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Summary

Tetraploid red clover has similar forage properties as diploid red clover. However, tetraploid
red clover plants are taller, have thicker stems, larger leaves and flower heads, and bigger seeds
resulting in higher forage yield than diploid red clover plants. However, the seed yield of
tetraploids is significantly lower than of diploids, which is challenging for seed companies. For
farmers to be able to benefit from higher forage yield of tetraploids, the seed yield of tetraploid
red clover has to be improved. In this project, we studied different aspects of seed yield in
tetraploid red clover, focusing on seed yield components. In two consecutive years, twelve
Norwegian and Swedish cultivars/breeding lines were studied as spaced plants and in dense
canopy trials. Trials with spaced plants were established at one locality while the trials with
dense canopies were established at four locations (two in Norway and two in Sweden). Seed
yield per flower head was identified as the seed yield component most strongly correlated with
the seed yield per plant and with the seed yield per area. Additionally, we found that the seed
yield was significantly higher in cultivars developed by crossing of existing tetraploids than in
neopolyploids. Our study also aimed to identify putative genes that control seed yield in
tetraploid red clover. Transcriptomic analysis was performed on flower buds obtained from
two relatively high and two low seed yielding plants, with the aim of identifying transcripts
that potentially are involved in determination of seed yield. Genes related to flower
development, pollen pistil interactions, photosynthesis and embryo development were
differentially expressed in the two genotypes contrasting in seed yield. A significant number
of genes related to pollination was overrepresented in the high seed yielding genotypes, which
might be a reason for their good seed setting ability. The candidate genes detected in this study
might be used to develop molecular tools for breeding tetraploid red clover varieties with

improved seed yield potentials.
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Sammendrag

Tetraploid rgdklgver har samme egenskaper som diploid rgdklgver, men den er hgyere, har
tykkere stengler, stgrre blader, stgrre blomsterhoder og stgrre frg. Som resultat av dette er
foravlingene starre sammenlignet med diploid rgd klgver. Dessverre gir tetraploid rgdklgver
betydelig lavere frgavling, noe som byr pa utfordringer nar frgfirmaene skal produsere frg til
sine engfrgblandinger. For at bonden skal fortsette & ha nytte av de gode egenskapene som
tetraploid radklgver har, ma frgavlingen forbedres. Vi har studert ulike freavlingskomponenter
som pavirker frgavlspotensialet i tetraploid redklgver. Malet var a identifisere komponenter
som kan benyttes til & gke frgavlingen ved foredling. Tolv norske og svenske
sorter/foredlingslinjer ble studert i enkelplanteforsgk og i tett bestand i to pafglgende ar.
Enkelplanteforsgk ble anlagt pa ett sted mens forsgkene i tett bestand ble anlagt pa fire steder
(to 1 Norge og to i Sverige). Freavling per blomsterhode ble identifisert som den
freavlingskomponenten som hadde starst betydning bade i enkelplanteforsgk og i tett bestand.
| tillegg ble det funnet at tetraploide sorter som var utviklet ved & krysse eksisterende
tetraploide planter ga hgyere frgavling enn sorter utviklet ved & kromosomfordoble diploider.
Et av malene var ogsa a identifisere gener som potensielt pavirker frgavling i tetraploid
radklgver. RNA sekvensering av blomsterknopper fra to planter med relativ hgy frgavling og
to med relativt lav frgavling hadde som mal a identifisere overuttrykte og underuttrykte
transkripter som kunne forklare forskjellene i frgavling mellom disse plantene. Gener relatert
til blomster-utvikling, pollen-griffel samspill, fotosyntese og embryo utvikling var forskjellig
utrykt i planter med lav og hay freavling. Et betydelig antall gener relatert til pollinering var
overuttrykt i planter med hgy freavling som kan veere grunn til dens hgy frgavlingsevne.
Kandidat gener identifisert i denne studien kan muligens brukes til & utvikle molekylare

verktgy for foredling av tetraploid rgdklgver med starre frgavling.
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1. Introduction

1.1 Origin and history of red clover

Red clover (Trifolium pratense, L.) belongs to the Fabaceae family, genus Trifolium, and it is
considered the oldest cultivated species in this genus. Red clover originates from southeast
Eurasia and is indigenous to Europe, the Near East, North Africa and central Asia (Zohary and
Heller, 1984; Taylor and Quesenberry, 1996). The first known document mentioning red clover
in Europe and probably worldwide was the book “De vegetabilibus” by Albertus Magnus (1193
— 1280) (Taylor and Quesenberry, 1996; Boller et al., 2010). However, the cultivation of red
clover as a forage crop was already known in Europe since the 4" century A.D. From the 13"
until the 16" century, clover spread from Spain to France, Italy, Belgium, Netherlands and
Denmark. By 1663, it was known in the US and by 1776 in Russia (Fig. 1). While farmers in
certain areas were reluctant to accept red clover as a new forage crop, Kjergaard (2003) refers
to replacement of fallow with red clover in European crop rotation as the ‘17" century’s green
revolution’ (Merkenschlager, 1934; Taylor and Quesenberry, 1996; Boller et al., 2010).

The origin of Russian red clover has been debated for a long time. One of the possible sources
is thought to be Western Europe where the early type of red clover was grown. Another
suggested source is that the local wild red clover, which was of late type and adapted to Russian
climate, was domesticated and used in breeding (Merkenschlager, 1934; Wexelsen, 1937).
Recent results by Semerikov et al. (2002) are in favour of the Western European origin. In the
beginning, red clover was cultivated in the central and western regions of Russia and by the
end of the 19" century was also in the Ural region (Semerikov et al., 2002).

Red clover was introduced to the United States in the 17" century. It is believed that the first
seeds came from Holland with a ship that was carrying cattle and different seeds to the
colonists. Due to the good establishment of this crop and its property as a good fodder crop, it
spread to the west and further all over the US. In the beginning of the 20" century red clover
production for hay reached its maximum by being grown on approximately 30 mill acres, after
which it gradually declined to approximately 15 mill acres in 1957 (Fergus and Hollowell,
1960). Diminishing importance of red clover occurred also in Europe coinciding with the
invention (1909) and spread of the Haber-Bosch method for industrial manufacturing of
ammonium from atmospheric nitrogen. After the World War 1l, the access to commercial
fertilizer dramatically reduced the importance of clover in agriculture (Kjergaard, 2003). The

industrial production of nitrogen (N) fertilizer expanded and the farmland in Europe and US
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changed to monoculture (Kjeergaard, 2003; Taylor, 2008). Decreasing importance of red clover
in the US was also due to the shift to the alternative legume species alfalfa (Medicago sativa
L.) and to the partiall decoupling of livestock production from grazing (Naylor et al., 2005).
Over the past couple of decades, concerns have been raised regarding the high-energy cost and
harmful environmental effects of industrial N production. Increased focus on sustainable
agriculture, organic production and integrated crop-livestock systems have again stimulated

the interest in forage legumes (Kjergaard, 2003; Taylor, 2008).
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Figure 1. The historical bases of red clover cultivation. Adapted from Merkenschlager (1934).

Large dots represents localities in which temporary trials were made during the crop’s early history.

Large dots with arrows attached represents localities from which red clover cultivation spread.

Small dots represent areas in which red clover cultivation ceased because of the Thirty Year’s War (1618-
1648). Small circles represents Kashira (1766) and Moscow (1790).

1.2 Agronomic importance

Red clover is an important livestock feed grown in mixtures with grasses on approximately
four million hectares worldwide (Taylor, 2008; Isobe et al., 2014). Timothy (Phleum pratense
L.), meadow fescue (Festuca pratensis Huds.), tall fescue (Festuca arundinacea Schreb) and
perennial ryegrass (Lolium perenne L.) are the most common companions to red clover. Red
clover has a high protein content. This results in a higher content of crude protein and
polyunsaturated fatty acids in the final products (milk and meat) when red clover is included
in the ruminant’s diet (Taylor and Quesenberry, 1996; Lee et al., 2009). In addition, red clover
increases the palatability and digestibility of the mixture resulting in higher weight gains and

reproduction rates of cattle (Huss-Danell et al., 2007; Taylor, 2008). The importance of red
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clover in grass mixtures is also due to its nitrogen (N) fixing ability through symbiosis with the
bacteria Rhizobium leguminosarum biovar trifolii. The amount of N that red clover can fix
during one growing season ranges from 40 to 400 kg ha, and this reduces the need for N input
through fertilization (Taylor and Quesenberry, 1996; Boller et al., 2010; Huss-Danell et al.,
2007). Additionally, the high content of polyphenol oxidase (PPO) in red clover slows down
the degradation of proteins and thus reduces N losses when making silage (Lee et al., 2004;
Sullivan and Hatfield, 2006).

In the 1930s, Wexelsen (1937) estimated the annual value of red clover feed to approximately
40 mill Norwegian kroner (NOK). The current anticipated value of feed in Norwegian milk
production is 6.2 billon NOK (H. Volden, the head of TINE Radgivning, pers. comm., 2016).
If the proportion of red clover in the feed is 10 %, the value of red clover feed in Norway is
620 million NOK, or approximately 68 million euros.

1.3 Adaptation and breeding of red clover in Norway

After the introduction of red clover to Norway from the Netherlands and Great Britain in the
18" and 19" century, the cultivation comprised of a number of different types. This resulted in
the formation of many locally adapted landraces in different regions. In the beginning, the early
type of red clover was grown. However, by the end of 18" century, people were talking about
late red clover, which was spreading to countries with short summers and cold winters. It is
unclear where this late red clover came from and how it evolved. One hypothesis is that the
farmers selected late and winter hardy types from the existing genotypes. However, it is
unlikely that sufficiently late and winter hardy types occurred in the early material to such an
extent that it could be the basis for the late Norwegian types. Another possible hypothesis is
that the early red clover was intercrossed with later wild types when it reached Russia and other

Nordic countries; and hence gradually became more winter hardy (Wexelsen, 1937).

During the 19" century, Norway imported red clover seed from several European countries and
from the United States. Soon after the first import, the farmers in Norway began to set aside
some of their pastures for seed harvest. Seed harvested from these fields proved to be better
adapted to the local conditions compared to the imported seed. Around 1850, there were several
winter hardy landraces in Norway of which the most known were ‘Molstad” and ‘Totenklgver’.
The first forage yield trials, comparing Norwegian landraces with foreign strains of red clover
in mixtures with timothy (Phleum pratense L.), were established in 1889. Over the next years,

new and improved strains were imported and were gradually included in the trials. However,



the best landraces always proved superior compared to imported material (Wexelsen, 1937). A
survey conducted around 1950 showed that about 60 % of Norwegian farmers had been
growing the same local cultivar for more than 20 years and some even up to 80 — 90 years
(Vestad, 1990). Although ‘Molstad’, the first Norwegian red clover cultivar, was not officially
listed and approved for certified seed production until 1953, the annual Norwegian production
of red clover seed was estimated to 400-500 tons already in the 1930s (Vestad, 1990). Since
then, most of the red clover seed production has been going on in the eastern and central part
of the country.

Dr. W. Christie initiated the Norwegian red clover breeding program in 1924 while the work
on developing tetraploid red clover started at the Agricultural University after the Second
World War by Prof. Hakon Wexelsen (Wexelsen, 1937; Vestad, 1990). After the retirement of
Ass. Prof. Reidar Vestad in 1990s, the red clover germplasm was transferred first to Planteforsk
and in 2003 to Graminor. Around 1950, breeding for Sclerotinia resistance in red clover was
initiated. The first Norwegian tetraploid cultivar ‘Tripo’ came onto the market in 1964. After
the collection of numerous local strains from different latitudes and altitudes in Norway, a new
diploid red clover cultivar ‘Pradi’ was released in the 1981s. This cultivar proved to be better
than ‘Molstad’. In the 1990’s, the most important goals in the red clover breeding program
were: disease resistance, winter hardiness, persistence, forage yield, forage quality and seed
yield (Vestad, 1990). At present, the focus of the red clover breeding program at Graminor AS
is mainly on forage yield, winter hardiness, persistence and seed yield. As of 30 March 2016,
there are six diploid and eight tetraploid cultivars on ‘The Norwegian official list of varieties’.
Among these, three diploids and seven tetraploids are Norwegian cultivars

(http://www.plantesortsnemnda.no).
1.4 Morphology of red clover

Red clover is a short-lived perennial species in which individual plants usually survive between
two and four years (Fig. 2). It has a taproot, which develops from the primary root and under
good growing conditions stretches down to more than 1.5 m depth (Fergus and Hollowell,
1960). The primary shoot of a seedling is vegetative. Stems elongate from the crown, which is
more or less at the soil level, and terminate with a flower head. Stems are with and without
non-glandular trichomes (hairs). The number of stems and nodes per plant is highly variable.
While there are reports on spaced plants having between ten and sixty stems, plants seeded in

a dense canopy have between four and nine (Fergus and Hollowell, 1960; Van Minnebruggen



et al., 2013). Stems have a limited number of
internodes, 4-6, (Taylor and Quesenberry,
1996; Boller et al., 2010). All leaves are
alternate and trifoliar with the exception to the
first true leaf, which is unifoliate. The colour of
the leaves is green, often with a typical light or
pale green spot (chevron) in each leaflet.
Axillary buds, one at each node, develop into
branches with or without flower heads. Each
flower head consists of up to 300 florets (Fergus
and Hollowell, 1960). A floret is composed of
a calyx with five lobes, a corolla with five

petals, and ten stamens, which encircle the

£ ///,}/,;;m/,wz-w &

pistil. In general, there is two ovules per

Figure 2. Morphology of a red clover
plant (Zrifolium pratense L1.). Source:

nicals (Fergus and Hollowell, 1960). Seeds are kidney
shaped, in diploids about 1.5 to 2.2 x 1 mm in size (Taylor and Quesenberry, 1996).

floret/ovary, however, in most cases only one

1.5 Phenology and flower induction in red clover

The developmental stage of forage grasses and legumes is closely related to forage quality, and
therefore used for estimation of the optimal harvest time (Sanderson and Wedin, 1989; Bakken
et al., 2005). Bakken et al. (2005) divided the phenological development of red clover into 4
main stages: vegetative, stem elongation, reproductive and seed development, each with
several sub-stages (Table 1). Red clover does not have a vernalization requirements. It is a long
day plant, and northern ecotypes usually require longer photoperiods than southern ones in

order to flower (Lunnan, 1989).

Leaves and stems have the highest digestibility in the vegetative and stem elongation stages.
In the reproductive stage, the concentration of the neutral detergent fiber (NDF) increases
(Aman and Nordkvist, 1983; Sanderson and Wedin, 1989). During senescence, the content of
crude protein also decreases. According to Aman and Nordkvist (1983), digestibility remained
constant during the first four harvests after which it decreased. Higher temperature stimulates
faster phenological development of red clover. Sanderson and Wedin (1989) reported 94 % of

the variation in herbage NDF concentration to be explained by the phenological stage. The
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concentration of the micronutrients (Co, Fe, Mn and Ni) was quite stable during different
phenological stages while the concentration of the Cu, Mo and Zn decreased with plant age
(Lindstrom et al., 2013).

Table 1. Phenological stages and sub-stages during development of red clover (Bakken et al.,
2005).
Developmental stage Sub-stage Description

Vegetative phase VO First leaf visible
V1 First leaf fully developed
V2 Second leaf fully developed
V3 Third leaf fully developed
Stem elongation EO Beginning of elongation
El First internode visible
E2 Second internode visible
Reproductive phase RO The bud can be noticed
R1 The first bud is visible
R2 The first flower stem is fully developed
R3 Visible anthers on the first flower
R4 First flower begins to wilt
R5 Other flowers begin to wilt
Seed development SO

1.6 Genetics of red clover

Red clover is a diploid species (2n=2x=14) with a basic chromosome number n=7 (Zohary and
Heller, 1984). The chromosomes are small, between 1.5 and 3.0 p (Ellerstrom and Sjodin,
1966) and the estimated genome size is ~440 Mb, which is similar to the genome size of Lotus
japonicus L. and Oryza sativa L. (Sato et al., 2005; Kataoka et al., 2012). There are three red
clover genetic linkage maps available today. Isobe et al. (2003) developed the first map, based
on Restriction Fragment Length Polymorphism (RFLP) markers. Later on, Sato et al. (2005)
constructed a map consisting of microsatellite (SSR) markers while Herrmann et al. (2006)
developed a linkage map based on Amplified Fragment Length Polymorphism (AFLP)
markers. These linkage maps were constructed based on mapping families generated by
crossing heterozygous parents (two-way pseudo F2 testcross). Results from further analysis of
RFLP and microsatellite markers by Kolliker et al. (2006) and by Sato et al. (2005) indicated

transferability of these markers among red clover germplasm (Isobe et al., 2014). Isobe et al.



(2009) developed a consensus genetic linkage map using six mapping populations and found
that the locus order from previous linkage maps was highly conserved on their consensus map.
This enabled the use of the consensus linkage map as a reference for further genetic analysis
of red clover genotypes. Kataoka et al. (2012) tried to integrate linkage and chromosome maps
of red clover and found chromosomal collinearity among red clover varieties. By using next
generation sequencing (NGS) technology, Yates et al. (2014) provided the first de novo
assembly of the red clover transcriptome based on RNA-Sequencing data. They tried to identify
genes and markers related to drought tolerance.

Alfalfa (Medicago sativa L.) is a model species for forage legumes, and its transcriptome
assembly provides a good source for studying other forage legumes. Genome sequences of
other model legumes such as Medicago truncatula (Gaertn.), with its draft genome published
in 2011, and Lotus japonicus L. are also widely used in comparative legume genome studies
(Young et al., 2003; Isobe et al., 2012). Istvanek et al. (2014) published recently a draft
assembly of 16 red clover genotypes. De Vega et al. (2015) went further by constructing a
chromosome-scale reference draft genome, which is the second genome assembly of a forage

legume.
1.7 Tetraploid red clover

1.7.1 Background and history

The first tetraploid red clover plants were produced in 1939 after the development of the
colchicine method for producing polyploids (Sjédin and Ellerstrom, 1986). A common routine
was to apply colchicine solution to germinating seeds, to young seedlings or to apical
meristems of growing plants (Taylor and Quesenberry 1996; Boller et al., 2010). Another
method for producing tetraploid red clover plants is to treat pollinated flower heads with nitrous
oxide (N20). After germination of seeds from these flower heads, the plants are allowed to
flower and their pollen is then analysed for ploidy level. Haploid pollen has tetraeder shape
while the diploid pollen is an octaeder (Taylor and Quesenberry 1996; Boller et al., 2010). The
third method of producing new tetraploids is by gametic non-reduction where one diploid and
one tetraploid plant are intercrossed (Taylor and Quesenberry 1996; Meglic and Smith, 1992).
The first tetraploid plants had thicker and longer stems, broader leaves and bigger flower heads
compared to their diploid progenitors. These traits resulted in higher forage yield of tetraploids
compared to diploids. Further studies showed that tetraploids were more persistent due to

higher resistance to Sclerotinia trifoliorum (Julén, 1975). Crude and digestible protein and



crude fiber content was the same in diploid and tetraploid red clover while the percent of dry
matter was lower in the tetraploids (Levan, 1945). Tetraploid red clover has never gained a
widespread use in US (Taylor and Quesenberry, 1996), whereas in Europe, tetraploids are still
of interest in countries such as Sweden, Germany, Switzerland, Belgium, Estonia and Norway.

Plant breeders soon realized that the greatest disadvantage of tetraploid red clover was its low
seed vyield. It became evident that breeding for improved seed set would be necessary for
tetraploid cultivars to make it to the market, and efforts to improve the seed yield therefore
started (Julén, 1975). Today, 77 years after the first tetraploids were produced; their lower seed
yield compared to diploids is still a relevant issue. Several explanations for the lower seed yield

have been suggested over the years but unfortunately, the problem is still not solved.

The results from early work in Sweden indicated that the seed yield improved after several
years of seed multiplication (Sjodin and Ellerstrom, 1986). The explanation for this was that
irregularities during meiosis would disappear due to natural selection, thus leaving the selected
population with improved fertility and good or acceptable seed yield. It was also suggested that
tetraploids would perform better if the diploid starting material had a high seed yield potential.
Therefore, it would be favourable to select for higher seed yield in the diploid material before
chromosome doubling (Povilaitis and Boyes, 1959; Wit, 1961; Picard and Berthaut, 1966;
Julén, 1975). It was also proposed that the use of diploid plants with a wide genetic background
would increase the chances for development of improved tetraploids. In Switzerland,
colchicine is still used for doubling of chromosomes while NO; is used in Sweden (pers. comm.
B. Boller, 2013 and L. Ohlund, 2015). In Norway, chromosome doubling stopped in the late

1990’s (P. Marum, pers. comm.).

In Norway, colchicine was used for chromosome doubling of red clover for the first time in
1947 at the Agricultural University of Norway at As (Vestad, 1990). Numerous local diploid
populations were treated with colchicine however, the background of the first tetraploid red
clover cultivar ‘Tripo’, which was released in 1964, is unknown. Norwegian breeders at that
time were aware of the challenges regarding the seed yield and an intensive selection for
improved seed yield in tetraploids started in 1979. ‘Kolpo’, the second Norwegian tetraploid
cultivar that came on the official variety list in 1989, had been subjected to six to seven cycles
of natural selection for improved seed yield before it was released (Vestad, 1990). Selection
for higher seed yield has improved the seed yield potential of tetraploids and several tetraploid
cultivars have been released in Norway. However, the seed yield is still not in the range of the



seed yields of the diploid cultivars. There are three herbage seed companies in Norway but

only one is producing seed of tetraploid red clover cultivars.
1.7.2 Self-incompatibility

In order to create and sustain genetic diversity within a species, plants have evolved various
mechanisms that prevent self-fertilization (Takayama and Isogai, 2005; Ridout et al., 2005).
One of such mechanisms is gametophytic self-incompatibility (GSI), which is present in red
clover (Taylor and Smith, 1979). Self-incompatibility (SI) genes control the recognition
between pollen and stigma, thus ensuring that ovules are fertilized with pollen from another
plant (Leduc et al.; 1990; Charlesworth, 2002). This mechanism prevents inbreeding, which

otherwise will result in a strong reduction in plant vigor (Leffel, 1963).

A single multi-allelic locus, called S locus, determines the compatibility relationships in red
clover (Fergus and Hollowell, 1960; Lawrence, 1996; Ridout et al., 2005; Riday and Krohn,
2010). A basic characteristic of S alleles in red clover is dominance, meaning that only one
allele is active and the other is inert (recessive) (Pandey, 1955). Diploid red clover is highly
self-incompatible and rarely produces any seed after self-pollination. In tetraploid red clover,
however, some allelic combinations can significantly reduce GSI (Pandey, 1956). While this
is not enough to ensure regular fertilization, Pandey (1956) stated that self-compatibility due
to ploidy might become a huge handicap as tetraploid populations may degenerate due to
inbreeding. For that reason, he suggested that plants selected in the first few generations should
be tested for self-compatibility.

The estimated number of S alleles in red clover is 200. This is a higher number than in white
clover (Trifolium repens L.) and alsike clover (Trifolium hybridum L.) implying that the
probability of pollen having the same allele as the stigma is very small (in a population of 200
individuals, 1 %) (Lawrence, 1996). This is important for red clover breeding when combining

different number of parents to make a synthetic population.



1. 8 Red clover seed production — worldwide and in Scandinavia

Seed crops of red clover in Canada and northern Europe are usually established with a cover
crop of spring wheat, spring barley or oats, and the seeding rate of red clover is usually 2-3 kg
hat (Aamlid, 2015; Boelt et al., 2015). In the US, Central Europe and New Zealand, it is more
common to establish red clover in pure stands (without a cover crop), and the seeding rate is
usually higher, 9 kg ha (Boelt et al., 2015).

In the US and Central Europe, it is common with one cut of red clover for forage in the spring
of the seed harvest year. The spring harvest stimulate and synchronize flowering, disturb the
life cycle of harmful insects, and provide additional income to the farmer (Boelt et al., 2015).
In Norway, it has been typically considered that defoliation in spring will delay flowering and
seed maturation too much, given the short growing season (Aamlid et al. 2010). On the
contrary, many Swedish seed growers have started to defoliate in spring to control
Tripleurospermum inodorum and other weeds, especially in organic seed crops. In the US, it is
common to harvest red clover seed for two consecutive years (Oliva et al., 1994; Steiner et al.,

1997), while it is more common with only one harvest year in Scandinavia.

Water stress during flowering reduces the number of seeds per floret in red clover. Irrigation
shortly before or during flowering is therefore advisable in certain areas (Oliva et al., 1994).
Lately, an increasing number of red clover seed growers in Oregon have installed irrigation,
and this practice has enabled seed yields over 1,000 kg ha* (N. Anderson, pers. comm., 2016).
In Norway, the natural rainfall during the growing season is usually higher, and irrigation is

not a common practice.

Various diseases and insect pest can significantly affect the seed yields of red clover. Hyperia
nigrirostis and Apion seed weevils are the most common insect pests in the seed production
fields in Norway. The occurrence of these weevils depends on weather conditions, varies from
year to year, and even more between seed production districts. In Southern Sweden, seed yields
can be significantly reduced due to Apions in some years (Lundin et al., 2012). In Norway,
however, the occurrence is usually considered too sporadic to recommend prophylactic
applications of insecticides to all red clover seed crops (Aamlid et al., 2009). In Canada, the
caterpillar Coleophora daeuratella causes severe damages especially in the second year of red
clover seed fields (C. Yoder, pers. comm., 2016). Among diseases, the most common in
Norway is Sclerotinia trifoliorum. This fungus attacks the red clovers taproot, thus reducing its

persistency (Aamlid, 2015). Steiner et al. (1997) concluded that neither root rot (Fusarium
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oxysporum Schlect.) nor root borer (Hylastinus obscurus Marsham) are responsible for the
declining seed yields throughout the growing period as previously suggested by Smith (1994)
and Oliva et al. (1994).

While the average seed yield in USA has increased in the recent years (Anderson, pers. comm.,
2016), seed yields in Denmark, Sweden and Norway, have decreased. The average seed yield
in Norway and Sweden between 2002 and 2012 was 247 and 300 kg ha™* for diploids, and 164
and 225 kg ha® for tetraploids, respectively (Norwegian seed companies, pers. comm., 2015;
I. Andersson, pers. comm., 2015). For comparison, the average seed yield in Oregon, which
has 90 % of the US production, is about 800 kg ha™.

1.9 Seed yield of tetraploid vs. diploid red clover

Forage grasses and legumes are in general low seed yielders (Sleper and Poehlman, 2006). Low
seed yield in red clover was documented already in the beginning of the 20" century (Martin,
1913; Wexelsen, 1937). The negative correlation between forage and seed yield in red clover
challenges the development of high seed yielding cultivars (Boller et al., 2010; Sleper and
Poehlman, 2006). In addition, tetraploid plants of red clover usually produce even less seed
than diploid plants. At the very beginning of the work on improving the seed yield, suggested
reasons for this phenomenon were: 1) inefficient/inadequate pollination, 2) irregularities in the
development of pollen and ovules, and during pollen germination, and 3) post fertilization
irregularities (Ellerstrom and Sjodin, 1966; Bragde-Aas, 1970; Julén, 1975; Blyukkartal,
2003). However, since the researchers thought that seed yield was genetically controlled they
tried to improve the seed yield potential of tetraploids by selecting for the most influential seed
yield components. Dennis (1975) performed a thorough study comparing diploid and tetraploid
red clover. Despite of considerable effort to increase the seed yield between the 1940°s and the
1980’s, tetraploid cultivars still produce, on average, 34 and 25 % lower seed yields than
diploid cultivars in the Norwegian and Swedish seed production, respectively. On the other
hand, at some locations and in some years, tetraploids may produce equal or higher seed yields
compared to diploids (B. Andersson, personal communication, 2010).
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1.10 Reasons for lower seed yields in tetraploids

1.10.1 Inefficient/inadequate pollination

Pollination is a crucial factor for seed production in red clover. Honeybees (Apies mellifera L.)
and bumblebees (Bombus ssp,) are the main pollinators of red clover. There are different
estimates on the optimal number of Bombus species for maximum seed set, from 2,000 to 4,000
ha! (Rao and Stephen, 2009). It seems that honeybees are the primary pollinators of clover at
southern while bumblebees are more important at northern latitudes (Julén, 1954; Valle, 1961).
Some other insects may also visit red clover flowers, but are usually of less importance for
pollination (Starling et al., 1950). The pollen carried by the pollinator is transferred to the
stigma, which the pollinator usually hits when landing on the flower (Fig. 3A). Each floret can

Figure 3. (A) Bumble bee (Bombus terrestris L.) visiting red clover flower. (B) Red clover
flower with visible holes in the base of the floret (indicated by arrows), made by bumblebees.
Photos by Helga Amdahl.

be pollinated several times as long as the stigma is receptive (Taylor and Smith, 1979). The
pollinator sticks its proboscis into the corolla tube and sucks the nectar. Each flower head
remains open for 6 to 8 days but each floret must be pollinated within 2 to 4 days after opening
(Rao and Stephen 2009). In this way, synchrony in flowering and honey- and bumblebee
foraging is crucial for optimal pollination and seed production (Rao and Stephen, 2009). Some
pollinators are ‘robbing’ the nectar by making a hole at the base of the corolla tube (Fig. 3B)
(Starling et al., 1950). This phenomenon is thought to reduce the efficiency of pollination.
However, the pollinator does not have to penetrate the corolla tube to pollinate. It is enough

that it hits the stigma when landing on the flower.

Darwin (1888) stated that bumblebees are ideal pollinators of red clover. However, their

number in nature is usually inadequate for optimal pollination of red clover seed crops (Starling
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et al., 1950; Dunham, 1939). This was confirmed by the significant seed yield increase
following the introduction of bumblebee colonies in New Zealand (Plath, 1925). Later, Wilsie
and Gilbert (1940) concluded that honeybees are more important than bumblebees for red
clover pollination due to their higher abundance. A number of studies on the importance of
pollinators for red clover seed yield at the beginning of the 20" century found seed production

of diploid red clover challenging already at that time (Wexelsen, 1937).

Honeybees generally prefer white clover, Brassicas and other crops to red clover, and within
red clover, they also forage more on diploid than on tetraploid plants (Julén, 1954). Sjédin and
Ellerstrém (1986) measured the time honeybees spent on diploid and tetraploid flowers during
pollination and concluded that honeybees needed 40 % longer time to pollinate tetraploid
flowers. Bumblebees, on the other hand, visited more flowers per time unit; they worked longer
during a day and under more various weather conditions (Rao and Stephen, 2009).

Tetraploid red clover plants have, on average, 1 mm longer corolla tubes compared to diploid
clover (Vleugels et al., 2015a; Amdahl et al., 2016). Average corolla tube length in diploid red
clover is around 9.5 mm (Starling et al., 1950). It is well known that the length of the corolla
tube varies between different cultivars. In addition, measurements on the same strain differ
between years, locations and at different time of the year (Starling et al., 1950). Bumblebees,
with their on average 11 mm long proboscis, are considered to be more efficient pollinators of
tetraploid red clover than honeybees, which have on average 6.5 mm long proboscis (Starling
et al., 1950; Julén, 1954; Julén, 1975; Taylor and Smith, 1979; Rao and Stephen, 2009).

There are more than 200 different bumblebee species in the world (@degaard et al., 2010). Each
region has its own native species, whose importance for red clover seed yield depends on their
abundance during the flowering season (Rao and Stephen, 2009). The abundancy varies from
year to year but in general, the abundancy of several species have decreased during the last 100
years due to restructuring of agricultural landscapes all over the world (Jdegaard et al., 2010).
Bombus hortorum, the long tongued bumblebee, was the most abundant in central Finland in
the 1960s (Valle, 1961). In the Willamette Valley (Oregon, US), which is the world’s largest
red clover seed production area, B. vosnesenskii is the most important species. In Norway, the
most abundant species are B. lucorum, B. terrestris and B. pratorum (@degaard et al., 2010).
Long tongued B. subterraneus was considered eradicated from Norway, however a finding of
a queen in 2010 and 2011 gives hope that a small population of B. subterraneus is again to be
found in South-East Norway (Aase et al., 2011; http://forskning.no/insekter-zoologi-
okologi/2011/10/slattehumla-surrer).
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Julén (1954) found a higher frequency of bumblebees but a lower degree of pollination in
tetraploids compared to diploids. A high abundancy of bumblebees was less important for
pollination in diploids (Julén, 1954). It was reported that bumblebees preferred diploid flowers
with shorter corolla tubes when having a free choice, however, Vleugels et al. (2016) was not

able to confirm this preference.

Julén (1954) and Pammel and King (ref. in Rao and Stephen, 2009) suggested breeding for
shorter corolla tube in tetraploid clover as a method to increase their attractiveness for
pollinators. However, Julén (1971) later found that selection for shorter corolla tube resulted
in reduced seed yield. Julén (1954) and Bragdg-Aas (1970) obtained the same low seed yield
with hand pollination as with open pollination. Therefore, and based on the recent results
published by Vleugels et al. (2015a,b), the length of the corolla tube is most probably not the
main reason for lower seed yield in tetraploid compared to diploid red clover.

1.10.2 Irregularities in the development of pollen and ovules and during pollen

germination

During the development of male and female gametophyte (pollen grain and ovule) in
tetraploids, irregularities in chromosome pairing occur. Ellerstrom and Sjédin (1966) observed
formation of uni-, tri- and quadrivalents during meiosis. Uneven distribution of chromosomes
during the meiotic division can inhibit further development of micro- and megaspores (abortion
of pollen and ovule) or result in the development of gametes with aneuploid chromosome
number. During fertilization, the union of gametes with aneuploid chromosome numbers might

result in nonfunctional zygotes, thus reducing seed set (Ellerstrom and Sjédin, 1966).

Irregularities during meiosis are thought to be more frequent in the “new” tetraploids, i.e. in
the first generations after chromosome doubling. It has been proposed that the frequency of
irregularities decreases due to natural selection of normal/functional gametes in the following
generations (Ramsey and Schemske, 2002). Povilaitis and Boyes (1956) studied meiosis in the
C1, C2 and C6 generation of tetraploid red clover. They estimated that one third of the
microspores and one third of macrospores had irregularities during chromosome pairing.
However, the irregularities in microsporogenesis could not account for the high frequency of
pollen abortion. Instead, they proposed that pollen abortion is genetically controlled. In
contrast, a high frequency of meiotic abnormalities in the macrospores accounted for
significant reduction in seed yield due to a limited number of normal ovules per ovary, i.e. less

than two (Povilaitis and Boyes, 1959). Environmental conditions had a minor effect on pollen
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abortion of autotetraploid red clover, while it had a significant effect on embryo-sac production
in diploid red clover (Povilaitis and Boyes, 1959). The conclusion from this study was that it
is the development of ovules that is affected by chromosome doubling and not the development
of pollen grains.

1.10.2.1 Pollen germination

The germination of a red clover pollen grain depends on hydration and that no inhibitory
substances are produced by the stigma (Martin, 1913). Recent studies showed that pollen grain
has to adhere physically to the papillae cells of the stigma in order to germinate. The hydration
water usually comes from the stigma (Dresselhaus and Franklin-Tong, 2013). The time
required for germination of pollen grains was 8 -10 min in vitro and at room temperature
(Martin, 1913). Qin et al. (2011) found that germination in vitro was significantly delayed
compared to in vivo, which indicates that this process is even faster in the field. Lankinen and
Ohlund (2013) found that germination of pollen grains was significantly better in diploid
compared to tetraploid red clover, which could be due to the differences in pollen
quality/fertility between these two ploidy levels. Pollen quality explained 17-32 % of the
variation in tetraploid red clover seed set (Bragde-Aas, 1970).
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1.10.2.2 Pollen tube growth

After germination, the growth of the pollen tube

Pollen Pollen
transferred  Pollen germination

(Fig.4) through the style is facilitated by a male-female | tstgma hydran and tube growth
interaction (Cheung et al., 2010). Julén (1950, 1954) C 3, 10
and Pandey (1955) reported haploid pollen tubes to J

have a higher growth rate compared to diploid pollen |
tubes, while Lankinen and Ohlund (2013) did not
detect any significant differences. Haploid pollen
tubes reached the embryo sac after four hours while
diploid pollen tubes needed much longer time (Julén,
1950). Compared with haploid pollen tubes, the | owe 50" \\\ Female
growth rate of diploid pollen tubes was also more T < Eestilzafion
delayed by low temperature suggesting that this could

be due to a shorter lifetime of the synergids, which

Integuments

. surroundin
usually guide the pollen tube to the embryo sac and ik hf
gametophyte
stimulate pollen bursting (Higashiyama et al., 2001). Z\
Low temperatures could have shortened their lifetime Current Opinionin Plant Bilogy

Figure 4. Flower structure and main events

resulting in insufficient stimulation of pollen bursting, . ° .- " pollination. Source: Franklin-Tong

i.e. rupture of the pollen tube and deposition of its 2002
cytoplasm and two sperm cells into the female gametophyte (Pandey, 1955).

1.10.3 Post fertilization irregularities

After fertilization, the zygote is growing by cell division. At the same time, the fertilized polar
nuclei develop into the endosperm whose enlargement is also ensured by cell division. The
endosperm provides nutrition for the developing embryo. Pandey (1955) found that the
development of embryo and endosperm was faster in tetraploids compared to diploids.
Additionally, he observed that sometimes the cell division of the endosperm in tetraploid red
clover is slower than that of the embryo, which results in seed shriveling and abortion.
Buyukkartal (2008) observed that only 5.8 % of ovules in tetraploid clover formed seed.

Reasons for this are not known.

If at least one of the two gametes are aneuploid, the zygote will also become aneuploid. A

proportion of these zygotes aborts during embryo development, contributing to the reduction
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in seed set (Ellerstrém and Sj6din, 1966). The frequency of aneuploid zygotes in tetraploid red
clover was estimated to 16 % by Ellerstrom and Sjédin (1966) and 8-72 % by Julén (1954).

1.11 Seed yield components

The seed yield of a crop is a product of its individual seed yield components. In red clover,
these components are (1) the number of flower heads per unit area (sometimes recorded as
number of flower heads per plant or per shoot), (2) the number of florets per flower head, (3)
the number of seeds per floret (seed set), and (4) the weight per seed. In addition, some
combined seed yield components are also widely used such as the number of seeds per flower
head and seed weight per flower head. Seed yield components are commonly used to measure,
compare and explain differences in seed yield between diploid and tetraploid red clover and
between various populations and cultivars. The realized seed yield is a result of the interaction
between physiological processes involved in the formation of different seed yield components,
environment conditions, management practices and pests (http://cropandsoil.oregonstate.edu).
These dynamic processes influence assimilate partitioning and thus the contribution of each
seed yield component to the total seed yield (Fairey and Hampton, 1997). Increasing the total
seed yield is most efficiently accomplished by increasing the number of seeds. Changes in one

or more components can be compensated for by changes in other components.

In order to identify the seed yield component that most efficiently could be used in the selection
for higher seed yield, observations have been done on both single plants and dense canopies.
The number of inflorescence per plant was the most important seed yield component in single
plants of birdsfoot trefoil (Lotus corniculatus L.) (Li and Hill, 1989) and white clover
(Trifolium repens L.) (Clifford and Baird, 1993). Herrmann et al. (2006) and Malengier and
Baert (2007) identified the number of seeds per plant and number of flower heads per plant to
be highly correlated with seed yield per plant in trials with single plants of diploid and tetraploid
red clover, respectively. There are, however, indications that spaced plants do not always
parallel dense canopies agronomically (Hampton and Fairey, 1997), and the seed number per
plant is therefore unlikely to be an efficient trait for selection for higher seed yield.

In a dense canopy of diploid red clover, Taylor and Quesenberry (1996) reported number of
flower heads per unit area to have the strongest influence on seed yield. This result was also
confirmed by path coefficient analysis (Montardo et al., 2003). In contrast, Oliva et al. (1994)
found number of seeds per flower head to have the strongest direct effect on seed yield in a

study with diploid red clover.
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2. The Thesis

2.1 Background and objectives

Red clover (Trifolium pratense L.) is one of the species that is bred by the Norwegian plant
breeding company Graminor AS (www.graminor.no). However, the Norwegian seed
companies are modestly interested in seed production of the tetraploid cultivars developed by
Graminor. The reason for this is the low and variable seed yields of tetraploids, which makes
it economically risky for farmers to multiply seed of tetraploid cultivars on contract. On this
background, Graminor initiated the present PhD project with the aim to study the problems
related to the seed yield potential of tetraploid red clover. As described in detail in the
introduction, there are several possible explanations for the low and variable seed yields of

tetraploid red clover; however, in this project two aspects have been addressed:

1. Identification and description of seed yield components in diverse germplasm of tetraploid
red clover. It was expected that the outcomes from these investigations would identify the
most efficient seed yield components for selection of higher seed yields, and thus improve

seed yield of new tetraploid red clover cultivars.

2. Acquisition of genetic and molecular knowledge of seed yield traits in red clover. A long-
term goal is to identify molecular tools for screening of high seed yield tetraploid red
clover. In this study, we generated and associated transcriptomic profiles with the seed
yield of selected diverse plants and correlated changes in gene expression and networks
(accumulation) in response to seed yield in red clover.

This project was funded by the Research Council of Norway and Graminor Breeding AS, and

conducted as an industrial PhD project.
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2.2 Material and methods

Seven Norwegian and five Swedish cultivars and populations were used to study the seed yield
components in single plant and dense canopies in tetraploid red clover. In 2011, dense canopy
trials were established at four locations: Bjerke (61.22° N, 20.42°E; 147 m.a.s.l) and Landvik
(58.34° N, 08.52° E; 10 m.a.s.l.) in Norway, and Sval6f (55.56° N, 13.06° E; 70 m.a.s.l) and
Lannas (63.09° N, 17.39° E; 26 m.a.s.l) in Sweden. These trials were harvested in 2012. In
2012-2013, dense canopy trials with slightly altered material were repeated at the Norwegian
locations: Bjgrke and Landvik. A description of the traits that were measured in dense canopy
trials is presented in Table 2. Additionally, single plant trials were established in 2011 and 2012
at Bjarke. Traits that were measured on the single plants are described in Table 3. Description
and background of each cultivar and its affiliation to the particular trial is given in Table 4.
Analysis of the results from the field trials were conducted using Analysis of variance
(ANOVA), Pearson correlation analysis, orthogonal contrasts, genotype X environment
interaction (G x E) and path coefficient analysis.

Two ‘Lasang’ plants from the first single plant experiment, with the highest scores for most of
the traits, and two ‘Tripo’ plants with the lowest scores for most of the traits, were chosen for
further analysis. Flower buds in early stage of development were sampled from these four
plants at three different stages (early, middle and late) during the flowering period. Single-end
reads of 50 bp length were generated using the Illumina sequencing platform (HISEQ 2000).
The de novo assembly was performed in a similar manner as described by Kovi et al. (2016).
Further, differentially expressed genes (DEGSs) between different flowering time points were
identified. The GO classification of DEGs in the two genotypes were generated using the
WEGO (Ye et al., 2006) program. Finally, all the clean reads from the two genotypes (‘Tripo’
and ‘Lasang’) at the three flowering time point (early, middle and late) were mapped to the red
clover reference genome (De Vega et al., 2015) using the ultrafast universal RNA-seq. aligner
program STAR (Dobin et al., 2013).
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Table 2. Traits observed in the 2012 and 2013 dense canopy experiments.

Type of trait Trait Description

Seed yield and  Seed yield All the plots at one location were harvested at the same
seed yield (SY) time, directly with combiners when the seeds were
components considered ripe. After harvest the seeds were dehulled

and cleaned roughly at each location before being sent
to Landvik for final cleaning and laboratory analysis.
Seed yields were corrected to 100% purity and 12%
seed moisture content.

Number of In the spring of the harvest year a 0.75 x 0.75 m subplot
flower heads at  within each plot was designated. Flower heads were
maximum counted inside each subplot and the number was
flowering converted to the number of flower heads per m2.
(NoMax)

Seed yield per 50 randomly chosen ripe flower heads were collected
flower head from each plot just before harvest. Seeds were threshed
(SYFH) by hand, cleaned, weighed and the seed yield per flower

head calculated.

Thousand seed 100 seeds were randomly selected from the pure seed

weight (TSW) yield of each of the four blocks per populations. The
seeds were weighed and the thousand seed weight
calculated.

Developmenta Date for the Registered as the number of days after 31 May. The
| earliness first five open  plots were observed every second to third day.
flower heads
(Dateb)

Maturity (Mat) Percent of black flower heads with the upper peduncle
completely dry prior to harvest. Approximately 100
random flower heads in each plot were observed and
classified as black/ripen, green/withered or red/still
flowering.

Seed quality Normal 100 randomly chosen seeds from each variety were
seedlings (NS) incubated on a germination table at 20°C. Normal
seedlings were counted after 7 and 14 days.

Hard seeds Percent of hard seeds was calculated according to
(HS) International Rules for Seed Testing (ISTA 1999) after
counting the normal seedlings.

20



Table 3. Description of traits measured and calculated in the two experiments with single

plants of red clover

Trait Description Experiment
Number of flower ~ Newly opened flower heads were labeled and counted 1, 2
heads per 19 July every third day from the start of flowering until 19
(FH197) July in order to estimate earliness.
Counted number of In 2011, the counting and labeling of newly opened 1
flower heads per flower heads every third day continued until 3 August
plant (CountFH) on nine random plants per population.
Calculated number ~ Number of flower heads on the nine chosen plants per 1,2
of flower heads population was calculated by dividing the seed yield
(CalFH) per plant (SYP) with the average seed yield per flower
head (SYFH).
Number of florets  Every third day during the flowering period one 1,2
per flower head flower head from each of the nine plants per
(FFH) population were cut and the number of florets counted.
Length of the After counting the number of florets per flower head, 1,2
corolla tube the corolla tube length of twenty-five randomly chosen
(Corolla) florets was measured.
Seed number per At maturity in September, one flower head from each
flower head (SFH) labelling date was harvested separately from each of
the nine plants per population. The seeds were
threshed by hand, cleaned and counted.
Seed yield per Weight of the seeds that had been counted to 1,2
flower head determine SFH.
(SYFH)
Fertility (FERT) Maximum fertility is assumed as 2 since the maximum 1, 2
number of ovule per floret is 2. The current fertility
was then calculated by dividing the number of seeds
per flower head (SFH) with number of florets per
flower head (FFH) and expressed in percent.
Seed yield per plant Each plant was cut at 1 October, dried, threshed, 1,2

(SYP)

cleaned and the seed yield determined.
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Table 4. Description of tetraploid red clover populations used in the seed production experiments.

Country  Population Approval  Description of populations Background of the populations Dense Single  Breeding
of origin year Canopyt plant} method§
Norway  ’Tripo’ 1964 First Norwegian 4x variety. No longer in No available information. 1,2 1,2 D
production (Vestad, 1990).
‘Reipo’ 2002 Low winter hardiness, high dry matter yield, Outcome after one selection cycle (SC) for seed 1,2 C
middle late flowering, god tolerance to some yield and five SC for forage yield on 3600
diseases (Norwegian variety testing, 2002) single tetraploid plants that belonged to nine
populations (no available information on which
9 populations) (Vestad, 1990).
‘Lavine’ 2007 Winter hardy variety that never came to the Outcome from the doubling of ‘Kongsvoll-2x’ 1,2 D
market because of the low seed yield (collection of several diploid local populations
(Norwegian variety testing, 2007). from mountain area in Norway).
‘L-4374° Breeding  Result after the work on improving the seed Outcome after two SC for vegetative characters, 2 2 C
population vyield of tetraploids by selection for seed yield four SC for high forage yield, one SC for
per plant. nematode resistance and two SC for high seed
yield on 3600 single tetraploid plants that
belonged to nine populations (no available
information on which 9 populations) (Vestad,
1990; Aamlid and Marum, unpublished data,
1998).
‘Lars’ 2012 More winter hardy than ‘Lasang’, middle early A cross between 6 plants of the tetraploid 1 C
flowering, high dry matter yield, good tolerance  variety ‘Lone’ and 6 plants of the tetraploid
to diseases. This is an upcoming variety on the variety ‘Betty’. These 12 plants were selected
Norwegian market (Norwegian variety testing, based on their good competitive ability when
2012). grown together with timothy.
‘Lasang 2013 Winter hardy and persistent variety with medium  Outcome from ‘L-4374’ after two cycles of 1,2 1,2 C
earliness, high dry matter yield and good selection for high number of seeds per flower
tolerance to diseases. Not in a production head (Aamlid and Marum, unpublished data,
because the seed companies have chosen to 1998).
focus on Lars (Norwegian variety testing, 2013).
‘LeRk0733>  Breeding  Result from one cycle of natural selection in One cycle of natural selection on ‘Lasang’. 2 2 C
population  Lasang.
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Table 4. continued

Country  Population Approval  Description of populations Background of the populations Dense Single  Breeding
of origin year Canopyt planti  method§
Sweden  ‘Betty’ 1992 Good winter hardiness and persistence, early Outcome of doubling the diploid variety 1,2 2 D
flowering, used in northern Sweden, moderate ‘Bjursele’. There was no particular selection for
dry matter yield (Norwegian variety testing, higher seed yield in either ‘Bjursele’ or ‘Betty’
200?). (L. Ohlund, personal communication, 2015).
‘SW Nancy’ 2001 Middle late, used in south Sweden, good Crossing of 7 single plants of the tetraploid 1,2 2 C
persistence (L. Ohlund, personal variety ‘Fanny’. These plants were selected for
communication, 2015). high seed yield combined with good vegetative
characters. The variety ‘Fanny’ was made by
crossing a certain number of plants that were
selected for high nematode resistance and high
seed yield (L. Ohlund, personal communication,
2015).
‘SW Torun’ 2002 Used in north Sweden, considerably later Outcome of doubling the diploid variety 1,2 2 D
flowering than ‘Betty’, higher dry matter yield ‘Jesper’. There was no particular selection for
than ‘Betty’ (L. Ohlund, personal higher seed yield in either ‘Jesper’ or ‘SW
communication, 2015). Torun’ (L. Ohlund, personal communication,
2015).
“Vicky’ 2009 Better persistence than other varieties on the Outcome of doubling the diploid variety ‘Eva’. 1 C
official variety list in Sweden (L. Ohlund, ‘Eva’ was selected for improved persistency (L.
personal communication, 2015). Ohlund, personal communication, 2015).
‘SW Breeding  No available information. Plants from the breeding population ‘SW 1 C
RK1111’ population RK1051° were established as a polycross. Seeds

harvested from surviving plants after the second
harvest year were put together to form ‘SW

RK1111’ (L. Ohlund, personal communication,
2015).

1 Population included in experiment 1 and/or 2 in the dense canopy trials.
1 Population included in experiment 1 and/or 2 in the single plant trials.
8§ Tetraploid populations developed by chromosome doubling of diploid plants
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2.3 Main results and discussion

2.3.1 Seed yield components for selection of higher seed yield in tetraploid red clover

Seed yield per flower head was the seed yield component most strongly correlated with both
seed yield per area (Paper 1) and seed yield per plant (Paper 2). Based on experience and the
results from our trials, we suggest seed weight per flower head, among all seed yield
components, to be used in selection for higher seed yields in tetraploid red clover. By selecting
for higher seed yield per flower head, selection includes more than one seed yield component
since the seed yield per flower head is comprised of number of florets per flower head, fertility
(number of seeds per floret) and seed weight. This is in accordance with the results of Oliva et
al. (1994) who reported that fertility was the seed yield component with the highest positive
correlation with seed yield per plant. However, we consider seed yield per flower head to be

more efficient and less time consuming to screen than fertility.

Several studies previously concluded that the number of flower heads per plant was the
component with the highest positive correlation with seed yield per area (Taylor and
Quesenberry, 1996) and with seed yield per plant (Montardo et al., 2003; Malengier and Baert,
2007; Vleugels et al., 2016). Even though the number of flower heads was the second most
strongly correlated component with seed yield per area (Paper 1) and seed yield per plant (Paper
2) in our trials, these components are not optimal for use in selection for higher seed yields in
tetraploids. One reason is that counting of flower heads per plant was very time consuming
during these investigations. Some of the single plants had ~1,200 flower heads prior to harvest,
which is such a high number that is unaffordable to screen efficiently on a large number of
plants. Another reason is that spaced plants develop into larger plants with considerably more
flower heads compared to plants growing in a dense canopy. As mentioned above, the number
of flower heads was up to 1,200 in some single plants, while the number of flower heads in the
dense canopies was not more than 850 m2. Thus, single plants standing alone do not resemble
single plants in a dense canopy when it comes to number of flower heads per plant. Seed yield
per flower head was however, more similar between single plants (Paper 2) and dense canopies
(Paper 1). Because of this, we believe that selection for higher seed yield per flower head on
spaced plants, rather than number of flower heads per plant, could be used more efficiently to
increase the seed yield in a dense canopy/population. To confirm this, further studies with
direct comparisons of seed yield components of the same genotypes growing as spaced plants

and in dense canopies will be needed.
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2.3.2 Making neopolyploids vs. crossing of existing tetraploid plants

Doubling of the chromosome number of superior diploid red clover plants to develop new
autotetraploid plants (neopolyploids) is still conducted by breeders in Switzerland, Belgium
and Sweden, and perhaps in some other European countries, however, not in Norway (Boller
etal., 2010; T. Vleugels, pers. comm., 2016; L. Ohlund, pers. comm., 2015). The average seed
yield of autotetraploid red clover cultivars over the past ten years in Sweden was 27 % higher
compared to Norway, and the difference in seed yield between diploid and tetraploid cultivars
was approximately 10 % less in Sweden than in Norway (Felleskjgpet Agri and Strand
Unikorn, Norwegian seed companies, pers. comm.; I. Andersson, pers. comm.). Knowing this,
the question arose if this better performance of Swedish cultivars could be due to the continuous
enrichment of the genetic base of the Swedish tetraploid red clover germplasm by
neopolyploids. Comparison of seven Norwegian and five Swedish tetraploid
cultivars/populations (Paper 1) revealed no significant differences in seed yield between
Swedish and Norwegian populations. We were not able to detect any reason for why, in
practical growing conditions, Swedish tetraploid red clover produce more seeds in Sweden than
Norwegian tetraploid varieties in Norway. There is a common belief that environmental
conditions in the red clover seed producing area in Sweden are more optimal for seed
production compared to the Norwegian seed producing area. Our dense canopy trials, carried
out in only one year, could not either confirm or reject this belief. On the other hand,
significantly higher seed yields were obtained from cultivars/populations that were developed
by crossing of existing tetraploid plants than from cultivars that were generated using
neopolyploids. Lower fertility of neopolyploids compared to their diploid ancestor is a
commonly accepted feature (Ramsey and Schemske, 2002; Gottschalk, 1978) as well as that
tetraploid red clover cultivars are, in general, lower seed yielding compared to diploid cultivars.
Gene doubling, loss of genes, altered gene dosage and gene expression, neofunctionalization
and genomic rearrangements are all consequences of polyploidization (Levy and Feldman,
2004 in Adams and Wendel, 2005) and it might be that lower seed yield of tetraploid red clover
is affected by some of these events. It might also be that gene(s) controlling fertility in red
clover are silenced in the first generations after polyploidization, which result in substantially
reduced seed yield compared to the diploid progenitor (Osborne et al., 2003; Liu and Wendel,
2002). Fortunately, after several cycles of natural and breeders’ selection, the fertility can be
improved, however, in most cases; there is an upper limit for fertility (Ramsey and Schemske,

2002). Ramsey and Schemske (2002) revealed that the evolution of pollen viability and seed
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fertility is relatively rapid. They calculated the genetic gain after selection for higher fertility
to be 14 % for pollen viability and 39.7 % for seed fertility per generation, concluding that
reduced fertility might be temporary. Cultivars developed by crossing of existing tetraploid
plants seems to have had longer time to improve their fertility through natural and breeders’
selection compared to cultivars developed from neopolyploids. Whether improvement of seed
yield of tetraploid red clover is possible by chromosome doubling of high seed yielding diploid
plants, as recommended already in 1959 by Povilaitis and Boyes (1959), Wit (1961) and Picard
and Berthaut (1966), remains to be explored. As far as we know, this is the first study
comparing these two methods for breeding of tetraploid red clover and the results can be useful

for further breeding programs.

2.3.3 Molecular responses underlying seed development and seed yield in tetraploid red

clover

The seed yield of red clover, particularly of tetraploid cultivars, has not been significantly
improved in Scandinavia for a long time. One of the reasons for this could be the negative
correlation between forage and seed yield found in many investigations (Clifford and Baird,
1993; Steiner et al., 1997; Vasiljevi¢ et al., 2000; Herrmann et al., 2006; Sleper and Poehlman,
2006). Since high forage yield is the primary goal of most red clover breeding programs,
simultaneous breeding for high seed yield might be challenging. The outcrossing nature of red
clover, inbreeding depression, self-incompatibility system and long selection cycles are
additional obstacles for faster genetic gains regarding seed yield (Sleper and Poehlman, 2006;
Annicchiarico et al., 2015). The highly heterozygous and heterogeneous genetic background
of individual plants belonging to single families have also been limiting progress in developing

molecular tools for use in breeding.

Today, the recent availability of red clover genome sequences (IStvanek et al., 2014; De Vega
etal., 2015), transcriptome assemblies (Yates et al., 2014) and advancements in next generation
sequencing (NGS) technologies enable us to address the seed yield challenges in red clover
with new insights. In order to understand the molecular background of seed yield in red clover,
we analyzed two contrasting genotypes regarding the seed yield and performed transcriptome
analysis to identify genes that potentially are involved in the regulation of processes involved
in development of the seed and determination of the seed yield potential (paper I11). De novo
and reference based transcriptome assembly was conducted to study the global transcriptome
changes in flowering buds at three flowering stages (early, middle and late). De novo and

reference based gene expression data indicated that EF (early flowering) genes in ‘Lasang’ and
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LF (late flowering) genes in ‘Tripo’ might play a key role for the differences in seed yield in
these cultivars. Gene expression profiles, gene ontology enrichment, and KEGG pathway
analysis indicated that genes related to flower development, pollen pistil interactions,
photosynthesis, and embryo development are differentially expressed in the ‘Tripo’ and
‘Lasang’ genotypes, possibly affecting the difference in seed yield observed between these two
genotypes. A significant number of genes related to pollination was overrepresented in

‘Lasang’, which might be a reason for its good seed setting ability.

Further, to validate the DEGs (differentially expressed genes), we developed a physical map
based on the DEGs using the reference genome sequence and tried to co-locate DEGs with
published seed yield related QTLs (Herrmann et al., 2006) by comparative mapping (paper II).
Six SSR markers, which were in the QTL regions for the seed yield components, co-located
with six DEGs on four linkage groups. Thus, the candidate genes detected in this study can
help in future research for breeding improved tetraploid red clover varieties with enhanced seed

yield.
2.4 Main conclusions and future perspectives

Success in breeding for higher seed yields in red clover relies on knowledge and availability of
efficient tools to use in selection. The present work has revealed that seed yield per flower head
would be the most efficient seed yield component to use in selection for improved seed yield
in tetraploid red clover. The same result was obtained in spaced plant and in dense canopy
trials, indicating that selection for higher seed yields on single plants could efficiently be used
to increase the seed yield per area. Using this information in breeding could increase the seed
yield of future tetraploid cultivars. Based on experience and results gained during the present
work, selection for higher seed yield of future tetraploid cultivars has been incorporated in
Graminor’s red clover breeding program. Seed yields of families after pair crosses are analyzed
in the seed multiplication steps and progenies/families with low seed yield are discarded.
Furthermore, we will establish spaced plant fields in parallel with the progeny testing in order
to assess the seed yield of these families.

Lower seed yields of Norwegian tetraploid cultivars, grown in Norway, compared to Swedish
cultivars, grown in Sweden, indicate that chromosome doubling should not be reintroduced
into the Norwegian red clover breeding program. The genetic background of the Swedish red
clover material was thought to be wider due to continuous introduction of neopolyploids by

chromosome doubling of superior diploid materials. Results from our studies have revealed
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that higher seed yield are obtained by cultivars that are developed by crossing of existing

tetraploids rather than by making neopolyploids.

Future work will include cytological studies, which might reveal if any changes in frequency
of irregularities took place from neopolyploids to advanced tetraploid breeding materials. In
addition, studying the abundancy and species of bumblebees and their behavior could further

explain the importance of pollinators for seed yield.

Furthermore, a natural continuation from our transcriptome analysis will be to identify Single
Nucleotide Polymorphisms (SNPs) that are associated with seed yield. The markers will also
be utilized to enrich existing genetic linkage maps of red clover in order to develop dense

linkage maps for QTL mapping, and thus, marker assisted selection.
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Seed Yield of Norwegian and Swedish Tetraploid
Red Clover (Trifolium pratense L.) Populations
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ABSTRACT

While tetraploid plants of red clover are taller,
have thicker stems, and have broader leaves
that altogether result in a higher forage yield
compared to diploids, they generally have sub-
stantially lower seed yields than diploid plants.
Tetraploid red clover can be induced chemically
by colchicine or nitrous oxide (N,O) and sexually
by union of unreduced gametes. The average
seed vyield of tetraploid red clover in Norway is
60% of the diploid yield, while in Sweden it is
75%. One objective of this paper was to examine
whether there is a difference in seed yield among
chromosome doubled tetraploids and crossed
tetraploids. A second objective was to investigate
differences in seed yield and seed yield components
in Norwegian and Swedish tetraploid populations.
The third objective was to study which yield
component most correlates with the seed yield
per hectare. Seed production experiments were
established at Landvik and Bjerke in Norway
and Svalév and Lénnés in Sweden. Populations
made by crossings of tetraploids gave significantly
greater yield (p < 0.001) compared to populations
that were made by chromosome doubling. On
average, Norwegian and Swedish varieties had
equal yields in both experimental years. Nor-
wegian and Swedish varieties differed mostly
in earliness traits. Swedish populations began
flowering on average 4 d earlier than Norwegian
populations. Genotypic correlations showed that
seed yield per flower head was the component
with the highest correlation (r= 0.956 and r = 0.977)
with yield per hectare in both experimental fields.
Results from the second experimental year indicate
a trend towards improved seed yield after several
cycles of recurrent selection for higher seed yield
per flower head.
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RED CLOVER (Trifolium pratense L.) is a perennial forage legume
grown mostly in mixtures with grasses such as timothy
(Phleum pratense L.), meadow fescue (Festuca pratensis Huds.), tall
fescue (Festuca arundinacea Schreb), and perennial ryegrass (Lolium
perenne L.). The importance of red clover as a forage is due to
its high protein content (Taylor and Quesenberry, 1996). Red
clover increases the amount of crude protein and the amount of
calcium in mixtures with grasses (Lunnan, 2000). There is a
higher intake by farm animals of red clover compared to forage
grasses, resulting in higher production of meat and milk (Randby,
1991; Peyraud et al., 2009). The ability of red clover to fix
nitrogen makes it particularly attractive in organic forage pro-
duction. Red clover does not tolerate grazing very well; hence,
it is mostly used for cutting at two to four times during the har-
vest year (Boller et al., 2010). Red clover is a natural diploid,
and both diploid and tetraploid varieties are grown. New tet-
raploid populations can be created in two ways: mitotically by
doubling the chromosome number using colchicine, nitrous
oxide, or mitosis inhibitors, and meiotically by crossing diploid
plants that produces unreduced gametes (Meglic and Smith, 1992;
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Taylor and Quesenberry 1996). Tetraploid red clover is
taller, has thicker stems and broader leaves, and produces
greater forage yields compared to diploid red clover. In
addition, tetraploids have larger flower heads and bigger
seeds (Sjodin and Ellerstrom, 1986; Taylor and Quesen-
berry, 1996). Finally, tetraploids are more persistent than
diploids due to better resistance to stem nematodes and
crown rot (Sclerotinia trifoliorum) (Sjodin and Ellerstrom,
1986; Vestad, 1990; Taylor and Quesenberry, 1996; Vleu-
gels et al., 2013). The first tetraploid varieties released in
the Swedish market produced, on average, 10% more dry
matter yield in the first harvest year, and up to 15% more
dry matter yield in the second harvest year, compared to
diploid varieties. The fresh weight of tetraploid single
plants was, on average, 60% higher than that of diploid
plants, whereas tetraploid families had 128% higher fresh
weights than diploid families (Sjodin and Ellerstrom,
1986). Norwegian trials showed that tetraploid red clover
is more winter hardy and that tetraploids have, on average,
20% higher dry matter yield in mountain areas compared
to diploid varieties (Marum, 2006).

Approximately 100 Mg of red clover seed is sold annu-
ally in Norway, of which 5 to 10% are tetraploid varieties.
In Sweden, approximately 480 Mg of diploid seeds and
120 Mg of tetraploid seeds are sold every year. In Norway,
the average seed yield of tetraploid varieties was 164 kg
ha™ over the last 5 tol10 years, as compared to 247 kg ha™ of
diploids (Felleskjopet Agri and Strand Unikorn [Norwe-
gian seed company]|, personal communication, 2015). In
Sweden, the average seed yield of tetraploid varieties was
225 kg ha™ for tetraploids and 300 kg ha™ for diploids,
and the seed yield of tetraploid red clover has decreased
slightly during the last 5 to 10 years (I. Andersson, per-
sonal communication, 2015).

The main disadvantage of tetraploid red clover plants
is the low seed yield compared to diploid clover (Sjédin
and Ellerstrom, 1986; Vestad, 1990). The seed yield of
tetraploids is approximately 40% lower than that of diploids
under open pollination (Wexelsen and Vestad, 1954; Valle,
1961; Sj6din and Ellerstrom, 1986). Surprisingly how-
ever, in some years and at some places, tetraploid varieties
have equal seed yield as diploid varieties (Sjodin and
Ellerstrom, 1986; Marum, 2006; B. Andersson, personal
communication, 2011). The possible explanations for the
low seed set in the tetraploid red clover include poor
pollination due to flower morphology (e.g., longer corolla
tube), lower number of ovules per flower head or per plant,
or pre- and post-fertilization developmental irregularities
(Bragde-Aas, 1970; Biytikkartal, 2003; Boelt et al., 2015).

In Norway, the practice of doubling the chromo-
some number of diploid red clover began in 1947. Since
then, there have been six tetraploid varieties in commercial
production. The last time chromosome doubling was
performed in Norway was in the early 1990s. One of the

last tetraploid varieties made by this method was ‘Lavine’
(Table 1). In contrast, the Swedish breeding program still
includes chromosome doubling of the best performing
diploid breeding lines or varieties (L. Ohlund, personal
communication, 2015). Breeders started to work on
improving the seed yield in Norwegian tetraploid red
clover material in the early 1970s. From 1979 until 1987,
two cycles of selection for seed weight per plant were done,
in addition to several cycles of selection for forage yield
and nematode resistance (Vestad, 1990). One result of this
work was that breeders in 1995 and 1997 put together 170
single plant families to form the ‘L-4374’ breeding popula-
tion. This population was then used to perform two cycles
of selections for seed weight per flower head (Aamlid and
Marum, unpublished data, 1998). The variety ‘Lasang’
was the result of this work while the ‘LoR k0733’ breeding
population was the outcome after one cycle of natural
selection for seed yield in ‘Lasang’. The low seed yields
of high-yielding and persistent varieties of tetraploid red
clover is a major problem in Norwegian and Swedish
forage production, and it has been questioned if this is due
to ineffective breeding methods or to non-optimal local-
ization of the tetraploid red clover seed production in the
two countries. Thus, the objectives of this paper were to
investigate (i) differences in seed yield between tetraploid
varieties developed by chromosome doubling of diploids
and varieties developed by crossing of tetraploids, (i) the
correlation between various seed yield components and seed
yield per hectare of tetraploid varieties, and (ii1) differences
in seed yield between Swedish and Norwegian tetraploid
varieties grown in various environments.

MATERIALS AND METHODS

Experimental Sites

Field trials with Swedish and Norwegian tetraploid red clover
populations were established in 2011 (Exp. 1) and in 2012
(Exp. 2) and harvested in 2012 and 2013, respectively. Detailed
descriptions of the varieties are presented in Table 1. Exp. 1
was conducted at four locations: Landvik (58.34° N, 08.52°
E; 10 m.a.s.l.) and Bjerke (61.22° N, 20.42° E; 147 m.a.s.l) in
Norway, and Svalof (55.56° N, 13.06° E; 70 m.a.s.l.) and Linnis
(63.09° N, 17.39° E; 26 m.a.s.l.) in Sweden. Exp. 2 was con-
ducted only at Landvik and Bjerke. The soil type at all locations
was silty loam (Orthic Humic Gleysols at Landvik [Hole and
Solbakken, 1986] and Haplic Phaecozems at Bjorke [E. Solbak-
ken, personal communication, 2015]; no available information
for Svalov and Linnis).

All trials in both years were sown with 5 kg seed ha™'. In
the first year of study (Exp. 1), crops were sown at the four
locations Landvik, Bjorke, Svalov, and Linnis on 22, 29, 5,
and 13 June and harvested on 6 Sept., 1 Oct., 6 Sept., and 11
Oct., respectively. In the second year of study (Exp. 2), crops
were sown at Landvik and Bjerke on 11 and 21 June and har-
vested on 13 and 5 Sept., respectively. On average for the last
decade, red clover seed yields at the four experimental sites have
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Table 1. Description of tetraploid red clover populations used in the seed production experiments.

Country Year of Breeding
of origin  Population approval Population description Population background Exp.f method}
Norway Tripo’ 1964 First Norwegian tretraploid (4x) No available information. 1,2 D
variety. No longer in commercial
production (Vestad, 1990).
‘Reipo’ 2002 Low winter hardiness, high dry Developed after one and five selection 1,2 C
matter yield, middle late, good cycles (SC) for seed yield and forage yield,
tolerance to diseases§ respectively, on 3600 single tetraploid
plants that belonged to nine unknown local
populations (Vestad, 1990).
‘Lavine’ 2007 Winter hardy variety that never Developed from doubling of ‘Kongsvoll-2x’ 1,2 D
came to the market due to low (a collection of several diploid populations
seed yield§ from mountainous areas in Norway).
‘-4374 Breeding Germplasm with improved seed Developed after two SC for vegetative 2 C
population yield resulting from selection for characters, four SC for high forage yield,
this trait (described earlier in the one SC for nematode resistance and two
present study). SC for high seed yield on 3600 single
tetraploid plants belonging to nine unknown
populations (Vestad, 1990; Aamlid and
Marum, unpublished data, 1998).
‘Lars’ 2012 More winter hardy than ‘Lasang’, A cross between 6 plants of the tetraploid 1 C
middle early, high dry matter yield  variety ‘Lone’ and 6 plants of the tetraploid
and good tolerance to diseases. A variety ‘Betty’. All plants were selected for
promising variety in Norway§ their competitive ability when grown with
timothy.
‘Lasang’ 2013 Winter hardy and persistent Developed from ‘L-4374" after two SC 1,2 C
variety with medium earliness, for high number of seeds per flower
high dry matter yield and good head (Aamlid and Marum, unpublished
tolerance to diseases. Not in data, 1998).
commercial production§
‘LoRKk0733’ Breeding No available information. Developed after one natural SC on ‘Lasang’. 2 C
population
Sweden ‘Betty’ 1992 Good winter hardiness and Developed from doubling the diploid variety 1,2 D
persistence with early flowering, ‘Bjursele’. There was no particular selection
has moderate dry matter yield, for higher seed yield in either ‘Bjursele’ or
used in northern Sweden§ ‘Betty’ (L. Ohlund, personal communication,
2015).
‘SW Nancy’ 2001 Middle late variety with good Developed from the crossings of 7 single 1,2 C
persistence, used in south plants of tetraploid ‘Fanny’. Plants were
Sweden (L. Ohlund, personal selected for high seed yield combined with
communication, 2015). good vegetative characters. Variety ‘Fanny’
was made by crossing a certain number
of plants selected for high nematode
resistance and high seed yield (L. Ohlund,
personal communication, 2015).
‘SW Torun’ 2002 Considerably late flowering and Developed from doubling the diploid variety 1,2 D
higher dry matter yield than ‘Jesper’. There was no particular selection for
‘Betty’. Used in north Sweden higher seed yield in Jesper’ or ‘SW Torun’ (L.
(L. Ohlund, personal Ohlund, personal communication, 2015).
communication, 2015).
‘Vicky’ 2009 Better persistence than other Developed from doubling diploid variety 1 C
varieties on the official variety list ‘Eva’. ‘Eva’ was selected for improved
in Sweden (L. Ohlund, personal persistency (L. Ohlund, personal
communication, 2015). communication, 2015).
‘SW RK1111”  Breeding No available information. Developed from breeding population ‘SW 1 C
population RK1057". Plants from ‘SW RK1051" were

established as polycross. Seeds harvested
from surviving plants after the second harvest
year were put together to form ‘SW RK1111’
(L. Ohlund, personal communication, 2015).

T Experiment that included the population.
I Tetraploid populations developed by crossing existing tetraploid plants (C) or by chromosome doubling of diploid plants (D).

§ Population described by the Norwegian official program for variety testing for red clover: 'Reipo' and 'Betty' in 2002, 'Lavine' in 2007, 'Lars' in 2012, and 'Lasang' in 2013;
Please contact the authors for additional source information.
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Table 2. Traits of red clover seed production.

Type of trait

Trait

Description

Seed yield and seed
yield components

Seed yield (SY)

Number of flower
heads at maximum
flowering (NoMax)

Seed vyield per flower
head (SYFH)

Thousand seed

All plots at each location were harvested at the same time with harvesters when the seeds were
considered ripe. After harvest, the seeds were dehulled and cleaned roughly at each location before
being sent to Landvik for final cleaning and laboratory analysis. Seed yields were corrected to 100%
purity and 12% seed moisture content.

In the spring of the harvesting year, a 0.75 x 0.75 m subplot within each plot was designated. Flower
heads were counted inside each subplot and numbers were converted to the number of flower
heads per m?.

50 randomly chosen ripe flower heads were collected from each plot just before harvest. Seeds
were threshed by hand, cleaned, weighed and the seed yield per flower head calculated.

100 seeds were randomly selected from the pure seed yield of each of the four blocks per
populations. The seeds were weighed and the thousand seed weight calculated.

Registered as the number of days after 31 May for the first five opened flower heads. The plots were

Percent of black flower heads with the upper peduncle completely dry before harvest.

Approximately 100 random flower heads in each plot were observed and classified as black/ripe,

weight (TSW)
Developmental Beginning of flower-
earliness ing (Dateb) observed every second to third day.
Maturity (Mat)
green/withered, or red/still flowering.
Seed quality Normal seedlings

100 randomly chosen seeds from each variety were incubated on a germination table at 20°C.

(NS) Normal seedlings were counted after 7 and 14 d.

Hard seeds (HS)

Percent of hard seeds was calculated according to International Rules for Seed Testing (Norwegian

Ministry of Agriculture and Food, 2015) after counting the normal seedlings.

been 350 kg ha™ for diploid and 200 kg ha™ for tetraploids at
Landvik; 280 kg ha™ for diploid and 150 kg ha™ for tetraploid
at Bjorke; and 320 kg ha™ for both diploids and tetraploids at
Svalov. There were no historical data for seed production of red
clover at Linnis.

Experimental Protocol

The experiments were established according to a randomized
complete block design with four blocks. The plot size was 1.5
X 6.6 m. The border plots of each block were seeded with the
tetraploid variety ‘Reipo’ in Norway (Bjerke and Landvik) in
both years, while the border plots of each block were seeded with
the tetraploid variety ‘Betty’ at Linnis and with the diploid red
clover variety ‘SW Ares’ at Svalov. Eight traits were quantified in
the two experiemnts to assess the seed production of red clover
poluations (Table 2).

Statistical Analysis

Analysis of variance was performed for each trial year using the
PROC GLM in SAS version 9.4 (SAS Institute, 2014). Populations
and locations were considered fixed effects, and block was a random
effect nested under location. Differences between mean values were
tested using the Ryan-Einot-Gabriel-Welsch multiple range test.
Differences between populations resulting from doubling of diploids
and populations resulting from crossing of tetraploids, and between
Norwegian and Swedish populations were tested using orthogonal
contrasts. For each trial year, correlation coefficients between all
trait values averaged across blocks and environments were calculated
using PROC CORR in SAS. The Population X Location (P X L)
interaction for seed yield was analyzed using the Eberhart and Russell
(1966) model of stability in the R package Plantbreeding (R-Forge,
2012), a software package in R for the analysis and visualization
of data from plant breeding and genetics experiments.

RESULTS

Experiment 1

Main Effect of Location

The effect of location was highly significant (P < 0.001)
for all traits. The highest seed yield (SY) was obtained at
Landvik (459 kg ha™) and the lowest was at Svalof (130 kg
ha™). Seed yield per flower head (SYFH) was significantly
higher (P <0.001) at Svalov (196 mg) compared to the other
three locations (Landvik, 145 mg; Bjerke, 141 mg; Linnis,
133 mg). The flowering period started earliest at Svaldv,
the most southern location. There was a 14 d difference in
the beginning of flowering (Date5) between the most
southern (Svalov) and the most northern location (Linnis).
The highest percentage of mature seed heads (Mat) at harvest
(88%), was registered at Svalov while this percentage was
significantly lower (P < 0.001) at Landvik and Bjoerke.
Only seeds from Svalov (92%) and Landvik (83%) met the
international certification requirement, based on OECD
and EEA regulations, of minimum 80% germination
including a maximum of 20% hard seeds (Norwegian
Ministry of Agriculture and Food, 2015).

Main Effect of Population

The effect of population was significant (P = 0.020) for
normal seedlings (NS) and highly significant (P < 0.001)
for the other traits, except for number of flower heads
at maximum flowering (NoMax) and hard seeds (HS).
The Norwegian varieties ‘Lasang’ and ‘Lars’ and the
Swedish variety ‘SW Nancy’ gave the highest SY, which
was significantly higher (P < 0.001) only from ‘Lavine’.
‘SW Nancy’ and ‘Lasang’ showed the highest SYFH
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Table 3. Mean values of seed production traits of each population of Norwegian and Swedish tetraploid red clover, mean

values for populations by country of origin, mean values for popoluations developed by chromosome doubling of diploids vs.

crossing of tetraploids, and the main effect of location on seed production traits (Exp. 1).

Breeding
Population Origin method Syt NoMax SYFH TSW Date5 Mat NS HS
kg ha™ No. m= mg d %

Lasang Nt C§ 305 af 540 a 174 a 3014 bc 41 bc 63 bc 54 ab 27 a
Lars N C 291 a 545 a 163 ab 2858 d 43 ab 68 abc 57 ab 26 a
Reipo N C 275 ab 521 a 152 ab 2967 cd 42 ab 62 bc 54 ab 29a
Tripo N D 257 ab 487 a 147 b 2935 cd 44 a 56 ¢ 52 b 27 a
Lavine N D 227 b 515a 123 ¢ 2891 cd 40 cd 72 ab 56 ab 29a
SW Nancy S C 300 a 569 a 176 a 3024 bc 38 de 67 abc 53 ab 30a
Vicky S D 281 ab 519a 152 ab 3193 a 36 fg 68 abc 60 a 26 a
Betty S D 280 ab 533 a 151 ab 2916 cd 359 75a 58 ab 28 a
SW RK1111 S C 274 ab 525 a 161 ab 3106 ab 37 ef 63 abc 57 ab 24 a
SW Torun S D 251 ab 458 a 139 bc 2917 cd 40 cd 65 abc 55 ab 28 a
Norwegian N 272 a 522 a 158 a 2962 a 41 a 64 a 55a 27 a
Swedish S 278 a 520 a 154 a 3013 a 37b 69 b 56 a 28 a
Doubled D 259 a 502 a 142 a 2971 a 39 a 67 a 56 a 28 a
Crossed C 289 b 540 b 165 b 2994 a 40b 65 a 55a 27 a
Landvik 459 a 1113 a 145b 2772 ¢ 39b 58 b 63 b 23b
Bjorke 291 b 259 ¢ 141b 3113 a 40b 52 b 33d 55a
Lannas 215¢ 481 b 133b 2920 b 47 a - 54 ¢ 10c
Svalév 130d 232¢c 196 a 3123 a 33¢c 88a 72 a 23 b
F,, (P xL) 2.49** 1.29 1.37 0.86 2.12%* 2,71 1.37 0.99

** Significant at the 0.01 probability level.

1 SY, seed yield; NoMax, number of flower heads at maximum flowering; SYFH, seed yield per flower head; TSW, thousand seed weight; Date5, beginning of flowering;
Mat, percent of mature seeds at harvest; NS, percent of normal seeds; HS, percent of hard seeds.

1 N, Norway; S, Sweden.

§ C, variety developed by crossing of existing tetraploid plants; D, variety developed by chromosome doubling of diploid plants.
1] Within each column and by population, country of origin, breeding method, or location, means followed by the same letter are not significantly different at the 0.05 level.

significantly different (P <0.001) from “Tripo’, ‘Lavine’ and
‘SW Torun’. The population that started flowering earliest
was ‘Betty, it flowered 35 d after 31 May, while “Tripo’
flowered last, 9 d after ‘Betty’. The Swedish populations
started to flower 4 d earlier than Norwegian populations.
SY, NoMax and SYFH were significantly higher
(P < 0.001, P = 0.020 and P < 0.001, respectively) in
populations developed by crossing of existing tetraploids
than in populations developed by chromosome doubling
of diploids (Table 3).

When trait values for each variety were averaged across
locations, SY was highly positively correlated (r = 0.956,
P < 0.001) with SYFH, and less strongly correlated, but
still significant (P = 0.023) with NoMax (r = 0.701).

Population x Location Interaction
The P X L interaction was significant (P < 0.01) for Date5 and
highly significant (P < 0.001) for SY and Mat, but not for the

other traits (Table 3). The average SY of the varieties at the
four locations is presented in Table 4, and the results of the
analysis of variance (regression analysis) of the P X L interaction
for seed yield in Tables 5 and 6. The general interpretation of
the stability parameters estimated by the Eberhart and Russell
(1966) regression method is that the most optimal variety has a
high mean yield across locations, a regression coefticient (bij) of
1.0 indicating predictable performance across environments,
and smallest possible deviations (sdl.j) from regression (stability).
In the present analysis, the regression coefficient, b,, ranged
from 0.65 for ‘SW Torun’ to 1.27 for ‘SW Nancy’ (Table 6);
however, these coeflicients were not significantly different as
evident from the nonsignificant linear variance component of
P X L (Table 5). The deviations from regression were signifi-
cant (P <0.01, Table 5) and the three varieties ‘Reipo’, ‘Lavine’
and ‘SW Torun’ had significant deviations from regression and
were thus unstable (Table 5).
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Table 4. Mean seed yield of tetraploid populations of red
clover at four locations in Norway and Sweden and overall
averages by population and location (Exp. 1).

Norway Sweden
Population Bjerke Landvik Lénnds Svalév Average
kg ha™
Lasang 290 525 268 140 305
Lars 310 513 218 128 291
Reipo 333 438 183 155 275
Tripo 260 475 165 125 257
Lavine 195 380 228 105 227
SW Nancy 295 548 215 138 300
Vicky 275 465 263 128 281
Betty 320 463 210 128 280
SW RK1111 310 445 200 143 274
SW Torun 323 343 210 128 251
Average 291 459 215 130 274

Experiment 2

Main Effect of Location

The effect of location was significant (P < 0.05) for
SYFH and Mat and highly significant (P < 0.001) for the
remaining traits considered in this study (Table 7).

In contrast to 2012, in 2013 SY was higher at Bjorke
than at Landvik. At Bjorke, flowering started 4 d earlier.
The percentage of NS was higher at Landvik while the
percentage of HS was higher at Bjorke.

Main Effect of Population
The effect of population was highly significant (P <0.001)
for SY, thousand seed weight (TSW), Date5, and for Mat,
significant (P < 0.01) for SYFH and significant (P < 0.05)
for percent HS level (Table 7).

‘SW Nancy’ had the highest SY in 2013, together
with ‘LeRk0733’. SYFH was highest in ‘LoRk0733" and
significantly higher (P < 0.001) than in ‘SW Torun’ and
‘Lavine’. SYFH was the only significant (P < 0.001) trait
positively correlated (r = 0.977) with the SY. TSW was
significantly higher in ‘Lasang’ than in all other populations
in the experiment. The population with the earliest Date5
was ‘Betty’, while ‘Reipo’ was 7 d later than ‘Betty’. ‘Betty’
had the highest Mat at harvest, together with ‘Lasang’ and
‘LoRk0733. “Tripo’ had the lowest Mat (65%) but this was
significantly lower (P < 0.001) only when compared to
‘Betty” and ‘Lasang’. ‘Reipo’ had the highest percentage of
NS (58%) but was significantly different (P < 0.05) only
from ‘Betty’, which had the lowest percentage of 46%. The
percentage of HS was significantly higher in ‘Betty’ (P < 0.01)
compared to ‘Reipo’, ‘L-4374" and ‘SW Torun’.

Table 5. Analysis of variance of average seed yield of tetra-
ploid populations of red clover at four locations (Env) in
Norway and Sweden (Exp. 1) to estimate phenotypic stability
parameters according to the method used by Eberhart and
Russell (1966).

Source df MS F Pr>F
Total 39 165.20
Population 9 22.80 2.05 0.09
Location + 30 207.90
(Population x Env)
Location (linear) 1 5830.50
Population x Location 9 20.50 1.84 012
(lineant
Pooled deviationt 20 1110 2.02 0.01**
Lasang 2 10.50 1.91 0.15
Lars 2 0.30 0.05 0.95
Reipo 2 17.20 313 0.05*
Tripo 2 9.20 1.67 0.19
Lavine 2 21.70 3.96 0.02*
SW Nancy 2 6.50 119 0.31
Vicky 2 11.00 2.00 0.14
Betty 2 3.50 0.64 0.53
SW RK1111 2 3.90 0.71 0.49
SW Torun 2 27.30 4.96 0.01*
Pooled error 120 5.50

* Significant at the 0.05 probability level.

** Significant at the 0.01 probability level.

T Tested against the pooled deviation mean square.
I Tested against the pooled error mean square.

Table 6. Stability parameters estimated for seed yield of tetra-
ploid populations of red clover at four locations in Norway
and Sweden.

Breeding

Population  Origint  methodt b;§ sd;1
Lasang N C 1.14 4.40
Lars C 1.18 -5.84
Reipo N C 0.92 1111
Tripo N D 1.1 3.06
Lavine N D 0.77 15.63*
SW Nancy S C 1.27 0.43
Vicky S D 0.98 4.88
Betty S D 1.038 -2.57
SW RK1111 S C 0.95 -2.19
SW Torun S D 0.65 2115

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
1 N, Norway; S, Sweden.

I C, variety developed by crossing of existing tetraploid plants; D, variety developed
by chromosome doubling of diploid plants.

§ Regression coefficients resulting from the regression of seed yield of each variety
on the environmental index.

9 Deviation from regression on the environmental index.
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Table 7. Mean values of seed production traits of each population of Norwegian and Swedish tetraploid red clover, mean
values for populations by country of origin, mean values for populations developed by chromosome doubling of diploids vs.
crossing of tetraploids, and the main effect of location on seed production traits (Exp. 2).

Breeding
Population Origin  Method SYt NoMax SYFH TSW Date5 Mat NS HS
kg ha™ No. m~ mg d %

Tripo Nt D§ 540 efq] 539 a 170 ab 2924 be 57 a 65¢c 52 ab 36 ab
Reipo N C 566 def 617 a 178 ab 2855 ¢ 58 a 73 bc 58a 31b
Lavine N D 424 g 574 a 140 ¢ 2881 bc 53 b 77 abc 51 ab 36 ab
L-4374 N C 616 bcd 617 a 182 ab 2846 ¢ 54 b 74 be 55 ab 31b
Lasang N C 624 bc 579 a 185 ab 3033 a 53b 81 ab 51 ab 37 ab
LoRk0733 N C 665 ab 629 a 191a 2955 b 57 a 76 abc 48 ab 38 ab
Betty S D 576 cde 538 a 170 ab 2845 ¢ 48 ¢ 86 a 46 b 44 a
SW Torun S D 516 f 562 a 169 b 2956 b 52 b 73 bc 54 ab 32b
SW Nancy S C 691 a 574 a 177 ab 2948 b 54 b 70 bc 51 ab 38 ab
Norwegian N 568 a 600 a 174 a 2913 a 38 a 75 a 53 a 35a
Swedish S 579 a 551 a 172 a 2921 a 35b 76 a 51 a 37 a
Doubled D 504 a 554 a 162 a 2904 a 36 a 75a 51 a 35a
Crossed C 612 b 603 b 181 b 2912 b 38b 75 a 52 a 35a
Landvik 348 b 823 a 177 a 2881 a 39a 77 a 62 a 19b
Bjorke 794 a 339b 170 a 2951 a 35b 73 a 42 b 52 a
Fg(PxL) 6.08*** 1.25 1.31 6.84*** 1.00 0.68 0.80 2.00

*** Significant at the 0.001 probability level.

1 8Y, seed yield; NoMax, number of flower heads at maximum flowering; SYFH, seed yield per flower head; TSW, thousand seed weight; Date5, beginning of flowering;
Mat, percent of mature seeds at harvest; NS, percent of normal seeds; HS, percent of hard seeds.

1 N, Norway; S, Sweden.

§ C, variety developed by crossing of existing tetraploid plants; D, variety developed by chromosome doubling of diploid plants.
9] Within each column and by population, country of origin, breeding method, or location, means followed by the same letter are not significantly different at the 0.05 level.

Population x Location Interaction

The P X L interaction was highly significant (P <0.001) for
SY and TSW (Table 7). The ranking of populations as with
regard to differences in SY was similar at both locations;
therefore, the P X L interaction was not analyzed further.

DISCUSSION

Development Method: Doubling of Diploids
vs. Crossing of Tetraploids

Tetraploid red clover populations made by crossing of
tetraploids produced higher SY compared to those made
by doubling of diploids. This finding is of interest for plant
breeders who work with tetraploid red clover to improve
SY. Low SY in newly produced tetraploids encouraged
researchers to develop ways to enhance seed yield in future
varieties. Picard and Berthaut (1966) and Julén (1954)
suggested selection for higher SY at the diploid level as a
means to improve SY in tetraploid red clover. Tetraploid
populations in our study, denoted as doubled, originated
from diploid varieties that were not deliberately selected

for high SY. For that reason, the former suggestion could
not be tested here. In their first seed yield trials with tetra-
ploid red clover, Julén (1954), Pandey (1955), Eskilsson
(1963), Sjodin (1981) and Vestad (1990) observed higher
SY in tetraploids after several years of seed multiplication
and selection for higher SY. The suggested explanation
is that in raw tetraploids (first generations after doubling)
multivalent formations occur in meiosis that could affect
the fertility of tetraploids. In later generations, however,
the frequency of multivalent formations is reduced in
favor of bivalents, which affect seed formation in a positive
way (Julén, 1954; Wexelsen and Vestad, 1954; Bragde-
Aas, 1970; Jauhar, 1970). Pandey (1955) studied colchicine
derived tetraploids and detected collapsed endosperms in
many ovules and degeneration of many ovules after
reaching the cell formation stage. However, there was a
large variation between different tetraploid plants, which
suggests that selection for higher SY could increase the
total SY per plant.
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Seed Yield by Country of Origin

Our results show that, in Norway, there is a potential for
higher SY in tetraploid red clover compared to achieve-
ments under practical seed production. Differences in SY
between experimental fields and practical conditions were
especially prominent at Norwegian locations where this
difference varied between 43% and 289% in favor of the
experimental fields (Felleskjopet Agri and Strand Unikorn
[Norwegian seed company|, personal communication,
2015). SY is often higher in experimental trials compared
to commercial seed production fields (Boelt and Gislum,
2011). Perhaps this could be due to the smaller size of
experimental fields, which allows more optimal harvesting
time and better pollinating conditions. In addition,
harvesters designed especially for experimental fields
could help reduce the loss of seeds. Among locations
where our experiments were conducted, Svalov should
normally have the most favorable climatic conditions for seed
production. The results, however, showed the lowest SY
at Svalov. A possible explanation could be that the border
plots in the trial at Svalév were seeded with the diploid red
clover ‘SW Ares’, instead of a tetraploid variety. Diploid
red clover has on average shorter corolla tube that might
render them more attractive to pollinators than tetraploid
red clover. A study by Vleugels et al. (2015) concluded
that the length of corolla tube is most probably not one
of the reasons for lower seed set in tetraploids. Presence
of haploid pollen in a tetraploid field can, if involved in
successful fertilization, lead to triploid embryo that often
collapse after a short period (Julén, 1950). That Svalov had
the highest SYFH does not support this theory. Another
reason for seed loss may be the intensive seed cleaning at
Svalov, as the amount of husks before the final cleaning
of seeds was relatively low compared to the other three
locations. Delayed harvest due to high and continuous
precipitation could have negatively affected SY and NS
at Linnds. The percentage of HS is usually high when
the harvesting conditions are unfavorable (Rolston, 1978).
Results, however, show the lowest percentage of HS
at Lannas.

According to statistics from Norwegian and Swedish
seed companies, tetraploid red clover has higher seed
yields in Sweden (225 kg ha™, I. Andersson, personal
communication, 2015) compared to Norway (164 kg ha™).
Results from our trials did not indicate significant
differences in SY between populations from the two
countries. However, the Swedish populations started to
flower earlier than Norwegians populations. Norwegian
materials belong to the late type of red clover when follow-
ing the Swedish classification into early, middle late and
late types of plant development (Jetne, 1973). The only
exception 1s ‘Lavine’ that develops relatively early and
originates from a wild-type of diploid red clover. Wild
red clovers in Norway and Sweden generally flower very

early. Three of the Swedish populations (‘SW Nancy’,
‘Vicky’ and ‘SW RK1111°) belong to middle to late types
of red clover, while ‘Betty’ is early due to its diploid ancestor
‘Bjursele’, which is a wild-type of red clover.

Population x Location Interaction

The P X L interaction for SY was highly significant in
both experiments, indicating that different environments
are suitable for seed production of different varieties.
The variation in SY between populations was highest at
Landvik in 2012, which indicates that the choice of variety
is more important at locations with favorable climatic
conditions. However, in 2013 the variation in SY between
populations was highest at Bjorke, which this year had
more optimal weather conditions than Landvik. It may
have been the ice coverage in spring 2013 at Landvik that
delayed not only the start of the growing period but also
the start of lowering, and most probably reduced the seed
yield compared to Bjerke.

Seed companies prefer to produce one or a few
high yielding and stable varieties of crops, therefore the
phenotypic stability of seed yield across the intended area
of cultivation of the varieties is important. The regression
analysis of P X L for seed yield showed that the highest
yielding varieties, i.e., ‘Lasang’, ‘SW Nancy’ and ‘Lars’,
behaved very similarly; they had above-average yield
responses to the environment (although not significantly
different from the others), and their deviation from
regression is not significantly different from zero. These
three varieties have all been bred by crossing existing
tetraploids, and their good stability across the environments
used in this study, in addition to their high yield capacity,
lends further support to the general finding in this study
that tetraploid varieties made in this way are most useful.

Selection for Higher Seed Yield

SYFH was the seed yield component with highest
correlation with total seed yield. This information is
important for the breeders working to improve SY in red
clover. Previously, several studies found that the number
of flower heads per plant (Taylor and Quesenberry, 1996;
Montardo et al., 2003; Hermann et al., 2006; Malengier
and Baert, 2007) and seed number per plant (Hermann et
al., 2006) had the largest effect on SY per plant. However,
these earlier studies were based on single plants, with the
exception of Taylor and Quesenberry (1996). SYFH was
only investigated by Hermann et al. (2006), who did not
find a strong correlation between this component and SY
per plant. Our results indicated significant correlation
between SY and the number of flower heads per square
meter; however, we found this component less suitable
in practical breeding compared to SYFH. There is also a
possible discrepancy in the registrations of the NoMax at
different experimental sites. In our results, Landvik had
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the highest NoMax, which is probably due to subjective
assessment of the maximum flowering date and the fact
that both the open and closed flower heads were counted
at Landvik while only the open flowers were counted at
the other three locations. We should have used Growing
Degree Days to determine the date for counting the
NoMax at all locations more objectively. Growing
Degree Days would also be helpful in defining the
optimal harvesting time.

Aamlid (unpublished data, 1998)
performed two cycles of selection for higher SYFH on
the ‘L-4374" population (spaced plants). Results from Exp.
2 in the present study indicated a tendency to improved
SY and SYFH from the selection within the ‘L-4374
population to generate ‘Lasang’, and the selection within
‘Lasang’ to generate ‘LoRk0733, but these differences
were not significant (Table 7). The best performing Swedish
variety, regarding SY, was ‘SW Nancy’ that has been made
by crosses between tetraploids selected for high SY.

and Marum

Future Perspectives
We believe that red clover researchers should continue to
pursue tetraploid red clover varieties. Tetraploid varieties
of red clover in this study produced acceptable SY in
experimental trials but in a lesser degree in commercial
seed production fields. More stable SY across locations
and years is necessary to make tetraploid varieties more
popular for seed companies. For Norwegian farmers, an
increased profit from higher quality forage yields and a
reduced need for nitrogen fertilization would exceed the
additional costs of higher seed price of tetraploid red clover
(Marum, 2006). Observed SY variation among tetraploid
red clover germplasm supports the notion of improving
SY through selection. Locations with optimal and stable
climate, improved harvesting equipment, updated knowl-
edge on harvesting conditions and cleaning the seed could
contribute to increased and more stable SY.

To validate the results from this study we need additional
SY trials with material with familiar background. We would
also like to investigate how the genetic diversity of tetra-
ploids is changing over time with respect to the chemical
development of tetraploids vs. crossing of tetraploids.
Plant breeders perform selection for higher seed yield in
both single plant and field trials. Our next step will be to
compare results from the present study with the results
from single plant trials on the same tetraploid populations
to identify the best way to select for higher SY.

CONCLUSIONS

Tetraploid populations, in this study made by crossings of
existing tetraploids, gave higher SY compared to populations
made by doubling the chromosome number. SYFH was the
seed yield component with highest correlation with the
total SY. This research has shown that there is a potential for

higher SY of tetraploid red clover varieties in Norway and
that Swedish populations were earlier than the Norwegian
populations, but without significant differences in SY.
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RESEARCH

Seed Yield Components in Single Plants
of Diverse Scandinavian Tetraploid
Red Clover Populations (Trifolium pratense 1.)

Helga Amdahl, Trygve S. Aamlid, Petter Marum, Ashild Ergon, Muath Alsheikh* and Odd Arne Rognli

ABSTRACT
Satisfactory seed yield of red clover (Trifolium
pratense L.) cultivars is crucial for the availabil-
ity of seeds on the market. Many breeders and
researchers have used seed yield components
to measure, compare, and explain differences
in seed yield between diploid and tetraploid red
clover cultivars and populations; however, the
relative importance of each component varies
between studies. In 2011 and 2012, single-plant
trials with several tetraploid and one diploid red
clover cultivar were established at the Norwe-
gian plant breeding station in Bjerke. The goal
was to study the impact of different seed-yield
components on the seed yield of tetraploid
plants. Seed weight per flower head was the
seed-yield component that correlated best with
the seed yield plant” (r = 0.91 and r = 0.68 in
2011 and 2012, respectively). Path coefficient
analysis has also shown that the seed weight
per flower head had the highest direct impact
on seed yield plant™ (direct path coefficients
were 0.867 and 0.783 in 2011 and 2012, respec-
tively). In comparison, the direct path coeffi-
cients for calculated number of flower heads,
which was previously highlighted as the most
important seed-yield component, were lower
and more variable (0.739 and 0.392 in 2011 and
2012, respectively). Since previously seed yield
per flower head was also identified as the most
important seed-yield component in dense plant
canopy, this component might have the poten-
tial to select for improved seed yield of new cul-
tivars based on single plants. However, further
studies are required to confirm this conclusion.

H. Amdahl, M. Alsheikh, and P. Marum, Graminor Breeding Ltd.,
Hommelstadvegen 60, NO-2322, Ridabu, Norway; T.S. Aamlid,
Norwegian Inst. of Bioeconomy Research, Dep. of Urban Greening and
Environmental Engineering, Landvik Research Centre, Reddalsveien
215, NO-4886 Grimstad, Norway; H. Amdahl, M. Alsheikh, A.
Ergon, and O.A. Rognli, Norwegian Univ. of Life Sciences, Dep. of
Plant Sciences, P.O. Box 5003, N1432 Aas, Norway. Received 11 May
2016. Accepted 2 Aug. 2016. *Corresponding author (muath.alsheikh@
graminor.no). Assigned to Associate Editor Heathcliffe Ridlay.

Abbreviations: CalFH, calculated number of flower heads; Corolla,
length of the corolla tube; CountFH, counted number of flower heads
plant™; FERT, Fertility; FFH, number of florets per flower head;
FH197, number of flower heads by 19 July; SF, number of seeds floret™';
SFH, seed number per flower head; SYFH, seed yield per flower head;
SYP, seed yield plant™!; TSW, thousand-seed weight.

ED CLOVER (TRIFOLIUM PRATENSE L.) is one of the most
widely grown forage legumes in temperate areas, together
with alfalfa (Medicago sativa L.) and white clover (Trifolium repens
L.) (Boller et al., 2010). Red clover is cultivated in mixtures with
grasses on approximately four million hectares worldwide (Isobe
et al., 2014). Red clover in grass mixtures is important because its
nitrogen-fixing ability, through symbiosis with Rhizobium legumi-
nosarum biovar trifolii, reduces the need for nitrogen (N) input in
tertilizers (Taylor and Quesenberry, 1996). Additionally, high con-
tent of crude protein and polyunsaturated fatty acids in red clover
makes this species a popular component of legume-grass mixtures
(Taylor and Quesenberry, 1996; Lee et al., 2009). Moreover, the
high content of polyphenol oxidase (PPO) in red clover slows down
the degradation of proteins in silage and thus reduces N losses from
plant tissues (Lee et al., 2004; Sullivan and Hatfield, 2006).
Forage legume cultivars often produce low seed yields or seeds
of low viability. Both diploid and tetraploid red clover cultivars
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are on the market, and satisfactory seed yields are cru-
cial for seeds of new cultivars to be available for farmers
(Sleper and Poehlman, 2006; Boelt et al., 2015). Tetra-
ploid plants have larger leaves and flower heads, thicker
stems, and are generally taller compared with diploid
plants. Because of these properties, tetraploid cultivars
normally produce higher forage yields than diploid cul-
tivars. On the other hand, tetraploid red clover cultivars
usually produce lower seed yields than diploid culti-
vars (Julén, 1975; Sjodin and Ellerstrom, 1986; Taylor
and Quesenberry, 1996). In Norway, the seed yield of
diploid red clover has also decreased from 1995 until
2005 (Aamlid, 2006; Havstad and Aamlid, 2015). The
same tendency has also occurred in Denmark (B. Boelt,
personal communication, 2016). Sufficient seed-yield-
ing ability is considered as important as herbage-yield
capacity in red clover breeding programs (Boelt et al.,
2015). However, simultaneous breeding for forage and
seed yield can represent a challenge, since these two
traits are usually negatively correlated (Clifford and
Baird, 1993; Steiner et al., 1997; VasiljeviK et al., 2000;
Herrmann et al., 2006; Sleper and Poehlman, 2006).
Proposed reasons for lower seed set of tetraploid cul-
tivars are: (i) low pollination efficiency due to a long
corolla that which makes tetraploids less attractive for
pollinators (Julén, 1954; Wexelsen and Vestad, 1954;
Valle, 1961; Dennis, 1975); (ii) prefertilization problems,
e.g., irregularities in the development of ovules and
pollen grains due to the formation of aneuploid gametes
(Julén, 1954; Povilaitis and Boyes, 1956; Bragde-Aas,
1970); and (i11) postfertilization problems, e.g., irregu-
larities during the development of seeds (Julén, 1954;
Wexelsen and Vestad, 1954; Pandey, 1955; Bragdo-Aas,
1970; Buyiikkartal, 2003; Boelt et al., 2015).

Many breeders and researchers have used seed-yield
components to measure, compare, and explain differ-
ences in seed yield between diploid and tetraploid red
clover populations and cultivars (Julén, 1954; Wexelsen
and Vestad, 1954; Dennis, 1975; Vleugels et al., 2015b,
2016; Amdahl et al., 2016). Components that determine
seed yield in red clover can be classified as primary
components, i.e., the number of flower heads per unit
area (sometimes recorded as number of flower heads
plant™ or shoot™), the number of florets per flower
head, the number of seeds floret™, and weight seed™!
(often recorded as thousand-seed weight). In addition,
there are secondary or composed components, i.e.,
seed number per flower head and seed yield per flower
head. Seed yield is a result of different inter- and intra-
plant processes that are taking place during seed crop
development, in combination with biotic and abiotic
environmental factors. These dynamic processes influ-
ence assimilate partitioning, and thus the contribution
of each seed-yield component to the total seed yield

(Fairey and Hampton, 1997). It is common to mea-
sure seed yield components on single plants since they
are more practical and cheaper to handle compared with
dense canopy. However, genotypes may differ in their
response to competition in a dense plant canopy com-
pared with single plants (Fairey and Hampton, 1997).
In alfalfa, there was a poor correlation between seed
yield plant™ and seed yield in dense canopy (Annic-
chiarico, 2006). On the other hand, a relatively higher
correlation was observed for seed yield between spaced
plants and dense swards in white clover (Annicchiarico
and Piano, 2000). There is limited information on the
efficacy of increasing seed yield by selecting spaced
plants using different seed-yield components, compared
with selection in dense stands of red clover.

Clifford and Baird (1993) identified the number of
inflorescences plant™ as the most important seed-yield
component in single plants of white clover. The same com-
ponent was found to have the highest impact on seed yield
in single plants of birdsfoot trefoil (Lofus corniculatus L.; Li
and Hill, 1989). Montardo et al. (2003) performed a path
coeficient analysis, which also showed that the number of
flower heads plant™ in diploid red clover had the great-
est correlation with the seed yield through its direct effect.
Herrmann et al. (2006) and Malengier and Baert (2007)
found high correlations between the number of flower
heads plant™ and seed yield plant™ in single plants of dip-
loid and tetraploid red clover. Even for a dense canopy,
Taylor and Quesenberry (1996) stated that it is the number
of flower heads per unit area, rather than the seed number
per flower head, that mostly influence the total seed yield.
Conversely, Oliva et al. (1994) identified the seed number
per flower head to have the highest direct effect on seed
yield in a dense stand of diploid red clover. A recent study
by Vleugels et al. (2016) highlighted that while both the
number of mature flower heads plant™ and the number of
seeds per mature flower head are explanatory traits for seed
yield plant™, the seed yield for diploids is most dependent
on the number of mature flower heads, and for tetraploids,
the number of seeds per mature flower head.

The main objective of the present paper was to study
differences in seed-yield components in single plants of
low and high seed-yielding tetraploid cultivars to iden-
tify the most efficient component to be used in selection
for improved seed yield. To achieve this objective, in
experiment one, we examined which components con-
tributed the most to seed yield improvement of the
Norwegian tetraploid material from the first cultivar
‘Tripo’ (approved in 1964), to one of the most recent
cultivars ‘Lasang’ (approved 2013). In experiment two,
our material was further expanded to include two tet-
raploid Norwegian/bréeding lines and three tetraploid
Swedish cultivars. Since diploid red clover usually gives
higher seed yields than the tetraploids, the diploid cultivar
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‘Lea, which currently comprises about 70% of Norwegian
seed production of red clover (Aamlid and Havstad, 2016),
was also included as an industry standard in both experiments.

This is the first study of seed-yield components in single
plants of Scandinavian tetraploid red clover cultivars. Path
coefhicient analysis (Li, 1975) had previously been used to
understand the direct and indirect effects of various seed-
yield components in diploid red clover (Oliva et al., 1994;
Montardo et al., 2003), but not for tetraploid cultivars. Since
we investigated the importance of different components for
seed yield ha™! of the same tetraploid cultivars and popula-
tions in a previous study (Amdahl et al., 2016), our objective
was also to verify those findings on single plants.

MATERIALS AND METHODS
Experimental Site and Plant Material

Two single-plant field experiments were established in 2011 at
the Graminor plant breeding station in Bjerke, Norway (61°22’
N, 20°42" E). Cultivars used in experiment one were ‘Tripo’
(4x), ‘Lasang’ (4x), and ‘Lea’ (2%). The old cultivar “Tripo’ and
the new cultivar ‘Lasang’ were selected to represent Norwe-
gian tetraploids with low and high seed yields, respectively.
The most common cultivar in Norway, ‘Lea,” was selected as a
diploid industry standard. Experiment two also included Nor-
wegian breeding populations ‘L-4374" (4x) and ‘LoRk0733
(4x) and the Swedish cultivars ‘Betty’ (4X), ‘SWTorun’ (4x),
and ‘SWNancy’ (4X), in addition to the cultivars used in exper-
iment one. A description of all cultivars and their background is
available in Amdahl et al. (2016).

Experimental Protocol

Single plants for both experiments were raised in 13-cm diam-
eter pots in a greenhouse and transplanted into the field. For
experiment one, 60 plants of each cultivar were seeded in August
2010, stored at —3°C during the winter, and transplanted into the
field in May for seed production in 2011. For experiment two, 18
plants of each cultivar were seeded in May 2011 and transplanted
into the field in September for seed production in 2012. In both
experiments, a Partec CyFlow® Ploidy Analyser (Sysmex Europe
GmbH, Norderstedt, Germany) was used to confirm the ploidy
level of all plants before transplanting into the field.

In both experiments, the single plants of the two tetraploid
cultivars were planted in a completely randomized design, while
plants of the diploid cultivar ‘Lea’ were planted approximately
100 m from the nearest tetraploid plants to avoid formation of
triploids. Despite the 100-m distance, the soil and surrounding
vegetation were considered sufficiently uniform to allow a com-
parison of the tetraploids and the industrial diploid standard. The
distance between individual plants in both experiments was 1.5
m in both directions. To keep the plants upright during flower-
ing, and to facilitate the recording of seed-yield components, a
1 m high wire mesh cylinder, 60~em'in diameter, was placed
around each single plant at the stem elongation. The follow-
ing traits were observed and/or calculated (Table 1); number of
early flower heads by 19 July (FH197), total number of flower
heads (excluding buds) by early August (CountFH), calculated
number of flower heads (CalFH), number of florets per flower

head (FFH), length of the corolla tube (Corolla), seed number
per flower head (SFH), seed yield per flower head (SYFH),
thousand-seed weight (TSW), fertility (FERT), and seed yield
plant™ (SYP). Measured traits were limited to nine randomly
chosen plants per cultivar/population.

Statistical Analyses

Analyses of variance, including the tetraploids and the standard
diploid cultivar were performed using PROC GLM in SAS
version 9.4 (SAS Institute, 2014). Cultivars/populations were
considered as fixed effects in the one-way ANOVA fixed effect
model. Differences between mean values were tested using the
Ryan—Einot—Gabriel-Welsch multiple range test. Pearson corre-
lations between all the traits in tetraploid populations and for each
experiment were analyzed using the PROC CORR procedure
in SAS version 9.4. All correlations were based on mean values
per single plant (e.g., SNF component mean of 81 data points: 9
plants cultivar™' and 9 flower heads plant™). A path coefficient
analysis using the PROC REG procedure of SAS version 9.4
was performed to study the relative importance of the different
seed-yield components. Direct path coefficients (Li, 1975) were
estimated using multiple backward regression analysis, with SYP
as the dependent variable, and components that showed signifi-
cant correlations with SYP as regressors. The regression analysis
was performed on normalized trait values (mean = 0 and SD =
1). Indirect effects via different paths were calculated as the prod-
uct (3) of the respective phenotypic correlation coefficients (r)
and the associated direct path coefficients ((3).

RESULTS

Experiment One

The two tetraploid cultivars differed significantly from
each other (P < 0.001) regarding the start of flowering
(Table 2). Single plants of ‘Lasang’ had, on average, 188
open flower heads by 19 July, while ‘Tripo’ had only 91.
The diploid cultivar ‘Lea’ started to flower first and had
20% more FH197 compared with ‘Lasang’ and 60% more
than ‘“Tripo.

The CountFH was significantly higher by early
August (P < 0.01) in ‘Lasang’ than in ‘Tripo.” Half of
all the CountFH in ‘Lea’ and ‘Lasang’ emerged after 27
July, and even later in ‘“Tripo’ (Fig. 1). Despite the dif-
ferences in CountFH, however, there was no significant
difference (P = 0.237) between tetraploid cultivars in
CalFH. No significant difference (P = 0.243) in FFH
were detected, and ‘Tripo’ and ‘Lasang’ did not differ
significantly in either Corolla or SFH. ‘Lasang’ produced
29% on average, and ‘Tripo’ 46%, less SFH compared
with the diploid industrial standard, ‘Lea.” This was also
reflected in significantly higher FERT in ‘Lasang’ than
in ‘Tripo. ‘Tripo’ ‘and ‘Lasang’ had 50 and 28%lower
FERT, respectively, compared with the industrial dip-
loid standard. ‘Lasang’ had significantly higher (P <
0{05) SYEH/\(204.mg) than/{Tripo’.
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Table 1. Description of traits measured and calculated in the two experiments with single plants of diploid and tetraploid
red clover

Trait Description Experiment
Number of flower heads as of 19 Newly opened flower heads with visible red florets were labeled and counted every third day 192
July (FH197) from the start of flowering until 19 July to estimate earliness. ’
Counted number of flower heads In 2011, the counting and labeling of newly opened flower heads every third day continued until 1
plant™ (CountFH) 3 August on nine random plants per population.
Calculated number of flower heads The number of flower heads on the nine chosen plants population' was calculated by dividing 190
(CalFH) the seed yield plant-" with the average seed yield per flower head. ’
Number of florets per flower head Every third day during the flowering period, one flower head from each of the nine plants per
. ) 1,2
(FFH) population was cut and the number of florets was counted, regardless if they were open or not.
Length of the corolla tube (Corolla) After counting the number of florets per flower head, the corolla tube length of 25 randomly 190
chosen florets was measured (Fig. 2). ’
Seed number per flower head (SFH) At maturity in September, one flower head from each labelling date was harvested separately
from each of the nine plants population='. The seeds were threshed by hand, cleaned, and
counted.
Seed yield per flower head (SYFH) Weight of the seeds that had been counted to determine SFH. 1,2
Fertility (FERT) Maximum fertility is assumed as two, since the maximum number of ovule per floret is two. The 19
current fertility was then calculated by dividing SFH by FFH and expressed in percent. ’
Seed yield plant™ (SYP) Each plant was cut on 1 October, dried, threshed, cleaned, and the seed yield determined. 1,2

Table 2. Mean values and coefficients of variation (%, in parenthesis) of observed traits in two tetraploid cultivars, ‘Tripo’ and
‘Lasang,” and one diploid cultivar, ‘Lea,’” in experiment one. Mean values are based on single plants.

Comparison of all cultivars

Variety Traits
FH197t  CountFH CalFH FFH Corolla SFH SYFH TSW FERT SYP
mm mg g % g
Tripo 91bt (29.6) 598b (27.0) 472a(26.9) 150a(8.6) 11.6a(7.3) 48b (16.6) 142b(23.2) 2.91b(13.4)  16¢c(17.7)  69b (37.6)
Lasang 188a(30.8) 741a(13.1) 536a(14.7) 138a(16.7) 11.2a(6.0) 63b (33.3) 204a(33.8) 3.25a(11.4)  23p (29.8) 107a (31.8)
Lea (2x) 236a(31.8) 822a(16.8) 597a(29.6) 140a (17.1) 10.2b (3.6) 89a (27) 179ab (28.5) 2.04c (10.8) 329 (22.3) 108a(37.0)
P-value ok . ns. ns. . X ns. ok ok X

* Significant at the 0.05 probability level; ** significant at the 0.01 probability level; *** significant at the 0.001 probability level.

T FH197, number of flower heads by 19 July; CountFH, counted number of flower heads; CalFH, calculated number of flower heads; FFH, number of florets per flower head;
Corolla, length of corolla tube; SFH, number of seeds per flower head; SYFH, seed yield per flower head; TSW, thousand-seed weight; Fert, fertility; SYP, seed yield plant™

F Within column, means followed by different letter are significantly different at P < 0.05; NS, not significant.

900
- —-Lea -6~Lasang =Tripo
700
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Number of flower heads
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1 4 7 10 13 16 19 22 25 28 31 3

July August

Fig. 1. Cumulative curves for number of flower heads during the flowering season of two tetraploid red clover cultivars, ‘Lasang’ and
‘Tripo,” and one diploid cultivar, ‘Lea.’ The lines down to the x-axis represent the dates when 50% of flower heads were opened, while the
lines to the y-axis represents 50% of the total number of flower heads registered during the flowering period.
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Fig. 2. A red clover floret with indication of length of the corolla
tube (Corolla), as it was measured in the present study.

Correlation and Path Coefficient Analyses

Phenotypic correlation analysis on tetraploid plants
showed that SYFH (r = 0.91, P < 0.001), SFH (r = 0.85, P
< 0.001), and FERT (r = 0.83, P < 0.001) had the stron-
gest correlation with SYP (Table 3). Counted number
of flower heads plant™ (r = 0.64, P < 0.01) and CalFH
(r = 0.49, P < 0.05) were also correlated with the SYP.
Among the measured traits that were significantly cor-
related with the SYP, path coefficient analysis found only
SYFH (P < 0.001) and CalFH (P < 0.001) to have a direct
effect on SYP. The direct effect of SYFH on the SYP was
0.867, while the direct effect of CalFH was 0.392 (Table
4). Together, these two traits explained 98% of the total
phenotypic variation for SYP.

Experiment Two
The northern Swedish cultivar ‘Betty’ and the southern
Swedish cultivar ‘SW Nancy’ had the highest number
of heads in bloom by 19 July 2012 (Table 5). However,
‘Betty’ was only significantly earlier (P < 0.01) than
‘Tripo, ‘L-4374, and ‘LoRk0733. Tetraploids had, on
average, 0.8 mm longer corollas, 39% fewer lower heads,
23% higher SYFH, and 22% lower SYP than the diploid
reference, but the differences among tetraploid cultivars
were not significant for any of these characteristics.

The population ‘L-4374, consisting of 170 single-
plant families, was used by breeders to perform two cycles

Table 4. Path coefficients showing direct and indirect effects
of seed yield per flower head (SYFH) and calculated number
of flower heads (CalFH) on seed yield plant (SYP) in two
tetraploid red clover cultivars, ‘Tripo’ and ‘Lasang,” from
experiment one.

Indirect effect via

Direct Total correlation
Trait effectt SYFH CalFH with SYP
SYFH 0.867*** - 0.042 0.909
CalFH 0.392*** 0.094 - 0.486

*** Significant at the 0.001 probability level.
1 Residual effect = 0.019.

of selection for high SFH. This resulted in the cultivar
‘Lasang.” In the present study, ‘Lasang’ had higher SFH,
higher SYFH, higher FERT, and higher SYP compared
with ‘L-4374, without significant differences. ‘LoR k0733’
is a result of one natural selection cycle of ‘Lasang.” This
population had slightly higher SFH, SYFH, FERT, and
SYP compared with ‘Lasang,” Even though these difter-
ences were not significant, SYFH improved 38% and SYP
improved 25% from ‘L-4374" to ‘LoR k0733, indicating
an improvement in SYFH and SYP.

Correlation and Path Coefficient Analysis

When analyzing the tetraploid plants, SYFH, SFH,
CalFH, and FERT were highly correlated (P < 0.001)
with SYP (Table 6). Seed yield per flower head showed
the strongest correlation (r = 0.68, P < 0.001), while SFH,
CalFH, and FERT had correlations of 0.58 (P < 0.001),
0.57 (P < 0.001), and 0.53 (P < 0.001), respectively. The
path coeflicient analysis confirmed that SYFH was the
most important seed-yield component, having a direct
effect on SYP of 0.783 (P < 0.001). The other two traits
with significant effects on SYP were CalFH (0.739, P <
0.001) and Corolla (0.095, P < 0.01) (Table 7). Together,
these three components explained 95% of the pheno-
typic variation for SYP. The indirect eftects of CalFH via
SYFH and Corolla showed negative estimates, due to the
negative correlations between CalFH and these two traits.

Table 3. Phenotypic correlation coefficients between mean values for each of the measured traits in two tetraploid red clover
cultivars: ‘Tripo’ and ‘Lasang.” Mean values are based on single plants in experiment one.

Trait FH197t1 CountFH CalFH FFH Corolla SFH SYFH TSW FERT
CountFH 0.288 n.s.

CalFH 0.001 n.s 0.612**

FFH -0.827 n.s -0.213n.s —-0.554*

Corolla -0.391 n.s -0.212n.s -0.201 n.s 0.167 n.s

SFH 0.304 n.s 0.348.n.s 0.048 n.s 0.238.n.s 0.056 n.s

SYFH 0.360 n.s 0.448 n.s 0.110.n.s 0177 n.s 0.060n.s 0.952***

TSW 0.373n.s 0.499* 0.279n.s -0.174 n.s -0.208 n.s 0.081 n.s 0.370 n.s

FERT 0.444n.s 0.408 n.s 0.212n.s -0.176 n.s 0.038 n.s 0.903*** 0.869*** 0.103 n.s

SYP 0.271 ns 0.640** 0.487* -0.028 n.s 0.024 n.s 0.845** 0.910** 0.411 ns 0.827***

* Significant at the 0.05 probability level; ** significant at the 0.01 probability level; #**

significant’at the 0.0011 probabilitylevel,

1 FH197, number of flower heads by 19 July; CountFH, counted number of flower heads; CalFH, calculated number of flower heads; FFH, number of florets per flower head;
Corolla, length of corolla tube; SFH, number of seeds per flower head; SYFH, seed yield per flower head; TSW, thousand-seed weight; Fert, fertility; n.s., not significant;

SYP, seed yield plant.
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Table 5. Mean values and coefficients of variation (%, in parenthesis) for measured and calculated traits in seven tetraploid
cultivars/populations and one diploid red clover cultivar in experiment two. Mean values are based on single plants from
experiment two.

Comparison of all populations

Trait
Population FH197t CalFH FFH Corolla SFH SYFH TSW FERT SYP
mm mg g % g

Betty 137at (46.7) 420b (28.8) 153a(10.5) 9.6ab (3.1) 62a (25.8) 187a(28.3) 3.02a(33.8) 20ab (22.3) 78a (37.7)
SW Nancy 127ab (45.6)  427b (31.8) 162a (14.0)  9.4ab (5.7) 58a (29.5) 191a(26.7) 3.30a (9.4) 18ab (28.9) 80a (39.9)
SW Torun 77ab (45.4)  442b (26.7)  154a(17.5)  10.0a (6.1) 59a(18.3)  196a(17.9) 3.33a(9.4) 19ab (21.5) 87a (34.7)
Tripo 64b (40.2)  450b (26.0) 169a(17.9)  9.7ab (6.5) 66a (40.9) 216a(43.7) 3.24a(9.6) 19ab (36.5) 90a (35.0)
L-4374 66b (40.1)  465b (27.3) 150a (11.5)  10.0a (8.2) 51a (34.4) 172a(34.3)  3.40a (7.7) 17b (24.9) 80a (36.0)
Lasang 83ab (49.0) 426b (20.4)  163a(11.5) 9.9a (7.9) 70a (18.4) 227a (24.3)  3.26a(9.5) 22ab (18.8) 97a (33.9)
LoRKk0733 71b (76) 423b (37.6) 158a(12.4)  10.1a(8.6) 72a(28.6) 239a(32.3) 3.33a(13.2) 23ab(26.6) 100a (47.1)
Lea (2x) 104ab (41.2) 713a (29.9) 156a(16.8) 9.0b (3.7) 77a(30.7) 166a(33.9) 2.15b (9.1) 24a (19.6) 113a (30.5)
P-value > o n.s. > n.s. n.s. o * n.s.

* Significant at the 0.05 probability level; ** significant at the 0.01 probability level; *** significant at the 0.001 probability level.

T FH197, number of flower heads by 19 July; CalFH, calculated number of flower heads; FFH, number of florets per flower head; Corolla, length of corolla tube; SFH, number
of seeds per flower head; SYFH, seed yield per flower head; TSW, thousand-seed weight; Fert, fertility; SYP, seed yield plant-'.

I Within column, means followed by the different letter are significantly different at P < 0.05; n.s., not significant.

Table 6. Phenotypic correlation coefficients between mean values for each of the measured trait in two tetraploid red clover
cultivars: ‘Tripo’ and ‘Lasang.” Mean values are based on single plants from experiment two.

Trait FH197+ CalFH FFH Corolla SFH SYFH TSW FERT
CalFH 0.043 n.s

FFH -0.078 n.s -0.091 ns

Corolla -0.296* -0.355** 0.214 n.s

SFH 0.030n.s -0.246 n.s 0.427** 0.209 n.s

SYFH -0.075n.s -0174 n.s 0.446* 0.217 n.s 0.946**

TSW -0.010 n.s -0.134 n.s -0.183 n.s -0.105n.s -0.184 n.s —0.169NS

FERT 0.015n.s -0.197 n.s -0.015n.s 0.147 n.s 0.887*** 0.815*** -0.156 n.s

SYP -0.025 n.s 0.569*** 0.269* 0.003 n.s 0.580"** 0.676*** —-0.236NS 0.529***

* Significant at the 0.05 probability level; ** significant at the 0.01 probability level; *** significant at the 0.001 probability level.

T FH197, number of flower heads by 19 July; CountFH, counted number of flower heads; CalFH, calculated number of flower heads; FFH, number of florets per flower head;
Corolla, length of corolla tube; SFH, number of seeds per flower head; SYFH, seed yield per flower head; TSW, thousand-seed weight; Fert, fertility; n.s., not significant;
SYP, seed yield plant™.

DISCUSSION

Comparison of Seed-Yield Components

in Several Tetraploid Red Clover Cultivars

In experiment one, FH197, CountFH, SYFH, TSW,
and FERT were all significantly higher in ‘Lasang’

Table 7. Path coefficients showing direct and indirect effects
of calculated number of flower heads (CalFH), seed yield per
flower head (SYFH), and length of the corolla tube (Corolla)
on the seed yield plant-' (SYP) in seven tetraploid red clover
populations from experiment two.

Indirect effect via Total correlation

. . . Direct between trait and
compared with “Tripo.” In experiment two, SFH,  frait  effectt CalFH SYFH Corolla SYP
SYFH and FERT showed a tendency of being higher  caFH 0739 0136 -0.033 0.570
in cultivars that gave the highest SYP; however, these SYFH 0.783*** -0.128 - 0.020 0.675
differences were not significant. One explanation for Corolla 0.095* -0.262 0169 - 0.002

this discrepancy could be the weather, as the first part
of growing season was warmer and had more rain-
fall in 2011 than in 2012 (the mean temperature and
rainfall for May plus June were 12.2°C and 159 mm in
2011 versus 11.1°C and 93 mim'in 2012). This was‘also
reflected by more than twice as many flower heads per
plant at the first count on 19 July in 2011 than in 2012.
As evidenced in our dense plant canopy trials (Amdahl
et al., 2016), differences in seed yield between tetra-
ploid cultivars are likely to be more prominent under
optimal weather conditions.

** Significant at the 0.01 probability level; *** significant at the 0.001 probability level.
1 Residual effect = 0.050.

‘Lasang’ started to flower earlier than ‘Tripo’ in
experiment one. Steiner et al. (1997) stated that the most
important factor for high seed yield in western Oregon,
where the harvest took place at the beginning of Sep-
tember, is the number of flower heads at the end of July.
Qur results showed- that, at\the end of July, only half of
the total number of lower heads were open. Flower heads
that begin to flower during August have less of a chance to
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mature before harvesting, which takes place in September
in Norway. Thus, earlier flowering would be an expected
positive trait for seed yield. However, as long as flower-
ing started in July and the differences were not bigger
than presented in Tables 2 and 5, this trait did not have
a significant effect on the seed yield. This finding corre-
sponds well with the finding by Dennis (1975). Therefore,
we consider traits other than start of lowering to have a
stronger impact on seed yield.

The most important seed yield component
in tetraploids
Low seed yield in tetraploid red clover has been a chal-
lenge since the first tetraploid cultivars were developed.
For that reason, identifying the most efficient seed-yield
component(s) to use in selection for improved seed yield
is necessary. Seed yield per flower head (SYFH) was the
seed-yield component with the strongest correlation and
with the strongest direct effect on SYP in the present tet-
raploid material. Seed yield per flower head is a secondary
seed yield component consisting of FFH, number of seeds
per floret (FERT), and TSW. Our results did not indicate
that FFH is a limiting factor for seed yield in tetraploids,
since there was no difference between different tetraploid
cultivars for this trait. On the other hand, FERT was
significantly lower in the low seed-yielding ‘Tripo’ com-
pared with the higher seed-yielding ‘Lasang’ in the first
year (experiment one). In the study by Oliva et al. (1994),
SF (number of seeds floret™) was identified as the most
important component directly influencing SYP. Keeping
in mind that red clover has a maximum of two ovules
per floret™, it is obvious that the seed-yield potential is
not fully utilized. Reasons for this could be insufficient
pollination, deficient fertilization, and/or incomplete seed
development. Different utilization degree of the seed-
yield potential seems to distinguish between high and low
seed-yielding tetraploid red clover populations/cultivars.
In addition to SYFH, CalFH was also an important
seed-yield component in the present study. In most of the
earlier studies on the effect of different seed-yield compo-
nents, number of lower heads plant™! was pointed out as
a component most strongly correlated with SYP (Dennis,
1975; Herrmann et al., 2006; Malengier and Baert, 2007;
Vleugels et al., 2015b). Taylor and Quesenberry (1996) had
the same conclusion in dense plant canopy. In these stud-
ies, however, the number of flower heads was not counted
but calculated by dividing the SYP with the SYFH. Our
results showed that the calculation of the number of
flower heads overestimated the actual number of flower
heads plant™ in experiment one; this may also have been
the case in experiment two. This could mean that not all
of the flower heads counted by 3 August'2011) produced
mature seeds. Figure 1 shows that about 50% of flower
heads opened after 3 August 2011. Possible explanation

for overestimation of SYFH followed by underestimation
of CalFH could have been that we unintentionally har-
vested the biggest flower heads. However, flower heads for
determination of SYFH were harvested based on the date
on the label, and not on the size of the flower head. Flower
heads were harvested during the whole flowering period. At
harvesting, flower heads were wilted, making it difficult to
differentiate between big and small flower heads. Thus, we
can exclude nonrandom selection of flower heads in favor of
larger flower heads as having affected the results in this study.
Contrary to the CountFH, CalFH could not significantly
differentiate between the different tetraploid populations in
experiment one. Additionally, the number of flower heads
in our trials was up to 1200, which is quite a high number
to be efficiently used in selection work. Therefore, we do
not consider the number of flower heads plant™" as the most
optimum indictor for improved seed yield.

Even though the highest seed yield among tetraploids
was occasionally obtained by plants that had the longest
corolla tube (a corolla tube mean of nine plants belonging
to ‘LoRk0733’ that gave, on average, 100 g seed plant™!,
Table 5), Corolla was not correlated with SYP in either
of the experiments. However, this component had a slight
direct effect on the seed yield, as revealed by path coefhicient
analysis. One possible reason for this could be that, during
backward selection of uncorrelated seed components, the
correlation coefficient of the remaining components in the
model was slightly changing. We believe that this happened
with the corolla tube that gained slight effect on the SYP.

Furthermore, seed number plant™ was also identified
as a component that is highly correlated with SYP (Her-
rmann et al., 2006; Malengier and Baert, 2007). However,
both seed number plant™' and head number plant™ were
not directly determined but calculated, based on other
measured traits. Our experiments indicate that counting
and calculating the number of seeds plant™ and flower
heads plant™ to quantify, and thus optimize, yield is not
a practical and economically viable solution for breeders.
Time- and cost-efficient alternatives must be considered,
which we discuss in our final conclusion.

Clifford and Scott (1988) observed a general relation-
ship between the number of flower heads and the total
seed yield. They proposed that each plant was not able
to support more than 70 fertilized ovules inflorescence™,
which corresponds to 70 seeds. In the present study, the
highest SFH among tetraploids was recorded in ‘Lasang’
and ‘LoRk0733.” Both cultivars were initially selected for
their improved seed yield. The average SFH in ‘Lasang’
and ‘LoRk0733" was70 and 72, respectively, which is in
agreement with the proposal of Clifford and Scott (1988).
Seventy seeds per flower head is approximately 23% of the
séedryield\potential (if e consider 150 FFH on average
with two ovules per floret), and this corresponds well with
the observed FERT in our study.
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Tetraploids versus Diploid Industry Standard

Overall, the diploid industry standard cultivar, ‘Lea,
flowered earlier than both tetraploid cultivars (Fig. 2).
However, earlier flowering did not result in higher SYP.
This result is in agreement with the results of Dennis
(1975), where flowering date did not have any direct
impact on seed yield. Number of flower heads plant™
(CountFH and CalFH) and FERT were higher in the dip-
loid ‘Lea,” but this did not result in higher SYP compared
with the tetraploid cultivars. Tetraploid plants produced
higher SYFH compared with the diploid control; how-
ever, this did not result in higher SYP. Lower FERT but
higher SYFH in tetraploids are presumably a result of high
seed weight of tetraploid seeds (Anderson, 1971; Taylor
and Quesenberry, 1996). Length of the corolla in diploids
and tetraploids has been measured in numerous stud-
ies with contradictory conclusions, stressing the effect of
weather conditions on the development of flowers (Star-
ling et al., 1950; Bingefors and Eskilsson, 1962; Vleugels
et al.,, 2015a, 2015b). In both of our trials, the length of
corolla tube was longer in tetraploids, yet the total seed
yield did not differ significantly between tetraploid cul-
tivars and ‘Lea’ Only one diploid cultivar is certainly
insufficient to perform comparison with tetraploids, and
we are therefore unable to draw a final conclusion based
on our measurement of corolla tube. However, Vleugels
et al. (2016) compared 15 diploid and 15 tetraploid culti-
vars, and concluded that Corolla is not likely the reason
for lower seed yields in tetraploid cultivars.

Potential Seed-Yield Improvement
To extend on the experiments performed in Norway for
improving seed yield in either diploid or tetraploid red
clover, Aamlid and Marum (unpublished data, 1998) per-
formed two cycles of selection for higher seed number
per flower head on an ‘L-4374" population. This popu-
lation consisted of 170 single-plant families that were
previously selected, among other traits, for higher seed
yield (two cycles of selection). This work resulted in cul-
tivar ‘Lasang,” and after one cycle of natural selection in
‘Lasang,” the ‘LoR k0733’ population was developed. Even
though, the differences between these three mentioned
populations were not significant in experiment two, there
was a tendency toward improved SFH, SYFH, FERT, and
SYP from the starting ‘L-4374" population to the devel-
opment of ‘Lasang.” Though SFH was not significantly
different between various tetraploid cultivars in the pres-
ent experiments, it might be valuable to continue selection
for higher SFH to improve SYP. Seed number per ripe
flower head was also shown by Vleugels et al. (2016) to
be the most important seed-yield component 1n tetraploid
red clover.

Despite the fact that the ‘LoRk0733” population does
not have a background in “Tripo,” we found it interesting

to compare these two populations, since they represent
the first (“Tripo’) and, at the time of the trial, the most
recent (‘LoRk0733’) material in the Norwegian tetraploid
red clover breeding program. Results from experiment
two did not reveal significant differences in any studied
trait. Here, however, there was also a tendency toward
improved SFH, SYFH, FERT, and SYP in ‘LoRk0733,
indicating improvement in seed yield in the advanced
Norwegian tetraploid material. This was also confirmed
in practical seed production.

Single-Plant versus Dense Plant Canopy

Seed yield per flower head was also identified as the com-
ponent most strongly correlated (r = 0.96 and 0.98) with
seed yield per area in two multisite dense-stand seed pro-
duction experiments with twelve tetraploid cultivars and
breeding populations (Amdahl et al.,, 2016). Similarly,
in the current study, SYFH was also identified to be the
most strongly correlated (r = 0.91 and 0.68 in experiments
one and two, respectively) with the SYP. Since the same
component was identified as the most important for SYP,
initial conclusions can be drawn here that SYFH i1s the
component of choice to select for higher seed yield in
single-plant to improve seed yield in dense canopy. It is
important to note that the number of flower heads plant™
has a larger effect in single-plant trials compared with the
number of flower heads per area in dense canopy trials. It
is known that single plants are usually larger in size when
standing alone and have more flower heads, as compared
with being in dense canopy, thus reflected in the final seed
yield. Therefore, further studies are needed to confirm
that the SYFH in a single plant can be used to improve
seed yield of potential cultivars in dense canopy.

CONCLUSIONS
AND FUTURE PERSPECTIVES

Among examined seed vyield components, FH197,
CountFH, SYFH, TSW, and FERT could significantly
differentiate between low and high seed-yielding popula-
tions, though only in the experiment one. We consider
SYFH to be more suitable to use in selection for higher
seed yield compared with number of flower heads plant™'.
Counting of flower heads per plant, as done in experiment
one, is not practical from an economic point of view. It is
also difficult to choose the right time, as flowering occurs
over a period of approximately 2 mo. Determining the
SYFH by collecting 50 flower heads from a plant or popu-
lation of interest is less time consuming compared with
counting or threshing-and cleaning several single plants to
determine the number of flower heads plant™. Therefore,
we suggest SYFH to be more suitable in selection for higher
séed) yields. We also believe'that selecting for SYP would
not be the best estimate for the performance of the same
plant in a dense canopy. Seed yield per lower head was also
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identified in our previous study to be the most strongly
correlated seed-yield component in in dense canopy
(Amdahl et al., 2016). However, more research is required
to validate the use of the SYFH component in single-plant
trials to improve the seed yield in dense canopy. In addi-
tion, we do not consider Corolla to be a possible reason
for lower seed yields in tetraploid red clover, and this is in
agreement the finding by Vleugels et al. (2016).

To further understand seed yield in tetraploid red
clover, two tetraploid red clover cultivars (‘Tripo’ and
‘Lasang’) were chosen for further genomic analyses. By
reciprocal hand-pollination of these two contrasting
plants (regarding most of the examined seed-yield com-
ponents), a mapping population was developed. This
population was then planted in a single-plant trial to study
their seed-yield components. DNA and RNA from the
parent plants and their progeny (the mapping population)
were extracted and analyzed to identify potential regions
in chromosomes that are most linked to seed yield in tet-
raploid red clover.
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Abstract

Red clover (Trifolium pratense L.) is one of the most important legume forage species in temperate
livestock agriculture. Tetraploid red clover cultivars are generally producing less seed than diploid
cultivars. Improving the seed setting potential of tetraploid cultivars is necessary in order to utilize
the high forage quality and environmentally sustainable nitrogen fixation of red clover. To date,
genomic resources for investigating the seed setting ability of red clover are scarce. In the current
study, our aim was to identify candidate genes involved in seed setting in order to develop
molecular tools to be used in breeding for improved seed setting. Two genotypes, one from
cv.‘Tripo” with weak seed setting and one from cv.‘Lasang’ with strong seed setting, were selected
based on data from field experiments for transcriptome analysis of developing flower buds. De
novo and reference based analyses of transcriptome assemblies were conducted to study the global
transcriptome changes from early to late developmental stages of flower development of the two
contrasting red clover genotypes. Transcript profiles, gene ontology enrichment and KEGG
pathway analysis indicate that genes related to flower development, pollen pistil interactions,
photosynthesis and embryo development are differentially expressed between the ‘Tripo’ and
‘Lasang’ genotypes. A significant number of genes related to pollination was overrepresented in
‘Lasang’, which might be a reason for its good seed setting ability. The candidate genes detected
in this study might be used to develop molecular tools for breeding tetraploid red clover varieties
with improved seed yield potentials.

Key words. Trifolium pratense L., seed yield, RNA sequencing, Transcriptomics, Differentially

expressed genes



Introduction

Red clover (Trifolium pratense L.) is a perennial forage legume species. It is an outcrossing species
with a gametophytic self-incompatibility (GSI) system cultivated mostly in the temperate regions.
Normally red clover is diploid (2n=2X=14), however, artificially induced tetraploid varieties
(2n=4X=28) are also in commercial use. Tetraploid plants were first developed in 1939 by treating
germinating seeds, young seedlings or apical meristem of diploids with the chemical colchicine
(Sjodin and Ellerstrom, 1986; Taylor and Quesenberry, 1960; Boller et al., 2010). In addition to
colchicine treatment, new tetraploid plants can also arise by treating the plants with nitrous oxide
(N20) and by gametic non-reduction (Meglic and Smith, 1992; Taylor and Quesenberry, 1996;
Boller et al., 2010). However, red clover breeders develop new tetraploid varieties mainly by

crossing plants from two or more tetraploid varieties or breeding lines.

Advantages of cultivating tetraploid compared to diploid red clover is its higher forage yield, better
persistency and tolerance to some diseases like Sclerotinia trifoliorum Eriks. (Sjodin and
Ellerstrém, 1986; Vestad, 1990; Taylor and Quesenberry, 1996; Vleugels et al., 2013). Lower seed
yield of tetraploid varieties is the major disadvantage compared to diploid cultivars (Wexelsen and
Vestad, 1954; Valle, 1961; Sjodin and Ellerstrom, 1986).

Seed yield of red clover, especially tetraploids, has not improved in Scandinavia for a long time.
The reasons for this are probably complex. A main reason is that several studies indicate that forage
and seed yield are negatively correlated which makes seed yield improvement difficult (Clifford
and Baird, 1993; Steiner et al., 1997; Vasiljevi¢ et al., 2000; Herrmann et al., 2006; Sleper and
Pehlman, 2006). Red clover is primarily grown for forage and forage yield is the main breeding
goal; however, seed yield is crucial for the commercial value of new varieties (Ravagnani et al.,
2012; Annicchiarico et al., 2015). The outcrossing nature and strong self-incompatibility system
of red clover prevent the development of inbred lines and hybrids, thus only a proportion of
potential heterosis for seed yield can be captured in the usual synthetic varieties (Sleper and
Poehlaman, 2006; Annicchiarico et al., 2015).

Genomic resources related to seed yield are scarce in red clover compared to other model legume
plants. Currently, four genetic linkage maps for identification of markers linked to important traits
have been developed in red clover (Isobe et al., 2003; Sato et al., 2005; Herrmann et al., 2006;

Isobe et al., 2009). Several QTL studies of seed yield and seed yield components have been
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conducted in species like white clover (Trifolium repens L.), soybean (Glycine max L.) and
perennial ryegrass (Lolium perenne L.) (Barrett et al., 2005; Mansur et al., 1996; Cogan et al.,
2005). However, so far only one QTL study of seed yield has been performed in red clover, and
this study identified 38 QTL (Herrmann et al., 2006).

Rapid advancements in next generation sequencing (NGS) technology allow characterization and
quantification of RNA through cDNA sequencing at massive scale (Shendure and Ji, 2008). A
draft assembly of the red clover genome based on 16 different genotypes of red clover was recently
published (Istvanek et al., 2014). Furthermore, Yates et al. (2014) performed de novo
transcriptome studies in red clover and provided insights into the drought response. De Vega et al.
(2015) have newly assembled a red clover genome to the chromosome level, estimating its size to
be ~309 Mb. They annotated 40,868 genes and identified clusters involved in forage quality and

livestock nutrition.

With the availability of new genomic resources in red clover and the advancements in RNA-seq
technologies, we performed both de novo and reference (red clover genome) based transcriptome
analysis of the global transcriptome response during flower and seed development in two red
clover genotypes with contrasting seed setting ability. The aim of this study was to identify

molecular responses and to elucidate genes determining seed setting ability in red clover.

Materials and methods

Plant material

In 2011, nine single plants of each of the low seed yielding variety ‘Tripo’, and the high seed
yielding variety ‘Lasang’ were scored for the following seed yield components: number of flower
heads per plant, number of florets per flower head, number of seed per flower head, fertility, seed
weight per flower head, and length of the corolla tube (Amdahl et al; 2016b). The two lowest
ranking plants of ‘Tripo’ and the two highest ranking plants of ‘Lasang’ for the majority of

registered seed yield components, were selected for further analysis.
RNA sampling

A total number of 12 flower buds, one bud from each of three flower development periods (early

— 12" of July, middle — 21% of July and late — 27" of July) from each of the four selected
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plants, was picked, flash frozen in liquid N2 and stored at -80°C until RNA extraction. The
frozen flower bud samples were crushed with a pestle and mortar. Using Sigma Spectrum ™
Plant Total RNA Kit (Sigma Life Science), total RNA was extracted from the 12 flower buds.
On-Column DNAse I Digestion Kit (Sigma Life Science) was used to remove DNA
contamination. The quality and concentration of RNA was measured using NANODROP
(Nanodrop Technologies, Wilmington, DE, USA) and BIOANALYZER (Agilent Technologies,
Palo Alto, CA, USA).

RNA-seq library preparation and Illumina sequencing

Twelve flower bud RNA samples with RIN (RNA Integrity Number) values above seven were
used to construct separate cONA libraries with fragment lengths of 200 bp (£25 bp). Single-end
sequencing was performed at the Norwegian Sequencing Centre (NSC), University of Oslo using
the Illumina sequencing platform (HISEQ 2000) generating single-end reads with a length of 50

bp. The FastQC program (http://www.bioinformatics.babraham. ac.uk/projects/fastgc/) was used

to analyse the quality of the raw sequencing reads.
De novo transcriptome analysis

The de novo assembly was performed in a similar manner as described by Kovi et al. (2016).
Briefly, adapter sequences and low quality reads were removed using the sickle program
(https://github.com/najoshi/sickle/blob/master/README.md). The clean reads derived from the

four individual genotypes named Tripo42 and Tripo55, Lasang77 and Lasangl108, were used to
construct separate de novo assemblies for each genotype using the Trinity assembler (release 2013-
02-25) (Grabherr et al., 2011). The de novo assembled transcriptome was then used as a reference
to map the individual reads using the Bowtie program (Langmead et al., 2009). Transcript
abundance was measured for each genotype and time point combination as the expected number
of fragments per kilobase of transcript sequence per million mapped reads (FPKM) (Trapnell et
al., 2010) using RSEM version 1.1.11 (Li and Dewey, 2011).

Identification of differentially expressed genes (DEGS), annotation and gene ontology (GO)

analysis

The edgeR program (Robinson et al., 2010) was employed to identify DEGs and a false discovery

rate (FDR) of 0.05 was further used to determine the significant DEGs. Transcripts showing


https://github.com/najoshi/sickle/blob/master/README.md

differential expression at any flower development time-point were clustered using a K-means
clustering algorithm. The annotation of the DEGs were performed using the Blast2GO program
(Conesa and Gotz, 2008). Initially BLASTx was performed with an E-value threshold of 10e-06,
followed by annotation with a cut-off value of 55 and GO weight Hsp-hit value of 20. The GO
enrichment analysis was performed with a p-value of 0.01. The GO classification of DEGs in the
two genotypes were generated using the WEGO program (Ye et al., 2006). KEGG Pathway
analysis was performed with the Blast2GO program (Conesa and Gotz, 2008).

Validation of de novo assembly by CEGMA

The CEGMA software (version 2.4) (Parra et al., 2007) was used to evaluate the quality of the four
transcriptome assembly datasets. Several genome and transcriptome assembly studies have used
CEGMA for evaluating the quality of assemblies (Kovi et al., 2016). CEGMA detects the presence
of 248 extremely conserved core eukaryotic genes (CEGs) and their coverage in transcriptome

assemblies for evaluation of the completeness of the assembly.

Red clover reference based transcriptome analysis, detecting DEGs and functional

annotation

Using a reference-based approach, we mapped all the clean reads from two genotypes (‘Tripo’ and
‘Lasang’) and three time point (early, middle and late flower development) combination to the red
clover reference genome (De Vega et al., 2015) using STAR, an ultrafast universal RNA-seq.
aligner program (Dobin et al., 2012). The Cufflinks program (Trapnell et al., 2010) was used to
assemble the transcriptomes and to estimate the transcript abundance, followed by the cuffmerge
and cuffdiff programs, which is included with the Cufflinks package. The Cuffmerge program
merge the transcriptome assemblies from the three flower development time- points of each
genotype for performing differential expression analysis. The cuffdiff program compare the
expression levels of genes and transcripts between the three time-points for each genotype, and
detect genes that are up- or down-regulated between the time-points. The merged GTF files
obtained from the cuffmerge program was used in the TransDecoder program (Haas et al., 2013)
to find the coding regions within transcripts. The longest homology coding sequences obtained
from TransDecoder were blasted against the Viridiplantae database extracted from NCBI to find

the gene names for the coding sequences. Further annotation was performed using the SWISS-



PROT database and GFF3 (generic feature format) annotation file describing genomic features,

was generated using in-house developed python scripts.
Comparison of significant DEGs to seed yield related QTL

To compare the DEGs with the QTL for seed yield and seed yield traits described by Hermann et
al. (2006), we identified flanking SSR markers associated with the QTL and downloaded the
marker sequences from the NCBI database. The chromosome locations of markers and DEGs were
identified using the BLAST program with the marker sequences and DEG sequences as the query
and the red clover genome sequence (De Vega et al., 2015) as the subject. A genetic map was
created based on the physical location of the DEGs in the red clover genome. Briefly, all the
physical location (bp) of DEGs were converted to centimorgan (cM) by an average of 450 kb/cM
in red clover and spanned 440 cM across seven linkage groups (LGs), approximately similar to
444 cM of Hermann et al. (2006). The genetic map was created by the MapDraw software (Liu
and Meng, 2003). The detected SSR markers of QTL for seed yield trait (Hermann et al., 2006)
are highlighted on the DEGs genetic map.

Results

De novo assembly

The low seed vyielding ‘Tripo’ and the high seed yielding ‘Lasang’ genotypes (Fig. 1) were
sequenced and characterized by the de novo transcriptome assembly (Table 1). A total number of
218 million reads of 50bp were generated for the four genotypes (Tripo42, Tripo55, Lasang77 and
Lasang108). 112 million reads were from the ‘Tripo’ genotypes and 106 million reads from the
‘Lasang’ genotypes. Individual transcriptome assemblies were generated for each genotype. The
number of contigs observed in Lasang108 was 80,328 (N50 of 930 bp), in Lasang77 83,489 (N50
of 982 bp), in Tripo42 84,545 (N50 of 1016 bp), and in Tripo55 84,442 (N50 of 982 bp). The
longest contig sizes were 7469, 7295, 7447 and 7339 bp for Lasang108, Lasang77, Tripo42 and
Tripo55, respectively. CEGMA analysis determined the complete CEGs (Core Eukaryotic Genes)
in Lasangl08, Lasang77, Tripo42 and Tripo55 transcriptome assemblies to be 89.11, 92.34, 92.34
and 92.34 %, respectively, while the percentage of partially complete CEGs ranged from 97.18 to
97.98 (Table 2). The average number of orthologues per CEG in the four assemblies ranged from



3.18 to 3.30, while the percentage of CEGs that had more than one orthologue ranged from 89.59
to 95.20 (Table 2).

DEGs identified by de novo and reference based methods

Clean reads from each sample were mapped onto their respective genotype specific de novo
assemblies and to the reference genome (red clover genome sequence) to estimate the expression
levels of transcripts at different flower development time-points, early (EF), middle (MF) and late
(LF) flower development. The DEGs identified in a series of pairwise comparisons between the
three flower development time-points EF-LF, EF-MF and LF-MF were 15,000, 7,204 and 7,903,
respectively, in Tripo42; 18,105, 6,050 and 10,100, respectively, in Tripo55; 12,040, 8,426 and
2,304, respectively, in Lasang77; and 10,986, 7,492 and 2,430, respectively, in Lasang108 with a
false discovery rate (FDR) < 0.05 (Fig. 2B). In the reference-based analysis, 875 and 932 DEGs
were observed between EF-LF samples; 279 and 586 between EF-MF samples and 331 and 93
between MF-LF samples in the ‘Tripo’ and ‘Lasang’ genotypes, respectively, including up- and

down-regulated transcripts (Fig. 2A)

To determine the sample relations, differential expression data from the edgeR program was used
to generate heat maps (Fig. 3). EF and MF grouped together in the low seed yielding ‘Tripo’
genotypes, while MF and LF grouped together in the high seed yielding ‘Lasang’ genotypes,
indicating that unique genes expressed during late flower development (LF) in “Tripo’ and early
flower development (EF) in ‘Lasang’ were playing major roles in their flowering and seed setting
abilities.

Blast, annotation and GO of differentially expressed genes

BLASTx was performed for all the DEGs against the Viridiplantae database derived from NCBI.
Approximately 80% of the DEGs had blast hits and 60% were annotated using the Blast2GO
program (Conesa and Gotz, 2008). The top blast hit species were Trifolium subterraneum,
followed by Medicago truncatula, both species closely related to red clover. Gene ontology (GO)
classification of DEGs of ‘Tripo’ and ‘Lasang’ were represented as three main GO categories, i.e.
cellular component, molecular function and biological process in a histogram (Fig. 4) using the
WEGO (Web Gene Ontology Annotation Plot) graphical tool (Ye et al., 2006). GO comparisons
between ‘Tripo’ and ‘Lasang’ showed some differences regarding the cellular component and

molecular function categories, while relatively small differences were observed for the biological

8



process category. DEGs involved in membrane-enclosed lumen and translation regulator were

present only in “Tripo’, while DEGs involved in structural molecule were present only in ‘Lasang’.

GO enrichment analysis by Fischer’s exact test was conducted to determine over- or under
represented GO terms using Blast2GO and the REVIGO tool for reducing and visualising gene
ontologies (Supek et al., 2011). Six GO terms were enriched when comparing the ‘Tripo’ and
‘Lasang’. Out of these, four GO terms, i.e. plasma membrane, pollination, transport and Golgi
apparatus were overrepresented in the high seed yielding ‘Lasang’. Transcripts assigned to DNA
metabolic processes and nucleic acid binding were overrepresented in the low seed yielding

“Tripo’ (Fig. 5, Supplementary figure 1).

Several genes, putatively involved in flower and seed development were detected in these studies,
e.g. walls are thin related protein (WATL1), tubby-like F-box protein, gibberellin (GA) 2—beta-
dioxygenase, putative aquaporin NIP4-1, zinc finger protein 4, which all were significantly
upregulated from the EF to the MF stage, and significantly downregulated from MF to LF (Table
3, Fig. 2). Ethylene-responsive transcription factor (ERF106), probable inorganic phosphate
transporter 1-4 (OsPht1;4) were significantly downregulated from the EF to the MF stage, while
they were upregulated from MF to LF (Table 3, Fig. 2). Furthermore, the Kyoto encyclopedia of
genes and genomes (KEGG) database detected different pathways between Tripo and Lasang at
EF-MF and MF-LF stages. In total 1196 DEGs were involved in 87 pathways (Supplementary
table 1). Pathways with highest representation among the genes were involved in starch and
sucrose metabolism (4.84 %, 58 genes), pentose and glucoronate interconversions (2.84 %, 34
genes), phenylpropanoid biosynthesis (2.75 %, 33 genes), purine metabolism (2.34 %, 28 genes)

and thiamine metabolism (2 %, 24 genes).
DEGs compared to the seed yield QTL

The DEGs identified in this study were compared to seed yield related QTL to see if any of our
genes are co-located with the seed yield QTL described by Hermann et al. (2006). Out of 15 SSR
markers flanking the seed yield QTL, six SSR markers are located in corresponding regions as Six
DEGs detected in this study across 4 four linkage groups (Fig. 6). The six DEGs are myb-related
protein MYBAS2, 4-coumarate--CoA ligase-like 2, protein cornichon homolog 3, ethylene-
responsive transcription factor ERF113, protein DETOXIFICATION 45, and UDP-glucuronate 4-

epimerase 4.



Discussion

Comparative analysis between de novo and reference based transcriptome assays

In order to understand the molecular responses related to seed yield, we performed RNA
sequencing of “Tripo’ and ‘Lasang’ genotypes with contrasting seed yield ability, and performed
de novo and red clover reference based mapping. When a reference genome is available, reference-
based approaches have been considered more effective than de novo assembly (Martin and Wang,
2011) but very few studies have compared the two strategies (Kovi et al., 2016; Ward et al., 2012).
In the present transcriptome analysis of red clover, we compared both strategies. The CEGMA
analysis showed that the de novo assemblies were very complete in terms of gene content since
they captured high percentages of ultra-conserved CEGs in all assemblies of the ‘Tripo’ and
‘Lasang’ genotypes. De novo and reference based (red clover reference genome) gene expression
data indicated that genes expressed during the early flower development stage (EF) in ‘Lasang’
and during the late flower development stage (LF) in ‘Tripo’ might play key roles in their
differential seed setting abilities. In both de novo and the reference based mapping, the pattern of
the differentially expressed transcripts was similar. A larger number of differentially expressed
transcripts was observed in early vs late flower development stage than in middle vs late and
middle vs early stage (Fig. 2 and Fig. 3). This might be due to the presence of several differentially
expressed transcripts expressed at all three stages. Additionally, there was a larger number of
differentially expressed transcripts at the early vs middle flower development stage in ‘Lasang’
than in “Tripo’, while there was a more differentially expressed transcripts at the early vs late stage
in ‘Tripo” compared to ‘Lasang’ (Fig. 2). Further, we found the proportion of differentially
expressed transcripts to be very high in de novo compared to the reference based mapping, similar
to the findings of Kovi et al. (2016). The trinity de novo assembler yield more transcripts due to
the lack of strand-specific information. However, most of the differentially expressed genes
identified in both these methods were related to the Medicago truncatula (Supplementary figure
2), which is the most closely related species to red clover. Furthermore, both methods identified
many similar candidate genes putatively involved in flower and seed development (Table 3), thus
demonstrating the potential of the de novo method of capturing genes even in the absence of a

reference genome.
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Potential candidate genes involved in flower and seed development

Several genes putatively involved in flower development were detected in these studies (Table 3).
WATT1 related protein is a cell wall protein mainly responsible for transmembrane transporter
activity (http://www.uniprot.org/uniprot/Q94AP3). Ranocha et al. (2010) reported that stem apices
in the mutant watl produced significantly lower seed yields in Arabidopsis thaliana compared to
wild type stem apices. It might be that the downregulated expression of this gene in ‘Tripo’ flower
buds in the early and middle flower development periods negatively affected its seed setting ability
and thus seed yield.

Tubby-like proteins are involved in abscisic acid (ABA) signaling pathways and plays a key role
in seed germination and early seed growth (Bao et al., 2014). In a recent study, Verma et al. (2016)
identified a tubby-like F-box protein as a potential candidate gene for the seed weight QTL qSW
in chickpea (Cicer arietinum L.). Gibberellin 2—beta-dioxygenase was highly expressed in EF and
MF. According to Xue et al. (2012), genes that encodes gibberellin 2-beta-dioxygenase 1 were

highly expressed in rice embryo.

NIP4-1 belongs to the aquaporin gene family, which are small integral membrane proteins that
facilitate water and solute movement across different tissues throughout development and growth
(Khan et al., 2015). Regulation of water and nutrient state is very relevant for pollen development,
pollen tube growth and germination (Firon et al., 2012). Recently Di Giorgio et al. (2016) showed
that NIP4-1 and NIP4-2 are required for pollen development and pollination in Arabidopsis
thaliana. Furthermore, single nip4;1 mutant plants showed a significantly higher frequency of
abnormal, stunted siliques and fewer seeds when compared with the wild type (Di Giorgio et al.,
2016). This indicate that NIP4-1 plays a prominent role in determining seed yield. In our studies,
significant upregulation of this gene in ‘Lasang’ during the EF and MF stages might play a key
role in determining the better seed yielding capacity of this cultivar.

Zinc finger proteins (ZFP) play an important role in various biological functions, such as plant
growth and development (flower, shoot, seed, pistil and leaf) (Luo et al., 1999; Kubo et al., 2000).
Recently it was found that ZFP3, ZFP4 and the related ZFP subfamily of zinc finger factors
regulate light and ABA responses during germination and early seedling development (Joseph et
al., 2014). Higher expression of ZFP4 during the EF and MF stages indicate that it might be

important for seed setting in our tetraploid red clover genotypes.
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The gene ERF106 belongs to the APETALA2 (AP2) gene family, which controls seed weight
(Ohto et al., 2009), was overexpressed during the EF and MF stages in ‘Lasang’ flower buds.
APETALAZ influences the development of embryo, endosperm and seed coat (Ohto et al., 2009).
According to Xue et al. (2012), genes involved in ethylene mediated signaling were highly

expressed in rice developing seeds.

The rice gene OsPht1,4 belongs to a group of genes that regulate phosphorus homeostasis in plant
cells (Ying et al., 2015). Jia et al. (2011) reported that suppression of OsPT4 in rice resulted in
lower P content in unfilled rice grains, which again resulted in lower seed yields. This gene was
overexpressed during the MF and LF stages in ‘Lasang’ flower buds indicating its positive effect

on seed yield. This gene is also involved in the embryo development in rice (Zhang et al., 2015).
GO differences in “Tripo’ and ‘Lasang’

Gene ontology (GO) comparisons between the two genotypes showed differences regarding the
cellular component and molecular function categories (Fig. 4). Six GO terms were enriched
between these two genotypes. Out of these, four GO terms, i.e. plasma membrane, pollination,
transport and Golgi apparatus were overrepresented in the high seed yielding ‘Lasang’. Transcripts
assigned to DNA metabolic processes and nucleic acid binding were overrepresented in the low
seed yielding ‘Tripo’ (Fig. 5; supplementary figure 1). Genes such as pollen-specific leucine-rich
repeat extensin-like protein 1-like (PEX1), pollen profiling variant 1, phd finger protein male
sterility 1-like (MS1-PHD), and polypyrimidine tract-binding protein were observed in the
pollination GO term. PEX1 reported to be involved in reproduction with in the pollen tube wall
during its rapid growth (Rubinstein et al., 1995). Another gene, MS1-PHD encodes a PHD-type
transcription factor and regulates pollen and tapetum development and pollen wall biosynthesis
(Yang et al., 2007). In the GO term plasma membrane, genes like aberrant pollen transmission
(APT1), flotillin-like protein, sodium transporter hktl-like were observed. Xu and Dooner (2006)
showed that the APT1 protein is involved in membrane trafficking and is required for the high
secretory demands of tip growth in pollen tubes. Most of the overrepresented genes are linked to
pollen development, which is crucial for fertility and seed setting, thus likely involved in

determining the higher seed yield capacity of ‘Lasang’ compared with ‘Tripo’.
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Validation of the DEGs by comparing to previous red clover seed yield QTL

Comparative mapping studies are powerful tools to validate the detected DEGs by comparing the
sequences of the genes to the sequences of markers located inside or flanking QTL (Man et al.,
2016). The genetic map of DEGs was created based on their physical locations (bp) in the red
clover genome. However, there is no constant ratio to convert between bp and cM, as some regions
of the genome with frequent recombinations, have fewer bp per cM and the regions with rare
recombinations (e.g. centromeres), have more bp per cM. The best approach might be picking the
most detailed genetic map (in our case Hermann et al. 2006) and fetching the sequences for each
SSR markers in the map, and BLAST these markers against the genome (red clover genome).
From the BLAST analysis, we were able to translate each of these cM distances into a bp distance
between the points of alignment from the markers to the chromosome, thus calculated as 450
kb/cM. A similar approach was carried out in Arabidopsis by estimating genetic distance as 250
kb/cM (Lukowitz et al., 2000). In this study, we detected six DEGs that mapped to the seed yield
QTL regions identified by Hermann et al. (2006) on four linkage groups LG1, LG2, LG3 and LG6
respectively. (Fig. 6). Among them, MYB transcription factors plays a key role in plant
development, pollen development (Phan et al., 2011), pollen tube differentiation (Leydon et al.,
2014), floral initiation and seed development (Woodger et al., 2003). The gene ‘protein cornichon
homolog’ belongs to a conserved protein family found in eukaryotes demonstrated to participate
in the selection of integral membrane proteins as cargo for their correct targeting (Rosas-Santiago
et al., 2015). Further Man et al. (2016), detected protein cornichon homolog as a potential gene
encoding for the yield related QTL in cotton. 4-coumarate--CoA ligase-like 2, belongs to a group
of essential enzymes involved in the phenylpropanoid-derived compound (PDC) pathway, which
generates various secondary compounds like lignin, anthocyanins, and isoflavonoids. Doughty et
al. (2014) suggests that flavonoids may play a fundamental role in regulating communication

between the seed coat and the endosperm also.
Conclusions

In this study, transcriptome analysis was conducted for ‘Tripo’ with inferior Seed setting ability
and two from cv. ‘Lasang’ with improved seed setting ability, and several DEGs were identified.
Many genes related to pollination, flower and seed development were upregulated during the

early to middle (EF-MF) flower development stage in the ‘Lasang’ and downregulated during
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the middle to late (MF-LF) flower development stage in the “Tripo’, indicating their major role
in determining seed setting and potential seed yield. GO enrichment analysis further confirmed
that plasma membrane, pollination, transport and Golgi apparatus related genes are
overrepresented in the ‘Lasang’. Further, comparative mapping, co-located, six seed yield related
QTL to the six DEGs on the same linkage groups, thus validating the detected DEGs in this
study. Putative candidate genes detected in this study might provide a basis for future research in

understanding the seed yield biology in red clover.
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Figure Legends

Figure 1. A) Cumulative curve for number of flower heads for four tetraploid red clover
genotypes: two low seed yielding ‘Tripo’ genotypes and two high seed yielding ‘Lasang’
genotypes. The x-axis indicates the date when counting of flower heads was performed. B) Seed
yield per plant in low seed yielding tetraploid red clover variety ‘Tripo” and high seed yielding

tetraploid red clover variety ‘Lasang’.

Figure 2. The number of differentially expressed transcripts identified using reference based
assembly (A1) and de novo based assembly (A2). Venn diagrams represents the number of up-
and down-regulated transcripts that were common and specific for the pairwise comparisons
using the reference based assembly in pairwise comparisons between early vs. late flowering,
early vs. mid flowering, and mid vs. late flowering in genotypes ‘Tripo’ and ‘Lasang’ using a
false discovery rate (FDR) of <0.05.

Figure 3. Heat maps of differentially expressed genes detected using de novo assemblies for each
genotype and grouped according to their expression patterns. Y-axis represents the experimental
conditions. A) Tripo42 B) Tripo55 C) Lasang77 D) Lasang108. EF; early flowering, MF; middle

flowering. LF; late flowering.
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Figure 4. Gene ontology classifications of differentially expressed genes observed during
pairwise comparisons of ‘Tripo’ and ‘Lasang’ genotypes generated by the WEGO tool
(http://wego.genomics.org.cn/cgi-bin/wego/index.pl) using the newest GO archive provided. The
results are distributed in three main GO categories: cellular component, molecular function and
biological process. The right y-axis indicates the number of genes in a GO category for each
genotype. The left y-axis indicates the percentage of a specific category of genes in the

respective main categories for each genotype.

Figure 5. Gene ontology (GO) enrichment analysis by Fischer’s exact test. The scatterplot of GO
terms which are associated with differentially expressed genes in “Tripo’ (A) and in ‘Lasang’ (B)
shows the cluster representatives (i.e. terms remaining after the redundancy reduction) in a two
dimensional space derived by applying multidimensional scaling to a matrix of the GO terms'
semantic similarities. Bubble color indicates p-value (-log10 p-value); size indicates the
frequency of the GO term in the underlying GOA database (bubbles of more general terms are
larger). In “Tripo’ (low seed yield) (A) has higher representation of GO of flower and shoot
system development. In ‘Lasang’ (high seed yield) (B) has higher representation of GO for

pollination or pollen-pistel interactions (multi-organism process).

Figure 6. Comparative mapping of significant differentially expressed genes (DEGS) detected in
this study to the red clover seed yield related QTL (Hermann et al., 2006). The distribution of
DEGs on the seven linkage groups of red clover. The SSR markers (denoted in brackets)
(Hermann et al., 2006), linked to QTL (denoted in bars) which are co-located to the DEGs are
highlighted. In LG1, MYBA2 mapped to the QTL for thousand seed weight (TSW). In LG2,
4CLL2 and CNIH3 mapped to QTL for time of flowering (TOF) and TSW. In LG3, EF113
mapped to QTL for seed yield per plant (SYP). In LG6, GAE4, mapped to the QTL for seed
yield per head (SYH).
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Tables

Table 1. Characteristics of the de novo transcriptome assemblies

Genotypes Total number of contigs N50 (bp) Maximum contig Total number

length (bp) of reads
Lasang108 80,328 930 7469 51,000,000
Lasang77 83,489 982 7295 55,000,000
Tripo42 84,545 1016 7447 57,000,000
Tripo55 84,442 982 7339 55,000,000
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Table 2. Results of CEGMA analysis for de novo assembly validation.

Out of 248 CEGs! Lasangl08 Lasang77 Tripo42 Tripo55
% of fully represented 89.11 92.34 92.34 92.34
% of at least partially represented 97.98 97.58 97.18 97.98
Average number of orthologues per CEG 3.19 3.28 3.18 3.30
% of detected CEGs with more than 1 orthologue 89.59 95.20 90.39 89.96

1CEGs: Core Eukaryotic Genes
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Table 3. List of differentially expressed genes that can be considered as potential candidate genes
involved in seed setting in two red clover genotypes, ‘Tripo’ and ‘Lasang’.

Sequence ID

XLOC_000673
XLOC_001313
XLOC_001371
XLOC_002319
XLOC_002704

XLOC_005163
XLOC_008531
XLOC_009167
XLOC_009463
XLOC_009550

XLOC_013980
XLOC_015206
XLOC_016540
XLOC_016934
XLOC_017036
XLOC_019592
XLOC_020680
XLOC_022367
XLOC_022717
XLOC_024498
XLOC_025967
XLOC_028325
XLOC_028939

XLOC_029741
XLOC_029976
XLOC_034559
XLOC_037847

XLOC_039083

XLOC_039720
XLOC_040357
XLOC_041752
XLOC_043901

XLOC_044539
XLOC_045146

Description

Probable inorganic phosphate transporter 1-4
Polyadenylate-binding protein 8
Polyadenylate-binding protein 2

Peroxidase 15

Ethylene-responsive transcription factor
ERF106
Uncharacterized protein

Long chain acyl-CoA synthetase 3
Type 11 polyketide synthase A
Gibberellic acid methyltransferase 2

Protein DETOXIFICATION 45,
chloroplastic
Tubby-like F-box protein 13

Tubby-like F-box protein 11

Non-specific lipid-transfer protein C6
Potassium transporter 19

Inorganic phosphate transporter 1-1
Cucumisin

Alpha-L-fucosidase 3

Elongation factor TuA, chloroplastic
Uncharacterized protein

Zinc finger protein 4

Putative aquaporin NIP4-1

Probable E3 ubiquitin-protein ligase ARI10
Glycerophosphodiester phosphodiesterase
GDPDL4

Cystinosin homolog

Nudix hydrolase 1

Probable magnesium transporter NIPA2

1-aminocyclopropane-1-carboxylate oxidase
homolog 1

Probable 2-oxoglutarate/Fe(l1)-dependent
dioxygenase

17.2 kDa class Il heat shock protein

B3 domain-containing protein
Cytochrome P450 94B1

L-type lectin-domain containing receptor
kinase VII1.2

Gibberellin 2-beta-dioxygenase
WAT1-related protein
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Chromosome position

LG1:16251287-16253813
LG1:2381924-2385791
LG1:3705560-3712487
LG1:27442419-27444838
LG1:5667372-5667944

LG2:31978172-31979622
LG3:4387754-4394714

LG3:18921285-18925387
LG3:26837375-26842634
LG3:29591163-29602019

LG4:5131256-5132175
LG4:5130358-5131150
LG5:486967-488591
LG5:12411777-12412424
LG5:725199-729206
LG6:5874355-5878558
LG6:8011079-8011470
LG7:23203090-23207956
LG7:1020381-1022267
LG7:11459754-11460460
scaf 10543:0-1249
scaf_1364:21411-23094
scaf 14591:517-949

scaf 15837:737-851
scaf_1621:8252-8547
scaf 25880:5-754
scaf 34610:27-594

scaf_3804:1914-2262

scaf_4026:0-243
scaf_440:86915-89742
scaf_521:81827-84098
scaf_6561:0-1615

scaf_702:17734-18233
scaf 743:105103-107134

LogFC
EF/MF
-100.00

-4.37
4.44
-4.42
-100.00

-4.12
4.78
-5.42
-4.62
5.69

100.00
100.00
-6.78
100.00
4.13
6.48
100.00
5.30
100.00
100.00
100.00
100.00
100.00

100.00
100.00
100.00
100.00

100.00

100.00
100.00
5.26
-100.00

100.00
100.00

LogFC
MF/LF
100.00

-2.69
-1.06
-4.35
100.00

-0.79
-0.45
-3.29
-2.65
-2.03

-2.95
-2.86
-5.40
-2.14
-0.70
-2.67
-0.23
-2.26
-1.77
-0.20
-2.40
-5.16
-1.10

-2.98
-1.89
-1.62
-0.94

-3.64

-5.90
-3.55
-1.65
100.00

-0.65
-2.56
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Figure 1. A) Cumulative curve for number of flower heads for four tetraploid red clover genotypes: two low seed yielding ‘Tripo’
genotypes and two high seed yielding ‘Lasang’ genotypes. The x-axis indicates the date when counting of flower heads was performed.
B) Seed yield per plant in low seed yielding tetraploid red clover variety ‘Tripo’ and high seed yielding tetraploid red clover variety

‘Lasang’
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Figure 2. The number of differentially expressed transcripts identified using reference based assembly (A1) and de novo based
assembly (A2). Venn diagrams represents the number of up- and down-regulated transcripts that were common and specific for the
pairwise comparisons using the reference based assembly in pairwise comparisons between early vs. late flowering, early vs. mid
flowering, and mid vs. late flowering in genotypes ‘Tripo’ and ‘Lasang’ using a false discovery rate (FDR) of <0.05.
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Figure 3. Heat maps of differentially expressed genes detected using de novo assemblies for each genotype and grouped according to
their expression patterns. Y-axis represents the experimental conditions. A) Tripo42, B) Tripo55, C) Lasang77, D) Lasang108. EF; early
flowering, MF; middle flowering, LF; late flowering.
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genotypes generated by the WEGO tool (http://wego.genomics.org.cn/cgi-bin/wego/index.pl) using the newest GO archive provided.

The results are distributed in three main GO categories: cellular component, molecular function and biological process. The right y-axis

indicates the number of genes in a GO category for each genotype. The left y-axis indicates the percentage of a specific category of

genes in the respective main categories for each genotype.
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Fig 5. Gene ontology (GO) enrichment analysis by Fischer’s exact test.The scatterplot of GO terms which are associated with
differentially expressed genes in ‘Tripo’ (A) and in ‘Lasang’ (B).shows the cluster representatives (i.e. terms remaining after the
redundancy reduction) in a two dimensional space derived by applying multidimensional scaling to a matrix of the GO terms' semantic
similarities. Bubble color indicates p-value (-log10 p-value); size indicates the frequency of the GO term in the underlying GOA database
(bubbles of more general terms are larger). In “Tripo’ (low seed yield) (A) has higher representation of GO of flower and shoot system
development. In ‘Lasang’ (high seed yield) (B) has higher representation of GO for pollination or pollen-pistel interactions (multi-

organism process).
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Figure 6. Comparative mapping of significant differentially expressed genes (DEGS) detected in this study to the red clover seed yield
related QTLs (Hermann et al., 2006). The distribution of DEGs on the seven linkage groups of red clover. The SSR markers (denoted
in brackets) (Hermann et al., 2006), linked to QTLs (denoted in bars) which are co-located to the DEGs are highlighted. In LG1,
MYBAZ2 mapped to the QTL for thousand seed weight (TSW). In LG2, 4CLL2 and CNIH3 mapped to QTLs for time of flowering
(TOF) and TSW. In LG3, EF113 mapped to QTL for seed yield per plant (SYP). In LG6, GAE4, mapped to the QTL for seed yield
per head (SYH).
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Supplementary Table S1. List of pathway-enriched differentially expressed genes in top ten

pathways between ‘Tripo’ and ‘Lasang’ at EF-MF and MF-LF stages.

Pathway

Differentially expressed
genes (No./%)

Pathway
ID

Starch and sucrose metabolism

Pentose and glucuronate interconversions
Phenylpropanoid biosynthesis

Purine metabolism

Thiamine metabolsim

Amino sugar and nucleotide sugar metabolism

Drug metabolism - other enzymes
Aminobenzoate degradation
Biosynthesis of antibiotics
Flavonoid biosynthesis

58 (4.84%)
34(2.84%)
33 (2.75%)
28 (2.34%)
24 (2.00%)
23 (1.92%)
22 (1.83%)
18 (1.50%)
18 (1.50%)
18 (1.50%)

map00500
map00040
map00940
map00230
map00730
map00520
map00983
map00627
map01130
map00941
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response to stress

secondary metabolic process

plasma membrane

regulation of gene expression, epigenetic

pollination

kinase activity

cell cycle

M Lasang M Tripo

Suppl. Fig 1. Annotation differences between ‘Lasang’ and ‘Tripo’ genotypes detected by Fischer’s exact test.



Top-Hit Species Distribution

BLAST Top-Hits
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Fragaria vesca
Arabis alpina
Brassica oleracea
Brassica napus
Vitis vinifera
Medicago sativa
Arachis duranensis
Manihot esculenta
Trifolium repens
Beta vulgaris
Cucumis melo
Nicotiana tabacum
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Eucalyptus grands
Arachis hypogaea
Solanum lycopersicum
Popubus tomentosa
Lupinus albus
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Brachypodum dstachyon
ATP

Salanum tuberosum
others | I

Suppl. Fig. 2: The top blast hit-species distribution in reference based and de novo based assembly
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