of China.

4. Problems and Challenges

Although China has made considerable achievements in alfalfa breeding, there is room for
improvement compared with other countries, and the overall level of alfalfa breeding is still low and
cannot meet the requirements of development in grassland agriculture, grassland animal husbandry,
and ecological reconstruction. The main problems and challenges are discussed below.
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4.1. Slow Breeding Cycle

The number of varieties bred in China is relatively low, and the progress of resistance breeding is
slow. Up to date, only 36 bred Alfalfa varieties have been registered by the National Committee for the
Examination and Approval of Herbage Variety in China, compared with 192 alfalfa varieties registered
in the USA in 2015. The breeding target is more focused on yield in China, and overwintering rates
has also become one of the priority breeding targets due to northern China being one of the major
regions of M. sativa plantation. Hence, the target characteristics of bred varieties include high yield
and high overwintering rates, and to a lesser degree, cold tolerance and fall dormancy. In disease
and insect resistance, the main focus is on pathogen identification and field investigation of disease
conditions [40,41], disease resistance identification methods, and the influence of environment on
alfalfa resistance performance. There are few varieties that have been specifically bred for disease
resistance, insect resistance, and drought tolerance, and almost no varieties for herbicide resistance.

4.2. Breeding Methods

At present, alfalfa varieties registered in China are mainly bred with conventional breeding
methods. These methods are simple and widely adopted, and take advantage of excellent germplasm
resources in different ecological regions to develop new varieties suitable for regional conditions.
However, these methods normally take a long time to develop cultivars that are used on farms.
The application of genetic engineering and other modern biotechnology in alfalfa breeding has been
put in place in China for only 20 years, and research is currently focused on target gene cloning,
construction of expression vectors, and related laboratory experiments with the commencement of
some field trials.

4.3. Low Adoption Rate of Bred Varieties

The supply chain for seed production, distribution, and marketing of seed is less well developed
in China than some other countries where specialized breeding companies are often involved and
responsible for this process. In China, however, alfalfa breeding resources are mainly centered in
universities and research institutes. As a result, the breeding targets are not well placed to meet the
market demands, and breeding research is disconnected with business development and without
effective involvement from industries, thereby leading to poor adoption of new varieties [42]. Largely
due to the slow process of seed production of new varieties, most enterprises choose to purchase
imported varieties, further reducing the adoption rates of newly bred varieties in China.

5. Opportunities and Further Research

In recent years, the collection of germplasm resources, innovation of breeding theory and
technology, and molecular biology assisted breeding have played an important role in accelerating
alfalfa breeding in China. These experiences confirmed that we could learn from the experience of
developed countries and take integrated approaches in enhancing alfalfa breeding in China.

5.1. Strengthening the Research and Utilization of Alfalfa Germplasm Resources

Many developed countries give great emphasis on the collection, preservation, research, and
utilization of germplasm resources. China covers a large territory with very diverse ecological
environments due to the influence of latitude, elevation, and topography. This makes the country rich
and unique in alfalfa germplasm resources, including conventional local and wild types, improved
varieties, and new breeding materials such as alfalfa mutants, all of which form the basis of alfalfa
breeding. In addition to the development of breeding methods and the adoption of new technology, a
critical step for the success of modern breeding programs is to widely collect and make use of the right
germplasm resources. Due to poor awareness in germplasm protection, overgrazing, and excessive
exploitation, some excellent forage germplasm resources have been lost. Lack of desirable germplasm
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resources for screening and breeding has seriously affected the process and results for developing
new varieties. Therefore, it is imperative to learn from this experience, conduct further research and
identification of existing germplasm in a systematic way, screen materials with desirable characteristics,
and conduct research in an innovative manner [43].

5.2. Improving Alfalfa Breeding Theory

In the developed world, great efforts have been made to develop the basic theory of breeding.
Forage breeding in China is not only behind developed countries, but also behind crop breeding
domestically. This is largely due to lack of advanced forage breeding theory and technology. In order
to make a breakthrough in alfalfa breeding, we need to strengthen research on forage breeding theory
and techniques; otherwise, slow breeding cycle/process will be unavoidable.

5.3. Enhancing the Exploration of New Techniques in Alfalfa Breeding

Conventional breeding methods are basic methods to breed new variety all over the world and
will continue to play an important role in alfalfa breeding in China in the near future. With the rapid
development of science and technology, molecular techniques and transgenic technology have been
widely used in alfalfa breeding worldwide. Transgenic technology has been used to improve the
resistance of alfalfa to cold, drought, salinity, alkalinity, disease, herbicides, and insect pests. Molecular
technology has been widely used in assisted alfalfa breeding and germplasm introgression research,
genetic linkage map, germplasm identification, and genetic diversity studies. The combination of
conventional breeding techniques with modern breeding techniques can help to break through some
of the constraints and speed up the breeding cycle, which is critical for improving alfalfa breeding
technology in China.

5.4. Conservation of Distinctive and Special-Purpose Alfalfa Materials

Alfalfa breeding in China has the following characteristics: broad cultivation area, complex
ecological conditions, and a wide range of uses in production. According to local conditions and
uses, specific alfalfa varieties can be selected and cultivated. For example, in germplasm collection
and application in western China, research should focus on germplasms that are resistant/tolerant to
drought, cold, and saline soils of sandy texture. In these regions, new varieties that are able to prevent
wind erosion and fix sandy soils, and to conserve water and soil resources could be the major breeding
targets for alfalfa. On the other hand, improved animal production through high forage production
and better forage quality could also be a high priority target. Therefore, selection and breeding of
special-purpose varieties that fit both the environment/soil constraints and production requirements
for various feeding systems, such as hay and silage, and different growing seasons are necessary to
address regional production and sustainability issues [2]. Strategies must be worked out on a regional
basis to achieve specific needs.
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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.

Keywords: anther culture; doubled haploid (DH); forage crops; microspore culture; perennial
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 used
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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].

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.

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.

Acknowledgments: This work was supported by ETH Research Grant ETH-34 14-1 and the Swiss National
Science Foundation (SNSF Professorship grant No.: PP00P2 138988). RFB and BS wish to express their gratitude
to Niels Roulund and Kirsten Vangsgaard for their support in their work on perennial ryegrass DH induction.
RFB gratefully acknowledges Léonor Bonnafous for her help with Figure 2.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

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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Abstract: Many of the major forage species used in agriculture are outcrossing and rely on the
exchange of pollen between individuals for reproduction; this includes the major species used
for dairy production in grazing systems: perennial ryegrass (Lolium perenne L.) and white clover
(Trifolium repens L.). Cultivars of these species have been co-existing since contrasting cultivars were
developed using plant breeding, but the consequences and need for strategies to manage co-existence
have been made more prominent with the advent of genetic modification. Recent technological
developments have seen the experimental evaluation of genetically modified (GM) white clover and
perennial ryegrass, although there is no current commercial growing of GM cultivars of these species.
Co-existence frameworks already exist for two major cross-pollinated grain crops (canola and maize)
in Europe, and for alfalfa (Medicago sativa L.) in the US, so many of the principles that the industry has
developed for co-existence in these crops such as detection techniques, segregation, and agronomic
management provide lessons and guidelines for outcrossing forage species, that are discussed in
this paper.

Keywords: pasture; GMO; co-existence

1. Introduction

Many of the major forage species used in agriculture are outcrossing and rely on the exchange of
pollen between individuals for reproduction. This includes the major species used for dairy production
in grazing systems: perennial ryegrass (Lolium perenne L.) and white clover (Trifolium repens L.).
Cultivars of these species have been co-existing since contrasting cultivars were developed using plant
breeding, but the consequences and the need for strategies to manage co-existence have been made
more prominent with the advent of genetic modification.

Genetically modified (GM) crops have been grown commercially for more than 20 years, with
more than 170 million hectares sown across 28 countries in 2015 [1]. The majority (70%–90%) of
these GM crops are used for animal feed [2] with up to 95% of the 9 billion animals grown for food
production each year in the USA consuming diets containing GM ingredients [2]. Until recently this
consumption was entirely based on the use of grains (soy, maize) or crop residues (cottonseed meal
and canola meal). However, the recent release of Roundup Ready alfalfa (Medicago sativa) and research
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in other forage crops such as perennial ryegrass and white clover [3,4] suggests that it is timely to
consider the co-existence of GM and non-GM pastures.

Co-existence frameworks already exist for two major cross-pollinated grain crops (canola and
maize) and alfalfa for seed and hay production, so many of the principles that the industry has
developed for co-existence in these crops such as detection techniques, segregation, and agronomic
management provide lessons and guidelines for outcrossing forage species.

Some of the principles that underpin a co-existence framework include,

• The ability to detect the transgene or its products in relevant commodities.
• A knowledge of the mechanism and extent of pollen (gene) flow and seed dispersal in the species.
• The strategic use of management interventions to “separate” GM and non-GM crops and prevent

gene flow between them.
• The equivalence or otherwise in the agronomic or nutritional aspects of the GM and non-GM crops.
• The segregation of products during marketing and supply.

An example of these co-existence frameworks for grain crops are those developed within the
European Union (EU) [5] which allow “the ability of farmers to make a practical choice between
conventional, organic, and GM crop production” considering issues such as the segregation of GM and
non-GM crops and the cost of this segregation. The principles of such a framework have been adopted
by several European nations for the commercial cultivation of GM maize [6]. The technical and social
aspects of the co-existence of GM and non-GM maize crops have been reviewed for Spain [7] and
the EU [6]. The isolation distances for GM maize proposed by European member states vary from
state to state and whether the GM crop is neighbouring a conventional or organic crop with distances
varying from 25 to 800 m [8]. A recent review found that the large and fixed isolation distances
proposed by some countries were not consistent with either the co-existence principles outlined by
the European Commission and were excessive based on scientific evidence [6]; they recommend that
isolation distances within the range of 10–50 m would in most instances be sufficient to keep GM
inputs from cross-pollination below the legal tolerance level of 0.9%. Therefore, despite inconsistency
in the application of the guidelines for co-existence, the principles are well established in grain crops
such as maize.

In contrast to grain crops where maximising seed set (through gene flow) is usually the goal, the
perennial forage supply chain has two distinct phases,

1. Seed production where high pollination is required
2. Pasture production where most management seeks to minimise reproductive development and

seed set—particularly in dairy grazing systems.

In contrast to grain crops where the adoption of GM crops has been widespread, in some
countries a range of technical and economic constraints [4] has meant there is only one perennial
outcrossing forage crop; glyphosate resistant alfalfa (Medicago sativa L.) that was finally approved for
fully deregulated, commercial release in the United States (US) in January 2011. The National Alfalfa
and Forage Alliance in the US has developed a set of guidelines for the co-existence of alfalfa seed
crops [9], and the technical aspects of co-existence and market assurance for alfalfa hay and forage
production in an era of biotech crops have been summarized by Putnam et al. [10].

In this paper, we will summarise the literature on aspects of functional equivalence and
co-existence in perennial outcrossing forage species with a particular emphasis on those used in
dairy production systems drawing on examples using both GM and non-GM plants.

2. Detection of Transgenes in Forages and Related Agricultural Products

Fundamental to the process of monitoring transgenic crops and agricultural commodities is the
ability to detect the transgene or its products. Although DNA fragments from high copy number
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endogenous plant genes such as rubsico have been detected in the blood and digesta [11,12], transgenic
DNA (tDNA) has been shown to be broken down in the rumen and duodenum of cattle [9], and
a number of studies have shown that tDNA was not detected in the milk of cows fed diets containing
GM feeds [11,13–19]. These data from milking trials are consistent with those from wide ranging
reviews of animal production trials that have focused on meat producing animals [2,20] with the
conclusion that there are no detectable or reliably quantifiable traces of GM feed components in eggs,
meat, or milk [2,20].

Therefore, efforts in GM detection for perennial forages should not focus on milk or meat but
rather on other agricultural products such as pollen, seed, and herbage. While the need to detect
transgenes in these products themselves is obvious as pollen is the vehicle for gene transfer, seed is
traded for sowing new pastures and herbage is the diet of grazing ruminants.

There is also the need to monitor the pollen of perennial forage species that are pollinated
by honeybees, as this pollen may find its way into honey. Honey containing traces of pollen from
genetically modified plants is currently subject to marketing and labelling regulations in the European
Union [21] following the commercial expansion of genetically modified field crops. Studies of the
amount of canola pollen occurring in honey from hives foraging non-GM crops in Australia and
GM crops in Canada found canola pollen levels on the order of 0.2% and thus well below the 1%
threshold for labelling in Australia [22]. White clover pollen is also present in honey produced by
bees foraging white clover flowers [23]. The exact cut-off levels for detection are likely to vary from
jurisdiction to jurisdiction as well as whether pollen is seen as a constituent or an ingredient of honey [21].
Regardless of these trade and regulatory discussions, the likely presence of genetically modified pollen
in honey following commercial release of GM white clover will most likely create a situation analogous
to that in canola (e.g., [22]) where commercial honey supplies will need to be monitored.

An example to demonstrate the ability to detect tDNA in a range of products from an insect
pollinated perennial forage species comes from research associated with the development and
evaluation of white clover with transgenic virus coat protein mediated resistance to Alfalfa Mosaic
Virus (AMV) [24]. During the production of genetically modified white clover seed, white clover
plants were pollinated by honey bees under containment conditions and PCR-based techniques were
developed to detect the AMV coat protein gene and the neomycin phosphotransferase 2 (npt2) selectable
marker gene in genetically modified white clover pollen, whether this pollen was collected fresh
from honey bees that have been foraging white clover or from honey [25]. Similarly, the AMV coat
protein gene was able to be detected in seed, fresh leaves (as would be fed at grazing), air dried leaves
(as would be fed as hay) when the leaves were either pure white clover, or in a mixture with perennial
ryegrass (simulating the mixed sward systems where white clover is most commonly grown) [26].

These results demonstrate that it is possible to develop molecular diagnostics for pollen, herbage,
or seeds from forage plants. The issues of the cost of real-time PCR based systems, which are the
standard reference method for transgene detection, when used for routine field-based applications
have been addressed in grain crops already through efficient sampling strategies [27–29] and through
the development of other diagnostic tools such as semi-quantitative enzyme-linked immunosorbent
assay (ELISA) (e.g., [29]) which have also been used to detect the presence of the CP4 EPSPS gene in
GM bentgrass [30] and alfalfa [10], and through the use of plasmid DNA for the calibrated detection
of specific transgenic events (e.g., [31,32]. More recently novel DNA amplification techniques such
as recombinase polymerase amplification (RPA) for the rapid point-of-use screening of transgenic
soybean seeds [33] have been developed. The ultimate choice of molecular diagnostics for forage
samples will depend on the cost and target detection limits, but the experience from major food crops
and initial data from forage samples demonstrates that it will be possible to develop these tools for
samples from dairy pastures.

Whilst there is no evidence to suggest that tDNA will find its way into the muscles or milk
of lactating cows following digestion, the development of methodologies to detect the presence or
absence of the cp4epsps transgene from soybean meal and the cry1a[b] transgene from GM corn grain in
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the rumen fluid, duodenal digesta, milk, blood, and faeces of lactating cows when fed these diets or
their near-isogenic comparators [11] demonstrates that it is possible to monitor the digestion of tDNA
in the digestive tract of ruminants.

3. Composition and Performance of GM Feeds and Forages

Although the entry of GM forages into the marketplace is relatively new, the use of GM grain as
animal feed has occurred for more than 20 years. Both the experimental studies and the trends following
the commercial feeding of GM feed to over 100 billion animals were reviewed by Van Eenennaamm and
Young [2] with the conclusion that no study had revealed any difference in the nutritional composition
of animals fed GM or non-GM diets nor where there any negative trends in commercial animal health
or productivity [2]. Of specific interest to this paper are the results of a 2 year feeding study on the
feeding of GM corn (whole-crop silage; kernels and cobs) of GM corn modified with the Bt-MON810
event and an isogenic comparator to dairy cows. This long term study concluded that there were no
consistent effects on milk composition or cow body condition and hence the GM corn and its isogenic
comparator could be said to have nutritional equivalence, and the milk produced had no functional
reason to be classified differently [18,19].

Given the small number of genetically modified perennial forages that have progressed to feed
trials, it is not surprising that there are few data sets describing the agronomic or nutritional equivalence
of GM cultivars and the non-GM cultivars that the transgenic event has been crossed in to. However,
in each of the cases that have been published to date, the data shows no evidence that the performance
of the GM cultivars is different to equivalent conventional cultivars other than for the trait controlled
by the transgene.

For instance, in a feeding experiment with Holstein cows diets were prepared that were
nutritionally similar and contained approximately 40% (by dry matter) of lucerne hay that was either
“Roundup Ready” (containing the cp4epsps protein) or three conventional cultivars that had been
selected to have similar nutritive characteristics to the hay derived from the GM cultivar [17]. In this
experiment there were no differences in daily milk yield, fat corrected milk yield, milk fat, milk lactose,
non-fat milk solids, nor dry matter intake of cows consuming GM or non-GM diets [17].

In white clover in Australia (where licence conditions prevented the feeding of GM clover herbage
to animals), a proximate analysis of both nutritional and anti-nutritional characteristics of the virus
coat protein mediated AMV resistant GM white clover was performed [24]. In this study there was
no difference in the nutritional characteristics (crude protein, in vitro dry matter digestibility, neutral
detergent fibre, and water soluble carbohydrates) and anti-nutritional characteristics (cyanogenic
glucosides, phytoestrogens, and saponins) were compared for two conventional white clover cultivars
(Mink, Grasslands Sustain) and their GM AMV resistant derivatives when grown under field or
glasshouse conditions [34].

A further study on Zoysia grass (Zoysia japonica Steud), genetically modified to be resistant to the
herbicide glufosinate [35], was shown to be no different to non-GM plants for a range of morphological
traits related to turfgrass agronomy and also the allergenicity of the pollen to humans as assessed
through skin prick tests [36].

4. Gene Flow in Out-Crossing Perennial Forage Species

The major biosafety concern with cross-pollinated perennial forages is the gene flow from GM
to non-GM crops [4]. However, in the case of commodities where the GM and non-GM crops have
substantive equivalence with respect to all traits rather than the GM trait, and that the GM trait has
been deregulated, the issue is not really one of biosafety per se but rather one of compliance with
regulatory guidelines for co-existence. The setting of these thresholds is a matter for commerce and
industry; the following discussion describes the aspects of gene flow in perennial forage species during
both seed and forage productions and how these data can be effectively used during the design and
implementation of a co-existence strategy for forage species.
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Perennial forage species may be either wind or insect pollinated. We have shown gene flow
in field grown wind pollinated, perennial ryegrass [37], and insect pollinated, white clover [38]
follows a leptokurtic distribution with a rapid decline in effective pollen flow such that greater than
95% of gene flow occurs within a relatively short distance of the pollen source (30–50 m) under
field conditions. However, a small amount of pollen moves a long distance from the pollen source.
These data are consistent with that observed internationally and for major outcrossing grain crops
such as maize and canola. These principles have been used to develop isolation distances used during
seed production [39].

As the pattern of pollen flow in both wind and insect pollinated species is leptokurtic, it is
possible for small amounts of pollen to travel a large distance. If this pollen finds a suitable recipient
population it is possible for novel traits (including GM) to establish themselves a long way from
the pollen source [30,40,41]. The extent to which these novel traits will establish themselves in the
new populations will depend on the reproductive fitness of the plants containing the new trait, the
ability of the species to establish new plants through seedling recruitment, and also adaptation of the
background genetics of the pollen donor to the new environment.

4.1. Isolation, Separation, and Segregation of Seed Crops

As there is no reason to believe that the pollen of genetically modified forages generally behave
differently to that from non GM crops during seed production, the existing seed production guidelines
that are used internationally to isolate and segregate cultivars are likely to apply (e.g., [39,41]). It is
also worth noting the development of a range of marker tools for the determination of varietal purity
based on plant [42,43] or endophyte [44] DNA are now available to assist with varietal identification
and seed production QA, along with the previously mentioned methods to detect transgenes to assess
not only the presence or absence of GM seeds but also the background in which these events occur.
It is also possible for industry to develop protocols to further minimize gene flow between GM crops
and those being grown for markets sensitive to GM such as the ”Grower Opportunity Zones” or GOZ
as defined by the National Alfalfa and Forage Alliance in the USA [9].

4.2. Transport of Seed and Hay Crops

Another aspect to consider is the spillage of seed during the transport of seed and hay crops.
A recent study in the US has shown that in a survey of 4190 sites on roadside verges in 2011/2012,
185 contained feral alfalfa (lucerne) populations of which 38 tested positive for the presence of the
CP4 EPSPS transgene [45]. These authors concluded that the distribution of feral alfalfa populations
was not random and tended to be clustered in seed and hay production areas where transport of seed
was likely, and that efforts to minimise seed spillage during transit and eradicating feral alfalfa along
roadsides would be effective strategies to minimize the flow of transgenes. They also used spatial
analysis to suggest that these feral populations started independently to provide further evidence that
these populations were the likely result of seed spillage or some other mechanism of seed transfer.

4.3. Isolation, Separation, and Segregation of Forage Crops

In order for gene flow to occur not only must pollen find a synchronously flowering plant,
pollination must occur, a fertile and mature seed must form, and this seed must join the seed bank,
germinate, and establish itself in an established pasture.

4.3.1. Seedbank and Recruitment of Perennial Ryegrass into Existing Pastures

Perennial ryegrass seeds are not persistent in the soil, forming a transient type 1 seed bank [46]
due to low seed dormancy and the ability to germinate across a range of environmental conditions.
For instance, only 14% of the perennial ryegrass seed bank remained 14 months after release and
all had gone after 2 years [47]. Little is known about the seedling recruitment of perennial ryegrass
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into established dairy pastures in Australia. However, a recent study in New Zealand showed no
germination of sown grasses in contrast to weedy annual and perennial grasses [48].

Seedling recruitment of sown perennial grasses into established pastures in Australia is generally
poor [49] and is considered to be a cause of the poor persistence of these pastures under grazing.
However, under conditions where grazing management encourages the development of mature heads
it is possible to see seedling recruitment of perennial ryegrass, particularly in marginal conditions
(e.g., [50–52]). There are attempts to manage perennial ryegrass pastures to facilitate seedling recruitment
in meat production systems—for instance, the following from an EverGraze guide to encourage seedling
recruitment of perennial ryegrass under grazing in Australia,

• Allow pasture to increase to 3000 kg/ha by the end of November
• Remove stock from mid-November to mid-January
• Graze the dry standing feed down to 1000 kg/ha before the autumn break

It can be seen that this management is not consistent with modern management of dairy pastures,
where either grazing management or fodder conservation would be used in November to handle this
Spring flush rather than allowing it to go to head and have the seed ripen over a 2 month period.

4.3.2. Management Practices That Could Be Used to Further Minimise Any Gene Flow between
Adjacent Forage Crops

A review of co-existence strategies for maize grain crops in the EU found that a reliance merely
on isolation distances often led to legislation of isolation distances that were not based on scientific
principles [6], and that management and biological issues such as

• pollen barriers
• flowering coincidence
• crop rotation
• regional strategies
• biological confinement

should all be considered when developing co-existence frameworks.

Along with these general guidelines a number of specific interventions have been proposed to
facilitate the co-existence of GM and non-GM alfalfa hay crops [9,10]. These are also applicable to
perennial forages grown for dairy grazing and include,

• Selecting seed that is certified for purity and quality
• Preventing transfer during harvest through cleaning machinery
• Testing to confirm non-GM status, if required

The following section of this review will address how these issues may be considered for a grazed
dairy system.

Given the paucity of data on seedling recruitment in dairy pastures, it is not possible to state that
the following interventions would reduce the amount of gene flow from X to Y, nor is it possible to
state whether the isolation distances used in seed production could be reduced by Z. Therefore the
following section describes some general principles and practices that could be used to reduce gene
flow but does not seek to quantify their relative efficiency. It is also important to note that most
gene flow occurs from plants that are near to each other so if the large pollen source is a paddock
adjacent to a well-managed dairy pasture and this paddock is laxly grazed and allowed to set seed,
then most of the pollination will occur from plants within that paddock rather than by pollen from the
well managed neighbour. Regardless of the absolute amount, the relative amount of pollen shed by
a paddock or plot is also based on the amount of “edge” of that paddock relative to its overall size.
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So within a large square paddock most of the pollen that is shed falls within the paddock boundary
(this is why seed production isolation distances do not increase as paddock size increases; in fact, the
opposite is true [39]).

4.3.3. Management of the “Donor Paddock” and “Recipient Paddock”

4.3.3.1. Sow One Large Paddock as Opposed to Multiple Small Ones

This minimises the proportional amount of area for pollen shed and also in isolation areas if these
are used.

4.3.3.2. Utilise Management to Avoid Flowering and Seed Set

This is consistent with modern dairy pasture management and includes both grazing and the
option for fodder conservation and silage, in order to remove flower heads before anthesis and/or
seed set.

4.3.3.3. Consider the Use of a Boundary Crop Sown to a Non-GM Cultivar Around the “Donor”
Paddock or Farm

This area can be managed in exactly the same way as the GM pasture but its physical presence
will minimise the potential for gene flow.

4.3.3.4. Consider the Use of “Reproductive” Barriers to Gene Flow Such as Flowering Time and Ploidy

Modern perennial ryegrass cultivars exist as either diploids or induced tetraploids and these two
classes are effectively reproductively isolated from each other outside of the laboratory. This reproductive
isolation was actually used to allow the gene flow work of Cunliffe et al. [37] to occur in a region with
endemic presence of diploid ryegrass pasture. Examples of tetraploid cultivars are Bealey and Banquet,
and diploid cultivars include Tolosa, AberDart, and Avalon.

There is also a wide range of flowering times in perennial ryegrass used commercially today.
For instance, in Australia there is approximately a 50 day range in flowering date from early maturing
types such as Barberia through to late heading types such as Shogun. However, there is a range even
within maturity types. A full list of categories of all cultivars may be found in publications such as the
Australian Seed Federation Pasture database [53].

Obviously the most extreme reproductive isolation would come from sowing an early maturing
diploid adjacent to a late maturing tetraploid, but increased isolation (and hence reduction in gene
flow) would also occur with less extreme contrasts.

4.3.3.5. Consider the Use of Shelter Belts between Farm Boundaries

As well as the physical effect of increasing the distance between neighbouring pastures, shelter
belts also decrease wind flow [54] and are therefore likely to decrease gene flow.

5. Conclusions

This paper discusses issues related to the design and implementation of a framework for
agricultural co-existence of GM and non-GM perennial pastures with a particular emphasis on high
intensity commercial grazing systems such as dairy where it is likely that these perennial pastures will
be sown. Therefore, it focuses on issues related to approved transgenic events for which there will
already have been an assessment of the likely environmental impact of the GM product. For instance,
in Australia this falls under the responsibility of the Office of the Gene Technology Regulator (OGTR)
where the likely impact of the combination of the transgenic event and the recipient species to human
health and the environment are assessed prior to approval to release.

As with the cross-pollinated grain crops, maize and canola, it would be possible to develop
a co-existence framework for seed production in forage plants using existing principles that are
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used for conventional forage seed production. There is likely to be less gene flow between adjacent
grazed and established pastures under intensive grazing than between neighbouring grain or seed
production paddocks. There are also a range of management interventions (on top of distance between
neighbours) to further reduce gene flow. Therefore, it is concluded that it would be possible for
industry to develop a co-existence framework for GM perennial pastures including perennial ryegrass
for both seed production and grazing.
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