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Summary

Red clover is an important forage legume,
which has a key role as feed for livestock in
Sweden. Currently, Lantminnen uses cross-
breeding methods to develop red clover culdi-
vars for Nordic Europe in which new cultivars
are synthetic populations. This process is time
consuming and takes about 18 years from the
initial cross to the approval of a new cultivar.
Hence, introduction of modern methods is
crucial to increase the efficiency of the bree-
ding program. The project “Genomic selec-
tion in red clover (77ifolium pratense)” funded
by SLU Grogrund aims to introduce genomic
prediction of breeding values for selection
(genomic selection; GS) in red clover for the
improvement of forage yield, nutritional qu-
ality, host plant resistance and persistence.
This project involves three departments at the
Swedish University of Agricultural Sciences
(SLU), Lantminnen Lantbruk, Lantbrukar-
nas Riksférbund (LRF) and Hushéllnings-
sallskapet Sjuhirad. The project began in July
2019 and its ongoing phase lasts until June
2024. In this project, 600 accessions of red
clover comprising parts of the Scandinavian
collection at NordGen and breeding popula-
tions and cultivars at Lantminnen and other
relevant genotypes will be used for field trials
at four sites across Sweden, starting in 2020.
These accessions will be genotyped using ge-
notyping-by-sequencing (GBS) method. Phe-
notyping in both the field and laboratory will
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be conducted for three consecutive years. GBS
based genome-wide DNA markers and phe-
notypic data will be used for a genome-wide
association study (GWAS) to identify genes
and DNA markers associated with the target
traits. A core set of such markers representing
genetic diversity across the red clover genome
(including those found through GWAS) will
be used for the development and validation
of genomic prediction models for use in a red

clover GS-based breeding program.

Background

Sweden has over three million livestock and
its production is among the best globally in
terms of animal welfare. Maintaining such
a high-quality livestock production requires
continual improvements in forage produc-
tion. Red clover (7rifolium pratense; Figure
1) is the most utilized forage legume in the
country and plays a vital role in livestock ag-
riculture. It is grown throughout the country,
usually in association with grasses (Ohberg
2008). For example, 805 500 hectares of land
were covered by ley in Sweden in 2016, of
which 622 300 and 183 100 hectares were
conventionally and organically grown, res-
pectively (Statistics Sweden, 2017). During
2016, red clover was grown on 60% and 72%
of conventionally and organically cultivated
leys, respectively, indicating that red clover is
a component of about two-third of the leys
grown across Sweden.
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In nature, red clover is a diploid species

(2n=2x=24 chromosomes), but tetraploid red
clover cultivars (27=4x=48) have been bred
through polyploidization and are under cul-
tivation in Sweden for several decades. Both
diploid and tetraploid red clover cultivars are
currently grown in Sweden and both have late
and medium-late flowering types. It exhibits a
so-called homomorphic gametophyrtic self-in-
compatibility (GSI) and hence is outcrossing
(Riday and Krohn 2010). As an eflicient ni-
trogen-fixing legume, red clover contributes
to the availability of nitrogen in the soil for
subsequent crops (Tayler and Smith 1979).
Hence, incorporating red clover in leys offers
various advantages when compared with leys
without forage legumes, including increased
protein content of the forage and increased
soil fertility as well as carbon capture. This
is particularly important in organic farming
where artificial fertilizers are not used.

Red clover is generally a short-lived peren-
nial, and is harvested for only two or three
years after sowing, most commonly with
three harvests per year but both two and
four cut systems are used (Linda Ohlund,
Lantminnen, Svalov, Sweden). Persistence is
considered as a highly important trait in red
clover; and it is highly desirable to develop
cultivars that can persist several years, with
stable yield and appropriate nutritional con-
tent. However, this is usually not the case as
plants frequently die during the winter due to
biotic and abiotic factors. Clover rot, caused
by the fungus Sclerotinia trifoliorum, which
Sveriges Utsddesforenings Tidskrift 2-2019

attacks the plant during winter, is one of the
major factors affecting the persistence of red
clover. It not only leads to reduced persistence
but also to decreased forage yield, as it kills
some plants and weakens others (C)hberg et
al. 2008).

Improvements in forage yield and quality
are major targets in red clover breeding pro-
grams, and rapid biomass production without
a significant reduction in nutritional quality
is highly desirable. Significant variation exists
in these traits among red clover cultivars and
breeding populations. For example, Tucak et
al. (2013) reported a dry matter yield (DMY)
that varied from 14 to 26 t ha! within their
study material originating from several
countries in Europe including Sweden. Rese-
arch has also shown significant genetic vari-
ation for protein degradability in red clover
forage. There were highly significant varia-
tions in protein degradation rates and ru-
men undegradable protein among red clover
germplasm (Broderick et al. 2004), thereby
indicating the potential to develop red clover
cultivars with improved protein utilization
in ruminants through the application of mo-
dern plant breeding methods. Like in other
crops, modern plant breeding approaches,
such as genomic prediction of breeding values
(GEBV) selection (or GS for short), and gene
editing provide great opportunities for im-
provements of forage crops (Capstaff and
Miller 2018). Hence, GS should be applied
in red clover breeding programs to improve
various desirable traits. However, the current
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forage breeding program at Lantminnen is
conventional, in which new cultivars are de
veloped through crossbreeding methods with
subsequent release of synthetic populations.
This process is time consuming, as it takes
about 18 years from the initial cross to the
approval of a new cultivar (Linda Ohlund;
Lantminnen, Svalov, Sweden). Hence, in-
troducing modern plant breeding methods is
vitally important to increase the efficiency of
forage breeding programs.

Vision and goal

The project envisions the improvement of
red clover through the use of modern plant
breeding methods that involve dense-DNA
markers and improved phenotyping methods.
This will be realized through establishing a
new and effective breeding method (GS) for
the improvement of various desirable traits in
red clover, and thereby contributing to effi-
cient and sustainable meat and milk produc-
tion that in turn contribute to the growth of
Sweden’s bio-based economy.

By introducing genomic selection (GS) in
red clover breeding, we aim to improve not
only forage yield but also nutritional quality,
host plant resistance and persistence.

Materials and methods

This project targets medium-late and late
flowering diploid as well as medium-late te-
traploid red clover types. After evaluating
available data on the Scandinavian red clover
collection at NordGen (Table 1), breeding po-
pulations and cultivars at Lantminnen, 600
accessions comprising late and medium-late
flowering diploids and medium-late flowering
tetraploids have been selected for field trials at
four sites in Sweden starting from 2020. The-
se accessions will be genotyped by LGC Ge-
nomics using the genotyping-by-sequencing
(GBS) method with Illumina NovaSeq 6000
and NextSeq 550. GBS is a highly efficient
next-generation DNA sequencing method
for simultaneous discovery of new SNP
markers and genotyping of genetic materi-
al under study (Baird et al. 2008; Elshire et
al. 2011). Each accession will be represented
by 200 individual plants that will be pooled
for DNA extraction, followed by GBS-based
genotyping. Hence, data analysis will be ba-
sed on genome-wide allele frequency profiles
within each accession. GBS data analysis will
be conducted using an already published red
clover draft genome sequence (De Vega et
al 2015) as a reference. Genotypic data will
be used for genetic diversity analyses to esti-
mate the overall genetic variation within the

Table 1. Country of origin, and germplasm type of 512 Scandinavian and eight Russian red clover

accessions at NordGen.

Origin No. acc. I B Cv
Sweden 227 0 2 43
Norway 141 0 6

Finland 107 0 0

Denmark 37 6 4 25
Russia 8 0 0 0
Total 520 6 12 79

L

59
21
84

0

0
164

p W SW  ACC TEM
2 115 6 204 23

3 98 8 137

0 12 5 103 4

1 1 0 34 3

0 8 2 8 0

6 234 21 486 34

No. acc. = number of accessions; I = not defined; B = breeding and research material; CV = ad-

vanced cultivar; L = traditional cultivar/landrace/locally cultivated material; P = new and unveri-

fied material; W = wild; SW = semi-wild; ACC = accepted for long-term storage; TEM = accepted

for short-term storage. Source: https://www.nordgen.org
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Scandinavian red clover gene pool. Popula-
tion structure and kinship among the acces-
sions will also be analyzed, as they may have
significant effects in marker-trait associations.

Phenotyping of the accessions at the four
sites will be conducted for three consecutive
years. Traits that will be studied include fora-
ge yield (both green mass and dry matter),
clover rot resistance, persistence and forage
quality. Traits that will be studied as part of
nutritional quality will include the concen-
trations of crude protein, water-soluble car-
bohydrates, neutral detergent fiber (NDEF),
indigestible NDF (iNDF), and metabolizable
energy. The phenotypic and genotypic data
will be used for a genome-wide association
study (GWAS) through the application of
statistical models that incorporate kinship
and population structure (Sul et al. 2016) to
identify genes and DNA markers associated
with the target traits.

A core set of genetic markers representing
genetic diversity across the red clover ge-
nome including those that are known to be
associated with various desirable traits will be
used for the development and validation of
genomic prediction models. Different models
of Genomic Best Linear Unbiased Prediction
(GBLUP) and other methods will be used for
estimating GEBVs for each target trait. The
accuracy of different prediction models will
be assessed through various cross-validation
schemes.

Discussion

This project introduces GS for red clover
breeding in Sweden. GS is a relatively new
plant breeding method where large number
of dense-DNA markers are used to predict
the genetic merit of individuals or breeding
populations. GS is particularly suitable for
the improvement of desirable traits governed
by many genes, where marker-aided selection
based on significant linkage between marker
and trait is inefficient. GS is generally imple-
mented through the development of genomic
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prediction models based on genotyped and
phenotyped individuals or populations (trai-
ning set), estimation of GEBVs of these in-
dividuals or populations, which are only ge-
notyped in a validation set, and further used
for selection of desirable genotypes in the
breeding population.

Through the application of GS, candidate
cultivars with superior traits such as forage
yield, nutritional quality as well as host plant
resistance and improved persistence can be
identified early in the breeding process. With
GS, the need for time-consuming field trials
will decrease, both the breeding program and
the breeding cycle will be shortened, and se-
lection intensity may increase.

The main project outputs will be a custo-
mized genotyping array and newly develo-
ped and validated prediction models for GS,
which will be further utilized to design a new
modern red clover breeding program specifi-
cally adjusted to the Swedish germplasm and
conditions. Overall, this will lead to new cul-
tivars with superior traits, contributing to a
profitable forage production across Sweden.

Project participants and collabora-

tions

This project is coordinated by SLU Asso-
ciate Professor Mulatu Geleta and is being
implemented through collaboration of rese-
archers at three Departments of SLU [De-
partment of Plant Breeding (MG, Professor
Rodomiro Ortiz and Dr. Cecilia Gustafsson),
Department of Agricultural Research for
Northern Sweden (Professor David Parsons)
and Department of Animal Environment
and Health (Associate Professor Elisabet Na-
deau)], Lantminnen Lantbruk (Linda Oh-
lund; Plant Breeder), Hushallningssallskapet
Sjuhdrad (EN) and Lantbrukarnas Riksfor-
bund (Amanda Andersson). A new licentiate
student is being recruited and will be active-
ly engaged in different aspects of the project
including field trials, phenotyping and ge-
notyping and data analysis.



There will be a close collaboration between
this project and another SLU-Grogrund fun-
ded project on new breeding methods for ti-
mothy grass, as red clover and timothy are the
two major outcrossing forage crops that share
a perennial growth habit. We also collaborate
with an SLU Grogrund project working on
host plant resistance to various pathogens as
well as other on-going projects on red clover.
Genomic resources and tools generated in
these projects will be utilized in our project.

References

Baird NA, Etter PD, Atwood TS, Currey
MC, Shiver AL, Lewis ZA et al. (2008).
Rapid SNP discovery and genetic map-
ping using sequenced RAD markers. PLoS
ONE 3:e3376.

Broderick GA, Albrecht KA, Owens VN and
Smith RR (2004). Genetic variation in red
clover for rumen protein degradability. An-
imal Feed Science and Technology 113:
157-167.

Capstaff NM and Miller AJ (2018). Improv-
ing the yield and nutritional quality of
forage crops. Front. Plant Sci. 9:535. doi:
10.3389/fpls.2018.00535

De Vega JJ, Ayling S, Hegarty M, Kudrna
D, Goicoechea JL et al. (2015). Red clover
(Trifolium pratense L.) draft genome pro-
vides a platform for trait improvement. Sci-
entific Reports 5:17394. DOI: 10.1038/
srepl7394.

Elshire R], Glaubitz JC, Sun Q, Poland JA,
Kawamoto K, Buckler ES, et al. (2011). A
robust, simple Genotyping- by-Sequencing
(GBS) approach for high diversity species.
PLoS ONE 6(5): €19379.

Ericson L (2005). Norrlindsk vixtodling
(2005). Institutionen for norrlindsk jord-
bruksvetenskap, Sveriges Lantbruksuniver-
sitet, Umea, Sweden, pp. 1-55. ISSN 0285-
0447.

Frame ], Charlton JFL and Laidlaw AS
(1998). Temperate forage legumes. CAB
International. Wallingford, UK. pp. 327

10

Ohberg H (2008). Studies of the persistence
of red clover cultivars in Sweden with par-
ticular reference to Sclerotinia trifoliorum.
Doctoral thesis. Acta Universitatis Agricul-
turae Sueciae. 2008:8. ISSN 1652-6880,
ISBN 978-91-85913-41-1.

Riday H and Krohn AL (2010). Genetic
map-based location of the red clover (77ifo-
lium pratense L.) gametophytic self-incom-
patibility locus. Theoretical and Applied
Genetics. 121: 761-767.

SCB (Statistics Sweden) (2017).
https://www.scb.se/en/finding-statistics/

statistics-by-subject-area/environment/fer-

tilisers-and-lime/use-of-fertilisers-and-ani-

mal-manure-and-cultivation-measu-

res-in-agriculture/pong/tables-and-graphs/

cultivation-measures/temporary-gras-

ses-for-hay-and-silage-ley-by-type-of-legu-
minous-plants/.

Sul JH, Bilow M, Yang W-Y, Kostem E,
Furlotte N, He D and Eskin E (2016).

Accounting for population structure in

gene-by-environment interactions in ge-
nome-wide association studies using mixed
models. PLOS Genetics. DOI:10.1371/
journal.pgen.1005849.

Taylor NL and Smith RR (1979). Red clover
breeding and genetics. Advances in Agron-
omy. 31: 125-154.

Tucak M, Popovi¢ S, Cupi¢ T, Spanié V and
Megli¢ V (2013). Variation in yield, forage
quality and morphological traits of red clo-
ver (1rifolium pratense L.) breeding popu-
lations and cultivars. Zemdirbyste-Agricul-
ture 100: 63—70

Sammanfattning

Rédklover, en av vara viktigaste fodervixter,
spelar en avgorande roll svensk animaliepro-
duktion. For nirvarande tllimpar foridling-
sprogrammen i rodkléver pd Lantméinnen en-
dast konventionella metoder, dir nya sorter
utvecklas genom korsningsforidling for att
senare marknadsforas som syntetiska popula-
tioner. Denna process ir tidskrivande och det
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tar cirka 18 ar frdn den forsta korsningen till
godkidnnandet av en ny sort. Dirfor skulle in-
forandet av moderna foridlingsmetoder vara
avgorande for att 6ka effektiviteten. Projek-
tet "Genomiske urval i rodklover (7rifolium
pratense)”, finansierat av SLU Grogrund, sy-
ftar dill att infora genomiske urval (GS) i rod-
klover for att forbattra foderutbytet, protein-
och fiberkvaliteten, samt sjukdomsresistens
och uthéllighet. Projektet omfattar tre avdeln-
ingar vid Sveriges lantbruksuniversitet (SLU),
Lantminnen Lantbruk, Lantbrukarnas riks-
forbund (LRF) och Hushallningssillskapet
Sjuhirad. Projektperioden stricker sig fran
juli 2019 «ill juni 2024. Fran och med 2020
kommer 600 olika accessioner (genotyper) av
rodkldver, bdde ur samlingen pid NordGen
och avelspopulationer vid Lantminnen, att
anvindas for faldforsok pd fyra placser i hela
Sverige. Accessionerna kommer att vara ge-
netiskt beskrivna (genotypade) med hjilp av
en sckvenseringsmetod (GBS). Fenotypning
pa bide filt- och laboratorienivdi kommer
att genomforas under tre ar i rad. Sirskilda
GBS-baserade DNA-markérer och fenotyp-
iska data kommer att anvindas fér en s.k.
genome-wide association study (GWAS) for att
identifiera gener och genetiska markdrer som
arassocierade med de studerade egenskaperna.
En utvald uppsittning av genetiska markorer
som representerar den genetiska mangfalden
over hela rodklovergenomet, inklusive dem
som identifierats genom GWAS, kommer att
anvindas for att utveckla och bekrifta geno-
miska prediktionsmodeller f6r senare anvind-
ning av ett GS-baserat foradlingsprogram i
rodklover.
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