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ABSTRACT
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Christine Hayot Carbonero
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Sainfoin Onobrychis viciifolig, a forage legume with great potential for
sustainable agriculture, an insight on its morpgiwal, agronomical, cytological
and genetic characterisation

March 2011

Sainfoin Onobrychis viciifolig, is a traditional forage legume whose
agricultural use has been in constant decrease estéih Europe since the
1960’s. However, growing evidence suggests thatay be of great interest in
the context of sustainable agriculture, thanks umerous beneficial properties
(nutritional, environmental and anthelmintic). Inetframe of a large project
network, an extensiv®. viciifolia (and otherOnobrychisspecies) germplasm
has been gathered and several accessions were gnowmall plots on an
experimental field at NIAB, Cambridge. Measuremeotsmorphological and
agronomical traits were performed on these plotgolGgical and molecular
genetics studies were also carried on the germplasm

Accessions were found to be highly variable intlagjronomical traits,
with differences in productivity. It was observdwtO. viciifolia was relatively
resistant to diseases, but that persistence wasahedifficulty to overcomeO.
viciifolia accessions were also found to be variable in thenphological traits.

Statistical analyses on both morphological and mgrucal traits showed
strong links with accessions’ geographic originfie Tmost important trend
observed is a general distinction between Westarrofgean accessions and
accessions from the rest of the world.

It was found that mosO. viciifolia were tetraploids, suggesting that
agricultural domestication led to polyploidy. Oth@nobrychisspecies were
found to be either diploid or tetraploid with vargi basic chromosome numbers,
which tends to confirm the assumption that an alogyp event occurred in
Onobrychisgenetic history.

AFLP and SSR fingerprinting were attempted to itigase O. viciifolia
genetic diversity. The potential of these techngqueas shown, but the latest
improvements needed to obtain solid data were doieged during this study.
Still, it was shown that molecular marker assidtegeding programmes can be
elaborated foO. viciifolia.

Phylogenetic analyses were performed through sequerof different
DNA regions. Substantial genetic diversity was obsg¢ amongO. viciifolia
accessions, with again a general distinction beatw&¥estern European
accessions and accessions from the rest of thedwarlclarification of the
Onobrychis genus is suggested, as it appeared that manyespeuust be
synonyms, and that many taxonomic sections are lwsakported.

Overall, it appeared th&. viciifolia potential has probably not been fully
exploited, and that there is an important potental improvement in the
gemplasm studied here. Due to its superiority inmah husbandry and
agroecologic impactQ. viciifolia improvement can be suggested as a valuable
alternative to extensively used forage legumes.
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CHAPTER 1. INTRODUCTION

In many parts of Europe, the cultivation of fordggumes has decreased
since the early 1980’s. This was mainly due toithpact of support payments
from the Common Agricultural Policy towards interesiproduction; farmers
were encouraged to use more inorganic nitrogerligers. This trend is now
changing, however, and pressure to reduce enengguagption, environmental
pollution and improve agricultural sustainabilig/getting stronger. This is now
encouraging farm businesses to have a more ref§pensaititude to the
environmental impact of their activities, by usiloyv-input systems including
the use of forage legumes (Rochairal, 2004). Recent literature has shown that
systems based on forage legumes have the abiliposgively impact on the
environment. Forage legumes have been shown teaserefficiency of nitrogen
use and decrease nitrogen transit from the soiltebeer, global warming is
projected to increase the yield of forage legumelstive to grasses (Franet
al., 1998). From the perspective of livestock nutnfiaecent studies have
demonstrated that forage legumes with moderatési@fesecondary compounds,
such as condensed tannins and flavonoids, are ibehetn particular, they
increased the efficiency of nitrogen utilisation time digestive tract, reduced
bloat hazard and decreased parasitism. These baheftributes might convince

farmers to cultivate more forage legumes with thsperties such as sainfoin.

1.1. Sainfoin: a perennial forage legume from the

Onobrychis genus

Sainfoin  Onobrychis viciifolig is a perennial forage legume, an
important group in agriculture. This group alsoliles widely cultivated crops
such as lucerneMedicago sativg white clover Trifolium repen¥ and red
clover (Trifolium pratensgbut also less common species such as birdsfefoiltr
(Lotus corniculatus Legumes are able to convert inorganic gaseanssgheric
nitrogen into bioavailable nitrogen compounds (amimm) thanks to a

symbiotic association with bacteria (the symbiqgedaes of bacteria can be from
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several genera). Ammonium is then directly usabjetihe plants to produce

proteins (Frameet al, 1998). 0. viciifolia may be used as both forage and
fodder, which means that it is eaten fresh by ggazinimals and that it can be
harvested for feeding animals.

1.1.1. Botanical description

O. viciifolia is an erect or sub-erect plant. It grows from 4Q@0 cm in
height (Thomson, 1951a; Frareé al, 1998). Many hollow stems, arising from
basal buds, form a branched crown. Each stem hastei leaves formed with 10
to 28 leaflets grouped in pairs on long petioled aith a terminal leaflet. The
stipules are broad and finely pointed. The infloeexes develop on axillary
tillers with about 80 pinkish red melliferous flovge Each flower can produce a
kidney-shaped seed contained in a brown pod. Tueg i either spiny or
spineless (Figure 1). The degree of spininess asacieristic for different lines
and is genetically determined (Thomson, 1951b). 3ike of the true seeds is
variable from 2.5 to 4.5mm long, 2 to 3.5mm broad 4.5 to 2mm thick. The
weight per thousand unmilled seed and milled seegproximately 24 grammes
and 15 grammes, respectively. The fruit colouregsedmined by the ripeness at
harvesting time. A deep taproot with a few mainnibfees and numerous fine
lateral roots form the root systel. viciifolia is an outbreeding species mostly

pollinated by insects. It is self incompatible.

O. viciifolia has been divided into two agricultural types ternfént
Sainfoin’ and ‘Common Sainfoin’ and there are a bemof key differences
between the two types. The common ty@ngbrychis sativavar. communis
(Ahlefed)) is from central Europe. Its growth hal@tnains prostrate in the year
of sowing and regrowth after the first spring csitslow and vegetative. The
aftermath is normally grazed. It is also named Ishegit sainfoin due to this

limitation in terms of regrowth.
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Espicfitte. W 70 Gcityols aadloarZaviasi,

Prof. Dr. Otte Wilhelm Thome
Fiora van Deutschland Osterreich und der Schweiz.

Figure 1:0Onobrychis viciifolia(by permission fromvww.biolib.dé

The Giant type or double-cut sainfoi®@r{obrychis sativavar. bifera
Hort.) is from the Middle East. It grows more quickito an erect habit during
the first year of growth. It has the ability to leefrer after being cut (Badoux,
1965). Most importantly from the farmer’s point\oéw, it can be cut more than
once per year, but unlike common types, which peitsist for 10 years or more,
the giant types will not normally survive beyonded years. The giant type has
proportionally less stem per plant, longer stents @ore internodes per stem. It
also has more leaflets per leaf than the commoe (Jjpomson, 1951a). There
are no other relevant differences of particularenmttween the ‘Giant’ and the

‘Common’ types relating to seed weight, colour apahiness of the unmilled
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fruit (Thomson, 1951a). Negri and Cenci (1988) abterised twenty
populations ofO. viciifolia from central Italy. They found that the several
populations have their own morphological characterainly related to the
altitude. At greater altitude, populations were mhacharacterised by: generally
reduced dimensions of the vegetative parts, leafhetving a rounder shape,
prostrate growth habit, shorter peduncle of inoence and a greater length of

inflorescence.

1.1.2. Cytological aspects ddnobrychisviciifolia

O. viciifolia is reported to be either a diploid or a tetraplepecies with
respectively 2n=2x=14 and 2n=4x=28 chromosomesn{Erat al, 1998).
However, El-enain (2002) discusses the occurreicgees of 2n=22, 27, 28
and 29 chromosomes (2n=3x+1, 4x-1, 4x, 4x+1), whliemonstrates the role of
aneuploid alteration from the chromosome numbeedas multiples of x=7 in

the evolution of this species.

Only scarce information can be found on dipléd viciifolia. Most
literature only refers to tetraploi@. viciifolia with 2n=4x=28 (Kidambiet al,
1990b). Negriet al. (1987), analysed the ploidy of 20 different popiolas
which were all tetraploid. Tamas (2006), studietblogy aspects oD. viciifolia
and concluded that it is a tetraploid species aiRrage chromosome lengths
being 3.3@m in general, 3.78n for the longest and 1ué for the shortest.

1.1.3.0naobrychis genus taxonomy

Sainfoin belongs to the gen@nobrychis which belongs to the tribe
Hedysareaef the subfamilyPapilionoideaeof the fabaceae family, previously
called leguminosaddnobrychisis one of the most difficult genera to deal with.
Many confusions and contradictions are found intthe@nomy ofOnobrychis
This is mostly due to different approaches in sgecdielimitation resulting in a
varying number of recognised species (Emteal, 2007). Yildizet al. (1999),
suggested that the gen@siobrychiscomprises circa 170 species, based on fruit
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morphology. They are classified into two subger&isyrosemandOnobrychis
and 8 sections. Gunet al. (2000), estimated that 54 species can be idethiifie
the genuOnobrychisand that they are divided into 5 sections. SirjéE325),
suggested the classification©@hobrychisspecies shown below in Table 1.

Table 1: Classification dbnobrychisadapted from Sirjaev (1925)

Genus Subgenus Sections

Onobrychis | Euonobrychis=Onobrychis | Dendrobrychis

Lophobrychis

Hemicyclobrychis

Eubrychis=Onobrychis

Sisyrosemae Anthyllium

Afghanicae

Heliobrychis

Hymenobrychis

The most widespread species of this gen. igiciifolia (Celiktaset al,
2006). Several Latin names are used in the litegator sainfoin:Hedysarum
onobrychis L., Onobrychis sativaLam., Onobrychis viciaefoliaScop and

Onobrychis viciifoliaScop.

Sanchez-Yélamo (2006) characterised some speciegshef genus
Onobrychis using isozyme method9Onobrychis species section Eubrychis
clustered in a main group. The taxa belonging tbseationsHispanicae,
Brachysemia@ndMacropteraeclearly appear differentiated from the species of

subsectiorVulgatae

Emreet al. (2007) suggested a classification based on tetd protein
profiles. Studied species of sections LophobrycBisobrychis, Hymenobrychis

clustered together.

Ahangarianet al. (2007), clarified the phylogeny a@dnobrychisgenus
based on nrDNA ITS sequences. It has been suggestedtly that subgenus
Sisyrosemawas derived from subgen@nobrychis(Ahangarian, 2007).
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1.2. History of Onobrychisviciifolia cultivation

O. viciifolia was traditionally cultivated in many parts of thend but in
the last century its culture has been declining.Hhglish name ‘sainfoin’ is
derived from the French ‘sain foin’, which meansgahhy hay’.O. viciifolia is

also known as cock’s head, holy grass, esparcett&gench grass.

1.2.1. Distribution

O. viciifolia has been cropped for hundreds of years in mang péathe
world, including Asia, Europe and North Americadfreet al, 1998).

O. viciifolia is native to South Central Asia and was introduged
central Europe in the fifteenth century (Burton &drley, 1968). It was first
cultivated in Southern France in 1582, followingiethit spread over Europe
(Piper, 1924). It was introduced to North America 1786, but was only
occasionally cultivated until the 1960’s, when iionged varieties allowed wider
cultivation in adapted areas, primarily Montana gmadts of Western Canada.
Today,O. viciifolia is still being cropped mainly in Eastern Europalyl, Spain,
Iran and Turkey. It seems especially popular ink&yr where about 94,000 ha
were reportedly grown in 2001 (Ekenal, 2004).

The date of its first introduction to the Unitedngdom has not been
documented accurately, but its use was reportetiénl? century by Hartlib
(1652).0. viciifolia was cropped in the 718" 19th and early Zdcentury in
many areas of Britain. Its very high quality hayswased to feed the heavy
working horses and the aftermath grazing was medefor fattening lambs
(Koivisto and Lane, 2001).

1.2.2. The decline ofOnobrychis viciifolia in Western

Europe

Over the last 40 year§). viciifolia has experienced a constant decline in
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Europe (Borreanet al, 2003). It has been recorded that more than 1&@ew of
seeds were sold every year in the late 1950s itJthieed Kingdom, enough for
2,500 hectares (Hill, 1998). In the late 1970s aabproximately 150 hectares

were cropped, and this number continued to deciagaia after this time.

Doyle et al. (1984) assessed the future economic potenti@l. aficiifolia
in United Kingdom agriculture. It was estimated ttHa. viciifolia could
potentially be grown on 950,000 hectares in Engkamdi \Wales, where the soil is
sufficiently alkaline. To be more widely grown, was suggested that ti@.
viciifolia yield should be increased by 35%, which would yiglda 11.5 t DM
ha'. Under experimental conditions, yields of aboutl®4t DM ha' have been
achieved (Sheehgt al, 1984) in the United Kingdom, which indicates the
potential for achieving 12 t DM Hajield in practical farming.

Today,O. viciifolia has become rare in the United Kingdom, being grown
by only a few farmers. Hutchinson (1965) sugge#itatithe cause of this decline
might have been due, in part, to its poor resptéogbe changing requirements
and circumstance of British agriculture. Rochetnal. (2004) also pointed out
that the decline of forage legumes in Europe has loelie to the farmers support
payments towards intensive production using cheapganic fertilisers since the
early 1970s. Hill (1998) further explained thaisthhay also have been due to the
expansion and dominance of autumn cereal cropporg the 1960s. Borreast
al. (2003) explained its decline in Italy as a resfitagricultural structural
changes, and the gradual disappearance of livesfacks in hilly areas.
Newman (1997) stated that the virtual disappearah€ viciifolia was mainly
due to the replacement of hardworking draught llsetractors, for which it

was a major feed.

Agronomic problems however, may be the main catisedine sinceO.
viciifolia is reported to be of low yield, low persistencel @oor regrowth after
the first cut, compared thledicago sativa(Simset al, 1968; Borreanket al,
2003).
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1.3. Technical knowledge om®naobrychisviciifolia

O. viciifolia has been the subject of a range of studies rglain
agronomy, environmental preferences, crop protectamd plant-microbial

interactions.

1.3.1. Climate and soil requirements

O. viciifolia is adapted to a wide range of climatic conditieng. in
Europe, North America, Asia, Australia and New Zed, to neutral and alkaline
soils of pH 6 or above, and also to dryland andyated areas, similar to
Medicago sativa In the United Kingdom, it has always been linketth
calcareous chalky or limestone soil where it hasnbeported as growing well
(Frameet al, 1998).0. viciifolia is intolerant of water-logging and so the soil
needs to be well drained (Sheldrigt al, 1987). Studies conducted at the
Grassland Research Institute, Hurley, showed@haficiifolia formed a thin and
patchy sward on clay with pH below 6, and that éhwere failures on alluvial
sand with pH below 5 in the Thames Valley (Blan@71). Light or medium soll
with pH 6 or above without waterlogging seems tfoges to be preferred fdD.
viciifolia.

Meyer and Badaruddin (2001) have compared the frolgrance of
several legume species by using young seedlings.fiage legumes were the
most tolerant to freezing temperatur@s.viciifolia seedlings were more resistant
than Medicago sativaand most of theTrifolium species. OnlyTrifolium

hybridumseedlings were more resistant.

1.3.2. Sowing

O. viciifolia seeds are sold in two forms. The first, termednfilied
seed” or “seed in husk”, consists of the whole seeded fruits. The other form,
termed “milled seed”, is comprised of only the treeed with the dry husk

removed (Thomson, 1951b). There are conflictingorep in the literature
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concerning the relative germination of the two ferrivlilled seed is reported to
have better germination than unmilled seed (Wiesteal, 1968), but Chen

(1992) reported that there was no significant défifee in emergence in the field
between the two forms. It has been also reporte@dsh and Ditterline (1996)
that seedlings from large seed were stronger. Tilagymore nodules and higher
rates of nitrogen fixation at most harvest datesoup4 days. Therefore, it would

appear that using seeds of a minimum size is imapbfor breeding purposes.

In the United Kingdom,O. viciifolia sowing normally takes place
between April and July when the soil is warm enofgghrapid seed germination
and there is sufficient moisture for absorptiontby seed. Early spring sowing
allows the crop a longer vegetative period to dgveltrong roots and shoots, and
possibly even to give a harvest in the establislingear. A sowing date at any
time between April and July was found to give sanilyield the following
season, whereas an August and September sowingeethe forage yield in the

following season (Liu and Lane, 2005).

Jensen and Sharp (1968) reported that the optierapdrature for
germination was between 10 and 20° C; and advis&d5CC was the minimum
temperature to sow. The seeds should be drilldit@adcast to a depth of 1 to 2
centimetres according to traditional experiencel(#998). Canadian experience
indicates that the optimum depth was less thanrimetres (Gopleret al,
1991) but Chinese experience suggested 4 to Smetnés (Chen, 1992). These
different recommendations for optimum sowing deppnobably reflect
differences in soil texture and moisture availdypifiut also probably considering

the variety being grown.

Goplenet al. (1991) recommended seeding rate and row spaaumg 7
kg ha' and 60 cm for seed production to 40 kg lemd 15 cm for irrigated hay
production. Density trials conducted in a greenkoas Grassland Research
Institute, Hurley, indicated that 100 plants?nproduced the maximun®.
viciifolia yield in the establishment year and suggestedtimom seed rate of
about 62.5 kg Haassuming 80% germination (Sheatyal, 1984).
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1.3.3. Mixed sward of Onobrychis viciifolia with other

species

In general,O. viciifolia mixtures with certain grass species yield more
than each component of the mixture alone (Dubb88L9A number of authors
advise the use a companion crop €r viciifolia to avoid invasion and thus
competition from weeds (Koivisto and Lane, 2001)op@&n et al. (1991)
recommended a reduction in the seeding rate of gjaeties to about two-thirds
of that recommended for pure stands. Tradition@llyyiciifolia was sown with a
non-aggressive companion grass such as meadovef@sstuca pratensjsand
timothy (Phleum pratenge(Frameet al, 1998). In MontanaQ. viciifolia was
mixed with Kentucky bluegrasP¢a pratensis red fescue Kestuca rubr,
black medic Medicago lupuling, Trifolium repensandLotus corniculatusThe
O. viciifolia-L. corniculatusmixture was the most compatible and productive
(Cooper, 1972). Liet al. (2006) recommended that the best yield was oldaine

from a mixture 2/3 00O. viciifolia and 1/3 of~. pratensis

1.3.4. Weed control

O. viciifolia is usually considered to be a non-aggressive wiitp slow
regrowth after cutting, requiring it to be estalid with minimum competition
from weeds. Weeds can have a crucial effecOomiciifolia production in the
establishment year. In the casefviciifolia grown without herbicides, weeds
comprised 98% of the total yield for the first dat the establishment year
(Moyer, 1985). Traditionally the addition dfestuca pratensisor Phleum
pratensewas a means to avoid weed ingress. AlternativehgersowingO.

viciifolia in spring barley may also suppress weeds duritadpkshment.

In the United Kingdom, weeds @. viciifolia crops sown in the spring
are mainly broad leaf species such as cleav&aiym aparing, fat hen
(Chenopodium album groundsel $enecio vulgarls and red dead-nettle
(Lamium purpurum and in the autumn chickwee&téllaria media is often

severe.
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A range of herbicides have been used to controlsthesral types of
weeds. To successfully control most spring gernmgatroad leaf weeds,
MCPA [a.i. 4-(4-Chloro-2-methyl-phenoxy) acetic dicand MCPB [a.i. 4-(4-
Chloro-2-methyl-phenoxy) butyric acid] have beeplagal in practice at the first
trifoliate  stage of O. viciifolia. Carbetamine [(R}(ethylcarbamoyl)
ethylcarbanilate] has been applied in winter susfodly to maintainO. viciifolia
swards free from grass weeds and chickweed (Shklémd Thomson, 1982;
Frameet al, 1998).

1.3.5. Inoculation, nitrogen fixation and fertilisaion

O. viciifolia forms symbioses of two types: with rhizobia baetesind
with mycorrhizal fungi. The plant benefits from reased sequestration of
certain essential mineral nutrients such as nittagel phosphate.

1.3.5.1. Biology of symbioses

O. viciifolia develops two types of symbioses; firstly the depsient of
specialist organelles termed nodules with a rarigehtzobium spwhich enable
fixation of gaseous nitrogen into inorganic molesulSecond symbioses, known
as mycorrhiza, are formed with with a range of fusigpecies and are associated

with increased phosphate sequestration among attigautes.

1.3.5.1.1. Rhizobia-Legume plant symbiosis: the nate

A symbiotic interaction can occur between Gram-tiggabacteria of the
family Rhizobiaceaand legume plants’ roots. A specialist organ,rtbdule is
then formed. Various forms of nodule exist rangiragn spherical, to branched
and coralloid. In this nodule, differentiated baicte (bacteroids) use a
nitrogenase enzyme complex in order to reduce gh®s& nitrogen to
ammonia. The plant then uses this ammonia in aaeynthesise amino acid

and protein. In return, the plant supplies the ahia with the products of
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photosynthesis. The infection by rhizobia occuraegelly through root hairs.
The interaction between rhizobia and host showsgh Hlegree of specificity.
Therefore, the successful infection of the rootgtigobia is dependant upon a
reciprocal molecular dialogue between the hostt@ad the rhizobia. However,
a single host species may be nodulated by seviielemht genera and species of
bacteria. The bacteria in the nodules vary fronemisslly parasitic to highly
effective in delivering ammonia (Sprent, 2003). Thaot-nodule bacteria
entering in symbiosis with the genuSnobrychis belong to the genera
MesorhizobiumRhizobiumandBradyrhizobium(Baimievet al, 2007).

1.3.5.1.2. Arbuscular mycorrhizal (AM) symbiosis

The AM symbiosis formed between plant roots andyifus one of the
most widespread symbiotic associations found inmtpla80% of vascular
flowering plants are able to form this type of syosis with fungi, which are
members of the zygomycetes. The AM associatiorelatively non-specific,
highly compatible and long lasting. The plant siggpthe fungus with carbon.
The fungus assists the plant with the acquisitiophmsphate and other nutrients
from the soil and also influences the plants raaist to invading pathogens. The
interaction begins when fungal hyphae, arising fspares or adjacent colonised
roots, contact the root surface. Then they diffea¢® to form appressoria via
which they penetrate the root. The fungus, oncielénthe roots, may grow both
inter and intracellularly throughout the cortex bdoes not invade the vasculature
or the meristematic region. In addition, the fungalso maintains external
mycelia which ramify out into the soil in order tccess phosphate. The
phosphate is then transported into the internatgires within the plant root and
eventually made available to the plant accross filnggal/plant interface
(Harrison, 1998).

1.3.5.2. Inoculation

O. viciifolia can be cross-inoculated Bhizobiumspecies from sweet

vetch Hedysarunsp.), crownvetchGoranilla sp.), and purple and white prairie
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clover Dalea purpureaand Dalea candida (Burton and Curley, 1968)0.
viciifolia can also be inoculated with rhizobia isolated frilmree arctic legume
speciesAstragalus alpinusOxytropis maydellianandOxytropis arctobiaThis
inoculation with arctic rhizobia species improvasagen fixation during cold
phases of the growing season (Prewbstl, 1987)

Mycorrhizal inoculation has not been studied®@nviciifolia. However,
AM are known to help plants to access phosphatelsotto be one of the most
efficient ecological factors in improving growth carN content in a legume
(Barea and Azcon-Aguilar, 1983). A study on suledysarum coronariuim
showed that AM improved nitrogen fixation thankstlie phosphate supply and
also enhanced nitrogen uptake from the soil (Bated, 1987).

1.3.5.3. Nitrogen fixation

Overall, nitrogen fixation rates @. viciifolia have been measured to be
within the range of other forage legumes (laual, 2006). In comparison to
other legumes, the nitrogen fixation rate@f viciifolia has been measured in
terms of both the amount of nitrogen fixed and ezped in terms of resultant
increase in yield. Fo®. viciifolia the rate in most situations was between 130
and 160 kg h4, compared to 140-210 foi. sativa, this resulted in an increase
in yield of 17 and 25% respectively (Provorov arnikhdnovich, 2003). Upper
limits in a nitrogen free situation were higher, 270 and 550 kg ha
respectively. These data should be viewed withicauhowever, since neither
the O. viciifolia variety, nor the rhizobia identity were specified.

O. viciifolia was generally reported to fix insufficient nitrogéor its
needs and has sometimes shown nitrogen deficieproptems in inoculated
plants (Burton and Curley, 1968; Sires al, 1968). The reported insufficient
nitrogen fixation ofO. viciifolia may be associated with energy supply. Sheehy
and Popple (1981) found thét viciifolia required gross photosynthesis of 258
kg CH,O ha® day' compared to 234.3 whichedicago sativarequired. The
differences betweel®. viciifolia and Medicago sativain energy requirement
may be due to their different leaf area indices IjJLA'he LAl of Medicago
sativais typically twice that ofO. viciifolia, and O. viciifolia may, therefore,
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have less capacity to intercept sunlight and assiencarbon. This may result in
insufficient nitrogen fixation (Sheehy and Popd681). This may explain why
O. viciifolia has good nodulation activity and a higher noduéggivt compared

to other legumes.

1.3.5.4. Fertilisation

Nitrate fertilisation is known to reduce nodulatias well as nitrogen
fixation of legumes (Hartwig and Nosberger, 19%&ter (1965) found that low
levels of inorganic nitrogen stimulated nitrogexation in O. viciifolia, but that
high levels hindered it. Inoculate®. viciifolia with nitrate amendments
produced 20 to 30% more forage than inocula®edviciifolia without nitrate
(Simset al, 1968). A yield increase from nitrogen fertiliseas also reported by
Meyer (1975). However, Sheehy and McNeill (1988)rfd that there was no
significant difference between the dry matter yi@fl O. viciifolia with or
without nitrogen fertiliser application. Badoux @) trials with giant sainfoin in
Switzerland supported that result. He found thatdyivas not increased by the
application of nitrogen fertiliser; in contrastetle was a 4% reduction after a 90
kg ha® year' treatment. These differences in response to mitragmendment

may be due to difference in soil composition.

There are no specific recommendations for fertilisaof O. viciifolia in
the United Kingdom. Bland (1971) reported thateisponded well to farmyard
manure, phosphate and potash but that the optinmausis of application had
not been studied.

In another study, however, Sheegityal. (1984) evaluated the nutrients
extracted from soil bimedicago sativaandO. viciifolia and converted them into
fertiliser equivalentsO. viciifolia required more s and NQ thanMedicago
sativabut less KO and CaC@

O. viciifolia response to phosphate and potash has seldom dysmted.
Meyer (1975) found that.,Ps and KO, either alone or in combination with
nitrogen, had very little effect o@®. viciifolia productivity, recovery or stand

persistence. However, Shan al. (1991) found that added,®s increasedO.
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viciifolia yield. Tufenkciet al. (2006) stated that the application of phosphorus,
nitrogen andRhizobiuminoculum improves yield and nutrient uptake @n
viciifolia. The best performances were obtained on inoculgledts with
Rhizobiumspecies with the application of 40 kg'hef nitrogen in addition to 39
kg ha® of phosphorus. These differences in responsettientmay be due also

to the soll type.

1.3.6. Characteristics and management of the cropoff

forage and fodder production

O. viciifolia in the United Kingdom was traditionally used mygimls a
hay crop, but it could be cut for silage as wellafigl, 1971; Sheldriclet al,
1987).0. viciifolia aftermath was used for grazing, and light grazinty in the
late autumn was recommended to allow the crop toneplenish root reserves
(Sheldricket al, 1987).

Depending upon growing condition, dry matter yiefdD. viciifolia may
range between 7 and 15 t DM haYields are about 20% lower than those of
Medicago sativaThe contributing factors are mainly: a lower LAlJess erect
canopy structure and a less efficient gaseous gaftrdixation (Frameet al,
1998). Traditionally cutting normally took place tte bud to mid-flowering
stage for the first cut, which can provide abou®76f the total annual yield.
Trials in Canada by Goplest al. (1991) showed that regrowth was better if a cut
was taken at bud or early flowering stage, but it is higher when the first
harvest is at a more mature stage. FurthermOreyiciifolia cutting for hay
between the 75 and 100% bloom stage can reporaetiigve the best yields and
highest yields of nutrients, without appreciablssl@f quality, sinc®. viciifolia
retains its leaves longer thaviedicago sativa(Goplenet al, 1991). Protein,
lignification and fibre content do not vary sige#ntly between early, medium

and late bloom (Mowrey and Matches, 1991).

O. viciifolia regrowth is slow, and it is important to allow egba time to
replenish root reserves in order to maintain itssigeence and longevity. The
behaviour and preference Of viciifolia is similar to that oMedicago sativan
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many respects. The recommended interval betweenfeuMedicago sativas
about 6 weeks, and it uses the root reserve ifirdtehree weeks. In the second
three weeks the root reserves are restored tootimeef level (Aldrich, 1984).
Since the regrowth o0D. viciifolia is slower tharMedicago sativathe second
and third cuts may be taken at intervals of abowie@ks after the previous cut.
The slow regrowth oD. viciifolia compared witiMedicago sativanay be due to
essential differences in the root reserves. Tha int should probably take place
when no further regrowth is likely (Mowrey and Miags, 1991; Framet al,
1998).

De Giorgioet al. (2000) compared the root growth with the harvieset
They found that when the crop is cut at 20 centieseheight, subsequent root
development was found to be mostly concentratdtierupper layer of the soil,
while with a 10 centimetres cut, the root developtveas much deeper but with

small growing intensity.

1.3.7. Seed production

Honey beesApis melliferg and leafcutting beesvegachile rotundatp
are recommended for pollination ©f viciifolia as they are efficient pollinators
(Goplenet al, 1991).

Seed production irD. viciifolia assisted by bee pollination should be
quite successful. Favledicago sativathe pollination success is low because the
honey bees learn to remove nectar from the sidbeoflower to avoid pollen’s
projection on their head when entering normallyrfrihe front. TheD. viciifolia
flower is larger and when tripped will deposit {@len on the body of the bees.
It is assumed that this would not be as irritatiog the bees and pollen is
therefore collected at almost every visit (Wallat@s8).

During peak bloom, to optimise the seed yield, @opt al. (1991)
suggested provision of two to three colonies ofdyobees or 20,000 leafcutting
bees per hectare. For the purpose of this studyeyhbees will be used, since

they are more easily and economically accessed.

O. viciifolia produces seeds on an inflorescence consisting tof &0
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flowers. Each flower has the potential to produne seed but at best only 55%
of the flowers that are pollinated produce seeds T& probably due to the
genetic and physiological limitations of the plg@oplenet al, 1991). A plant
may produce 5 to 40 tillers, each having 3 to %onekcences. The number of
flowers per inflorescence, inflorescences perrtidad tillers per plant are a
function of interrelated environmental and gen&itors (Carleton and Wiesner,
1968).

Several factors are important for seed productibwas noted that seed
size increased gradually in the same plant as thmber of seeds per head
decreased (Carleton and Wiesner, 1968). The optisesd yield occurs when
the plants are cross-pollinated by bees. Seed ptioduof individual plants
decreased when competition due to distance betpleets increased. Therefore,
the plant density determines the performance ofpthgulation. Martiniello and
Ciola (1994) studied the seed yield componentsaly Bnd found that irrigation
improved the seed yield and the components mosctaeff by irrigation are

1000-seed weight, seeds per inflorescence andeésfience per stem.

O. viciifolia seeds ripen from the base of the flower spike tdwiae top,
and basal seeds shatter from the plants beforepper seeds are ripe. A period
of two to three weeks elapses between the operfirigeofirst flower and the
withering of the terminal flowers (Goplegt al, 1991). The flowering period
starts in early June and lasts about sixty dayplghet al, 1991).

The proper stage and harvesting method® oficiifolia for maximum
yield of quality seed is described as follows: sebduld be swathed when the
seed contains 40% or less moisture and dried invihdrow before threshing
(Carleton and Wiesner, 196&ach hectare should yields at least 500 to 900 kg
of clean seeds. Yield up to 1100 kg'Hsave been obtained with some cultivars
in Canada (Goplest al, 1991).

Thomson (1952) reported that unmilled seeds maintheir viability
longer than milled seeds. It is therefore importankeave the seeds unmilled if

they are going to be stored.
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1.3.8. Pest and diseases

O. viciifolia is reported to be relatively free from serioust@@®l disease
problems compared with other legumes (Gopéral, 1991).Medicago sativa
suffers from several economically important ingeests such as thdedicago
sativaweevil Hypera posticpand pea aphidsA¢rythosyphon pisumwhich do
not affectO. viciifolia. This could encourage the farmers to g©wiciifolia as

an alternative solution teledicago sativgMorrill et al, 1998).

1.3.8.1. Diseases

Several diseases described in the literature oec@. viciifolia. These
diseases are quite similar in different part of Wwald and only a few are really

having an economic impact.

1.3.8.1.1. Soil-borne disease

In the United Kingdom, root, crown and stem rot sl bySclerotinia
trifoliorum has been reported (Hughes, 1949). Plants infdayethis pathogen
begin to wither and turn brown during the middletlué growing season (Figure
2). The fungus survives from one growing seasothéonext in the soil in the
form of black sclerotial bodies. Rotation with anAgusceptible crop such as
cereals permits a better control of the diseasewf@rand root rot caused by
Fusariumspecies (mainlyrusarium solarjiis one of the most important factors
affecting longevity inO. viciifolia (Mathre, 1968). The symptoms are a dry,
brown rot of the inner tissues of the tap root.sTiingus may reduce the winter
survival of the plants, which are affected. Anotkeil-borne disease reported in
England and Germany is verticillium wilt, caused the soil-borne fungus
Verticillium albo-atrum Sclerotiniarot andFusariumcrown rot appear to be the

most important diseases in temperate climates (Mal968).
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Figure 2: Crown rot oMedicago sativa&aused bysclerotinia trifoliorum
http://ipm.ncsu.edu/alfalfa/Scouting_Alfalfa/alalimages/fig2.jpg

1.3.8.1.2. Stem and leaf disease

Several stem and leaf diseases has been reported lnited Kingdom
and include the following: leaf spot d. viciifolia caused by the fungus
Ramularia onobrychidisind Septoria orobinaring spot ofO. viciifolia caused
by the fungudlleospora herbarugthe imperfect stage of which &&emphyllium
botryosum leaf and stem spot @. viciifolia caused by the fungusschochyta
onobrichidis rust caused byromyces onobrychidjschocolate spot caused by
Botrytis conereaand powdery mildew caused IBrysiphe polygon{Mathre,
1968).

Powdery blight Aschochyta fabad)as also been reported On viciifolia
but under different climatic conditions in Iran ahdrkey (Eken, 2003).

1.3.8.2. Insects and nematodes

Few insects and nematodes cause damag®.teiciifolia. They are
described below.

1.3.8.2.1. Root feeding insects

Root feeding insects can make establishment of stands difficult and
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reduce the longevity of an established stand. imdhoup, weevils of the genus
Sitonaare the most importanbitona scissifronweevil’s adults become active in
the field in June. At this time, they crawl on thlants and eat the edges of the
leaves, leaving characteristic notches along theele This damage could be
disastrous at the seedling stage in the field (&¢all 1968). Their larvae feed on
the roots, and this reduces the persistenceOofviciifolia plants because
pathogens invade the root scars (Momrtllal, 1998). Other members &fitona
(S. lineata S. callosoand S. crinitg have damaged. viciifolia in Europe
(Wallace, 1968). Larvae of a clear-wing mo8gsia chalcidiformideed also

with roots ofO. viciifolia in Europe (Wallace, 1968).

1.3.8.2.2. Stem and leaf feeding insects

There are a number of other insect species thatlaarage the stems and
leaves ofO. viciifolia but most of them cause little damage only. Leaflieg
larvae of garden and sugar beet webwadtox@stege similali@ndL. sticticalis
respectively) have been reported to feedDorviciifolia but they appear to be of
minor importance (Wallace, 196&)ledicago sativabutterfly Colias eurytheme
and closely related specieS.(edusaandC. hyalg are also mentioned as leaf
feeding onO. viciifolia in Europe (Wallace, 1968). Thdedicago sativaveevil
does not attackO. viciifolia but two closely related specieBhytonomus
farinosusandHypera trilineatg are mentioned as pests@f viciifolia in some
European countries (Wallace, 1968). Sucking insdateage the stems, leaves
and in some case the developing seeds. One of ¢isé dlamaging pests is the
potato leaf hopperEmpoasca Fabgealthough it occurs only in localised areas.
Lygus (ygus elisusLygus hesperuand Adelphocoris lineolatysalso feed on
buds, flowers and seeds (Morrét al, 1998), but they appear to cause little

damage.

1.3.8.2.3. Insects damaging seed production

A number of insect species damage seed produatidturope. TheD.

viciifolia midge Contarinia onobrychidis is a serious pest in some parts of
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Europe particulary in England. The larvae form gail the flower heads and the
seeds fail to develop (Wallace, 196Burytoma onobrychidijsthe O. viciifolia
seed chalcid, is also a serious pest in some afdagrope. The adults lay eggs
in the developing seeds and the larvae eat ouintide of the seed (Wallace,
1968). Other insects listed below are also damage®yl production in Europe
but are less aggressivéPerrisia onobrychidis Apion pisj Odontothrips
intermedius Otiorhynchus ligusticandMeligites erythropusSeed production in
the USA is decreased by tke viciifolia bruchid,Bruchidius unicolor(Wallace,
1968).Bruchophagouspp., a seed-infesting insect, has been also exportO.
viciifolia in the USA (Morrillet al, 1998).

1.3.8.2.4. Nematodes

Root-knot nematodeV{eloidogynespp.) has been found @ viciifolia
in the USA (Mathre, 1968). Mathre (1968) reportdésbahat seedlings oD.
viciifolia are susceptible to the stem and bulb nematbiglénchus dipsagi
These nematode species might also darm@ageciifolia in Europe but there is no

literature report.

1.4. The potential ofOnobrychisviciifolia

Despite its agronomic problemS, viciifolia has a high potential mainly

related to animal nutrition.

1.4.1. Soil improving crop

Sergeeva (1955) reported the superiorityotviciifolia in improving the
soil. It is attributed to the many fine ramificat® of its abundantly nodulated
roots. They die off and thus enrich the soil dutiihg plant’'s growth period. The
fine roots ofMedicago sativaamount to 4200 kg Hain contrast tdD. viciifolia
amount of 16,200 kg Fa
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1.4.2. Tannin content

Tannins are oligomeric polyphenolic compounds wiigh molecular
weights, which accumulate in plants as natural pectgl of secondary plant
metabolism (Caygill and Mueller-Harvey, 1999). Twwjor classes of tannins
are recognised: hydrosable and condensed. Conddasedihs, also called

proanthocyanidins, are polymers of flavan-3-ols.

Tannins are often present in the seedcoats of legws plants, but they
are usually absent from the vegetative part of &isgbus species; there are some
exceptions to this, including the members of Hedysareaetribe and some
other species such astus corniculatugBate-Smith, 1973). Scharenbezpal.
(2007a) found tha©. viciifolia has a higher condensed tannins content (up to
100g/kg DM) thanLotus corniculatusregardless of the conservation method
(fresh, dried or ensiled). There is an even distrdm of tannin cells throughout
the plants in contrast to other tannin-containiodder legumes (Skadhaugé
al., 1997). It has been shown that the compositiotanhins inO. viciifolia is
highly variable within the cultivar and also forffdrent development stages
(Koupaiabyazanet al, 1993a,b). This composition is very complex withire

same plant (Maraist al, 2000).

All tannins used to be considered as harmful fommalian metabolism.
Plant phenolics have shown toxic and antinutritioetiects in monogastric
animals (Lowryet al, 1996). However, there has been a growing interest
tannins due to their positive biological activitiesruminants (Mueller-Harvey,
2006).

Most of the tannin studies to date have been chaig on forage legume
species other tha®. viciifolia, but the results may be useful to understand the
positive biological activities in ruminants. McMahet al. (1999) stated that
tannins inLotus corniculatusare able to bind the proteins generating ‘ruminal
escape protein’ (Figure 3). This leads to bettetgin utilisation in the rumen by
protecting proteins from early degradation by pobtic bacteria (Molaret al,
2001). Min et al. (2005) also found that condensed tannins frhotus
corniculatusinhibited the growth of proteolytic rumen microganisms. This
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process also leads to environmentally safer forfnexareted nitrogen, lower
urinary nitrogen, but slightly higher faecal nitesg Barry and McNabb (1999)
reported that condensed tanninsLaoftus corniculatusincreased wool growth,

milk secretion and reproductive rate in grazingeghe

‘ Tannins + proteins | ey (  Rumen

in feeds
/ lower N Tlow\ higher N-flow

Liver Small@

b

Kidney
| l

Lower urinary N Higher faecal N

Result: better absorption of amino acids

Figure 3: Tannins that bind to dietary protein @ase the nitrogen flux from the
rumen to the small intestine. This process has beferred to as ‘ruminal escape
protein’
McMahon et al., 2000

1.4.3. Nutritional properties of Onobrychisviciifolia

O. viciifolia possesses important nutritional properties suchhigh

palatibilty and good nutrition value.

1.4.3.1. Palatability

Despite the fact thdD. viciifolia is a tannin-rich plant, it has always been
considered as one of the most palatable forageiespetannins have been
viewed as antinutritional in the past because ttagylead to reductions in intake
and digestibility of many plants (Kumar and Sindgl984) but there are
interesting exceptions. It has been shown by Paaker Moss (1981) that the

voluntary intake by grazing heifers is much higloer O. viciifolia than on
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Medicago sativa Scharenberget al. (2007a) found thaO. viciifolia is more
palatable thath.otus corniculatudor sheep; it is 20-24% higher than for grasses
and 10-29% higher than fdrifolium pratenseor Medicago sativgWaghornet

al., 1990).

1.4.3.2. Nutritional value

O. viciifolia has good nutritional value; it has a different moniacid
composition toMedicago sativaand has a high protein quality (Kaldy al,
1979). In addition, a study by Karnezetsal. (1994) showed that the utilisation
of the metabolisable energy @ viciifolia is highly efficient. The growth rate in
lambs was greater i®. viciifolia than with other forages such Btedicago
sativa Hosteet al. (2005) found also th&D. viciifolia andMedicago sativahave

similar effects on milk production by goats.

1.4.3.3. Rumen degradation

Barry and McNabb (1999) reported that the fr€shviciifolia tannins
reduce protein degradation in the rumen and thddd¢o lower ruminal ammonia
concentrations. Wangt al. (2007) reported also that cattle grazivigdicago
sativaO. viciifolia mixtures of as little as 85 grams per kg dry mrattad lower
ruminal ammonia concentrations than those grazinge pMedicago sativa
pasture. However, Wangt al. (2007) found that, with silage, this reduction of
ruminal ammonia concentration occurred only witliep@. viciifolia silage. It
was concluded that. viciifolia condensed tannins protect protein more
efficiently from degradation in grazed than in éegimaterial Medicago sativa
andO. viciifolia can be co-ensiled in order to improve the fernteriaand the
total tract digestion. The optimal ensiling and noah fermentation was obtained
with a proportion of 60:40 DM respectively bfedicago sativeandO. viciifolia
(Wang et al, 2007). Scharenbergt al. (2007b) showed that in sheep, the
condensed tannins froM. viciifolia decreased ruminal protein degradation and

urine nitrogen losses. The condensed tannins atepedsed the plasma

44



concentration of essential amino acids, which iatdis that the rumen escape

protein is digested in the intestine (Waghetral, 1990).

1.4.4.0naobrychis viciifolia, a non-bloating forage

Bloat is a digestive disorder occurring in catfleeep and other domestic
ruminants; it occurs mainly when animals are fethwegume forages. Lush
grasses in early spring can also cause bloat. ¢aised by the formation of
stable proteinaceous foams in the rumen, whichgmtegas escape and can often
eventually result in animal death (Clarke and R&Rif4). Thus, it represents a
serious problem for livestock producers, who needirhit the quantities of
bloating foragesT(rifolium species andMedicago sativamainly) in the diet of
their animals. A two-decade long trial (1973-198@s conducted to quantify the
effect of the forage on the occurrence and therggwd bloat. It was shown that
every Medicago sativacultivar tested induced bloat. Bubtus corniculatus
cicer milkvetch Astragalus cicell.) andO. viciifolia did not induce bloat. This
confirmed the bloat-safe feature @f. viciifolia (Majak et al, 1995). As a
consequence). viciifolia can be fedad libitum grazed or conserved as hay or

silage.

1.4.5. Anthelmintic properties

Acquired resistance to anthelmintic medicines hagnbreported in
almost all species of domestic animals (Jaldbal, 2006). There is therefore a
need to find an alternative solution to drugs totoal the worm population.

The consumption of tannin-rich plants is suggedtedvoid nematode
infections. It has been shown for several tanrsh-plants using sheep as a
model. In particularQ. viciifolia has been shown to have an antiparasitic effect
on the most important sheep nematadagmonchus contortu@deckendornet
al., 2006). Further studies compari@y viciifolia to other tanniferous forage
plants have pointed o@. viciifolia to be the most promising candidate for an

integrated control strategy agairt$t contortus(Heckendornet al, 2007).0O.
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viciifolia has also been shown to have a negative effect emnatode egg
excretion and a positive effect on host resiliencgoats (Hosteet al, 2005;
Paolini et al, 2005). The active compounds involved in anthetimiproperties
have been determined. Tannins and flavonol glyessithave both been
characterised to have an effect on ievitro larval migration ofHaemonchus

contortus(Barrauet al, 2005).

1.4.6. Feed for exotic herbivores in zoological dettions

O. viciifolia could be also relevant in zoo herbivore feedingm8&
animals resident in zoos, primarily the naturaktt@owsing feeders such as
giraffes, require high quality forage and may suféeidden and often fatal
metabolic problems if this is not provided. Highatjty conservedviedicago
sativg determined as the most suitable artificial fordge many captive
browsing herbivores, is often difficult to obtain temperate climates due to
problems encountered in the hay making processvolild be therefore be
possible that a forage with a high palatabilitigelD. viciifolia, could be offered
as a very beneficial alternative, particularly s tcrop can be safely fed on a
fresh forage basis without the risk of ruminal bloacurring as has often been
reported to be a problem with the feeding of otegume crops on this fresh fed
basis.O. viciifolia may also have an anthelmintic effect, which wquidvide a
natural method for controlling gastro-intestinalrgsates, this is of particular
relevance when dealing with exotic species and abh@idance of excessive
pharmaceutical treatments is preferred (Andy Bwrtléoological Society of

London, personal communication).

1.4.7. State of the art on breeding programmes: a

potential not fully exploited

Various breeding programmes have successfully ivgatdhe agronomic
performance of botiMedicago sativaand Trifolium species, but little research

has been directed towards improviQg viciifolia varieties in Europe. Currently,
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O. viciifolia is not widely cultivated due to its inferior agmmic performance

compared tdMedicago sativaor Trifolium species.

A few isolated breeders are still registering neywmtlsetic cultivars
adapted for specific needs but the breeding progresnare very small and do
not take into account the huge diversity availalie.viciifolia varieties differ
largely in winter-hardiness, maturity, yield pote@htand many other factors
(Shaw, 1968).

Modern bred cultivars oO. viciifolia do not rigidly align with one or
other of the two main original types, common omgidut are more flexible in
their characteristics. Some well-known landraces &otswold Common’,
‘Hampshire Common’ and ‘Sombourne’ for common tymesl ‘Hampshire
Giant’ and ‘English Giant’ for giant types. Some newitivars derived from
these two types and Russian landraces are: ‘Naw&‘Melrose’ developed in
Canada in the 1970’s, ‘Eski’, ‘Remont’ and ‘Remuné@sveloped in the USA in
the 1960’s and 1970’'s, ‘Zeus’ and ‘Vala’ from ItalPerly’ from Switzerland,
‘Fakir from France and ‘Emyr’ developed in Hungafi{oivisto and Lane,
2001). Other varieties are still released as theetya‘Shoshone’ in 2006 in
Wyoming, USA. It has been selected due to goodregnic performances (Gray
et al, 2006). A ‘G35’0. viciifolia was released in New Zealand. Its selection
criterion was a better adaptation to New Zealamsatic conditions (Rumball
and Claydon, 2005). Some breeding was also caogdin Italy in the last
decade (Martiniello, 2005).

In 2010, only 19 varieties d@. viciifolia are registered on the European
common  catalogue  (http://ec.europa.eu/food/planp@gation/catalogues/
comcat_agri_2008/37.html). There is @o viciiifolia guideline available for the
conduct of tests for distinctness, uniformity artdbgity produced by the
International Union for the Protection of New Vs of Plants (UPOV).
Furthermore, the biological potential of the linestill not taken into account in

the breeding programme.
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1.5. A project to understand the value of the sustaable

forage Onaobrychisviciifolia

This Doctor of Philosophy (PhD) programme of waoskpart of a four
year project, called ‘HealthyHay'. It is a Marie-«@utraining network funded by
the European Commission and is comprised of a ebnsoof 14 partners. This
project as a whole evaluates good agronomic, genaiiritional and veterinary
properties from a unique germplasm collection, als® investigates the unique
chemical, nutritional and veterinary propertiefofviciifolia and their modes of
action (Figure 4). In particular, the beneficialfeet of tannins is being
investigated. The network will then obtain moreommation for futureO.

viciifolia breeding programmes by targeting interesting lines

HealthyHay
Agronomie Blology and Effacte and
pErfonmance chemistng benefits
S | —

Collection of
sainfoin variefies

—

Screening for Elochemical | | Falyphenol || Anti-parasitic
desirable characterisation Eharacterisation effects
properiies

— Molecular Nuwlritional

Marketing & characterisation Flavonolds I Tannins I avaluation
production of

sainfoin seads ,
|| Development of || Environmental
screening fooks henefit

Figure 4: Scientific objectives of ‘HealthyHay’ pect

Plot and field trials

Research within this project that will be carried aut in
this PhD

The main purpose of studies for this PhD was teecbgermplasm and to
characterise its morphological, agronomical, cydalal and genetic diversity.
To characterise the morphological and agronomioadrdity, small-plots were
established in field trials. Several field evaloas were done between 2007 and
2010 in order to characterise some morphologiedtistas well as the agronomic
potential of the accessions in order to charaadhe phenotypic diversity of the
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germplasm. The ploidy and genome siz€&oflviciifolia was also investigated as
previous data on these characteristics were spancke controversial. Some
karyotyping studies were also carried out on otBeobrychissp. O. viciifolia
fingerprinting methods were developed to evalubte genetic diversity within
and between accessions, with the goal of linkirajtdrto genotypes. The
taxonomy of Onobrychis sp. was also clarified through non-coding DNA
sequencing and phylogenetic analyses. This studgdito asses®. viciifolia
potential in the context of sustainable agricultase only scarce and limited
information was available on this forage crop. Ehasalyses were designed to
constitute a pre-breeding programme, producing ttat could be relevant to
future breeding programmes. These data must besdinto the analyses
performed by Healthy Hay partners in order to gelbe most beneficial

properties that could be associated with improwgdrgomic potential.
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CHAPTER 2. MATERIAL AND METHODS

In this chapter materials and methods used durlmg study are
described.

2.1. Germplasm ofOnobrychis species gathered

Onobrychisgermplasm was collected. It contains mosily viciifolia
accessions. The full germplasm collection is désctin Appendix 1.

2.1.1.0nobrychis viciifolia germplasm

A germplasm collection of 291 differe@. viciifolia accessions has been
gathered from various sources: nationally and matgonally held collections as
well as accessions collected from the wild. Theam®j was obtained from

internationally held collections.

The quantity and quality of seed samples suppliegtewvariable.
Differences in size, shape, and colour were obskfiviglure 5). They were either
milled (true seed) or unmilled. Seeds were storetku different conditions, and
some of them were more than thirty years old; thes viability was uncertain.
Subsequently, germination rate was often very le2500) and varied between
0% and 90%.

Figure 5: Morphological diversity d. viciifolia seeds received
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The source of the accessions is described in Table

Table 2: Source dDnobrychis viciifoliagermplasm used in field trials at NIAB

Number of | Collection details Country

accessions

obtained

162 Germplasm Resources Information Network (GRIN)SA
Washington

27 Institute of Grassland and Environmental RetegtK

(IGER), Aberystwyth

24 International Center for Agricultural Researchtle| Syria
Dry Areas (ICARDA)

16 Gene Bank Research Institute of Crop Producti©onech
(RICP), Prague Republic

10 Research Centre for Agrobotany (RCAH) Hungary

24 Centro de Investigacion y Technologi@pain

Agroalimentaria (CITA), Aragon

2 Cotswold seeds Ltd UK

3 Caussade semences France
3 Wild accession collected by Dr Kamalak Turkey
1 Wild accession collected by Steven Bentley UK

1 Wild accession collected by Christine Hayot Feanc
12 Royal Agricultural College (RAC), Cirencester UK

6 Donated to Dr Irene Mueller Harvey ReadjngK

University from various sources

2.1.2.0nobrychis species added to the germplasm

Other species ofOnobrychis were also added to the germplasm
collection. Seeds dD. antasiatica O. atropatana O. hajastanaO. michauxij
O. petraea O. subacauliandO. transcaucasicavere supplied by the National

Academy of Sciences of Armenia. Seeds fr@n radiatg O. montana O.
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inermisstevenQ. arenaria, O. altissimandO. arenariawere supplied by RICP
Prague. O. antasiatica accessions were collected from cultivated areas in
Armenia, and other species have been collected ftben wild. Table 3

summarises the origins of these accessions.

Table 3: Number and sources ©hobrychisspecies accessions other tHan

viciifolia

Number
of Species Source

accessions

RICP: Gene Bank Research Institute of
1 O. arenaria Crop Production in Prague Czech

Republic

O. altissima

O. antasiatica

O. atropatana

O. buhseana

O. bungei

O. cadmea

O. cyri

NAS: National Academy of Sciences of

0. hajastana )
Armenia

O. meschetica

O. michauxii

O. petraea

O. radiata

O. subacaulis

O. takhtajanii

O. transcaucasica

O. aequidentata

O. altissima IPK: Institute of Plant Genetics and Crgp

O. arenaria Plant Research in Leibniz Germany

N N I ) Y B ) e N T e e e I I S

O. bobrovii
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O. caput-galli

O. crista-galli

O. inermis Steven

O. montana IPK

O. pallasii

O. pulchella

Y I Y B N S

O. radiata

O. alba subsp.
Laconica

O. arenaria subsp.

Sibirica GRIN: Germplasm Resources Information

O. biebersteinii Network in Washington United States

O. cyri

O. gracilis

O. iberica

= B~ | O]l O

O. argentea CITA: Centro de Investigacion y

_ Technologia Agroalimentaria in Aragor
1 O. pyrenaica _
Spain

These accessions were added to the germplasm betheg have
interesting biological characteristics, such asreaweé temperature tolerance,
which might be transferable @. viciifolia in future breeding programmes. Seed
shape, size and colour were variable and veryréifitecompared t®. viciifolia
(Figure 6).

53



@Niischauxii. | . O. petrea Boiss, O. atropatana
DC *

T — Boiss.

O. viciifolia Scop.-

O. transcaucasica | S
Grossh. O. subacaulis

Boiss.

O. hajastana
Grossh.

Figure 6: Seeds of son@nobrychis spcollected

Seeds fronLotus corniculatusandLotus pedunculatugiere supplied by
Agresearch, New Zealand. There have been sevedikeston these tannin-rich
plants (Hedqviset al, 2000; Molanet al, 2001) and the comparison between
their tannin content and properties was undertdienther partners within the

Healthy Hay Project.

A numerical code starting from 1001 was generabeefch accession in
order to attribute a simple name to each populatiua is an approach generally
used in breeding programmes Therefore, these cadebe useful for future
breeding programmes. The description of all 36Gessions with their species,
variety, code, source, country of origin and stafuavailable is shown on

Appendices 1 and 2.

2.1.3. ldentifying the source and status of the gemplasm

accessions

It was necessary to identify the source and stafuthe accessions in
order to explain potential differences observed.
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2.1.3.1. Geographical origin

Countries of origin and collection details were stimes obtained from
the passport data provided by the supplier of #eds. In that case, the US
National Geospatial Intelligence Agency (NGA) waed to obtain coordinates.
Data tables linking place names of human settlesnamtl geographic features to
their latitude and longitude were obtained from @EOnet Names Server as tab

delimited text files (http://earth-info.nga.mil/ghsml/cntry_files.html).

Latitude and longitude data of collection sites @veometimes provided.
Accessions with coordinate data were classifiedh witcGis 9.0, according to
Koppen Climate Zone and Biome. Koppen Climate Zooesespond to the
Koppen three character system for categorisingaties) (Peekt al, 2007) and
biomes are described in the International UnionGonservation of Nature and
Natural Resources’ ‘Biotic provinces of the wor(lUCN, 1974), updated by a
consortium of conservation organisations (Olsein al, 2001). DespiteO.
viciifolia being cropped artificially, such climatic zones c¢aflect crucial set of

informations that separate different populations.

A full summary of the geographic origins of the egsions is provided in
Appendix 2. The accessions’ geographic origins (ehavailable) according to
Koppen Climate Zones are summarised in Figure &tMbthe accessions were
originally from Europe and Asia (Middle-East) amdrh temperate regions.
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Kdppen climatic zones are represented:

Ind  3rd  Descripfion Criteria?
A Tropical T;c;d.:; 12
f - Fainforest =40
m - %onsoon '\o (Af) & Payz 1III AIAP2S
w - Segvannzh Wot (Af) & Pdn =100-MAP 2:1
B Arnd [""’ ].'XPr reshold
':Tf - Desent = xP, reshald
5 - Steppe 25w P ihald
h - Hot MAT=18
k - Celd M ‘T 1::.
C Temperate
- Dry Swmmmer Py -
3 - Drv Winter Py =
f - Without dry seasen ot (Cshor i(C
a - Hot Sununer TLM.:;JJ
b - Warmm Sumumer Wot (2) & Thonin =4
C - Cold Summer Wot (aorb) & 1= Tyonip <4
D Cold Tl;ﬂl:"' 10 & Tc&li'—:'{l
3 - Dry Swmmmer .;1_~ <40 & Pogry < Py 2
i - Dry Winter = Prpar/10
f - Without dry seasoen '\o _?l-:: or (Dw)
a - Hot Sununer Tpgez=22
b - Warm Summer Mot {a) & Tyonio =4
: - C 1d Smmmer Not {a, b or d)
d - Very Cold Winter Not (2 or b) & Toqig=—38
E Folar Thoe=10
T - Tundra Tpge= 0
F - Frost Tpgr=0

MAP = mean annual precipitation, MAT = mean anrtaaiperature,

Thot = temperature of the hottest month, Tcoldmgerature of the coldest
month, Tmon10 = number of months where the temperas above 10, Pdry =

precipitation of the driest month, Psdry = pre@pdn of the driest month in

summer, Pwdry = precipitation of the driest momthvinter, Pswet =

precipitation of the wettest month in summer, Pwwertecipitation of the
wettest month in winter, Pthreshold = varies acicqydo the following rules (if

70% of MAP occurs in winter then Pthreshold = 2 AM if 70% of MAP
occurs in summer then Pthreshold = 2 X MAT + 2&gowise Pthreshold = 2 X
MAT + 14). Summer (winter) is defined as the warifeaoler) six month period

of ONDFM and AMJIAS
Key from (Peekt al, 2007)

2.1.3.2. Cultivation status

The accessions’ cultivation status was sometimesviged. The
appellations used by each source were differeng. ddtession status was also
sometimes found through a literature search ((Ktiviand Lane, 2001),

http://ec.europa.eu/food/plant/propagation/catadsgutml).
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It was decided to create three different statugydations:
-Cultivar: Registered variety that has been throoificial examination.

-Cultivated: Traditionally cultivated accessioneyhcan be ecotypes, landraces
or breeders line that never became registeredsatsti

-Wild: Accessions collected in wild growing conaitis.

2.2. Material and methods specific to the agronomad

and morphological characterisation

The methods wused for the agronomical and morphcdbgi

characterisation are described below.

2.2.1. Experimental field used for morphological ad

agronomical characterisation of the germplasm

A field was used in order to carry out plot trials.

2.2.1.1. Field characteristics

The experimental field was located at the Nationastitute of
Agricultural Botany (NIAB), Cambridge, UK (Figure.8
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Figure 8: Localisation oDnobrychis viciifoliafield trial: Cambridge, United

Kingdom

In the area used for field trials, the soil topdays a slightly stony clay
loam. The subsoil is characterised by a permeablerbslightly stony clay loam
becoming grey mottled below 50 centimetres deptlsoime places there is stony
sandy loam below approximately 70 centimetres. dikis well drained, but the
subsoil is occasionally wet during winter and easlyring as a result of
fluctuating groundwater. The total area is nearly Bectare, 66 meters length

and 47 meters width. The cropping history of tieddfis described in Table 4.

Table 4: Previous cropping in the NIAB field used ®@. viciifolia trial

Year Crop

2002 Set-aside
2003 Sunflowers
2004 Winter barley
2005 Set-aside
2006 Winter wheat
From 2007 | Sainfoin
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This information was crucial in order to predicttgratial diseases that
might be encountered. The cereal cropping in 20@42906 may have increased
the Fusarium spinoculum potential for subsequent infectionQfviciifolia. The
set-aside in 2002 and 2005 may have allowed soguerles to grow in the field
and therefore increase the potentlizobium spinoculum available forO.

viciifolia development.

2.2.1.2. Plot organisation

Small-plots were established in the field. Ther@eyarhen enough plants
were available, three replicates of each accessitme field. Each replicate plot
was represented by a 1.5 plot with 36 plants (Figure 9). The space between
plots was 0.5 m except for the first replicationendthe plot rows were spaced

by 1.5 m in order to facilitate the seed production

6 x 6 plants, 1.5m?2

1.5m £ £

Figure 9: Plot organisation of each accession gnovthe experimental field

2.2.1.3. Sowing strategies

Seeds of every accession were sown but only thesamms with
sufficient germination rate (>25%) were transfertedhe field. This was after
being initially raised for two weeks in the greenbke. After initial plantings, up
to 30 percent of the seedlings died in the field.tls strategy had a low success
rate and therefore was too time-consuming, it wasessary to improve the

methodology at this stage.
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In the second phase of planting, the seedlings weyen for longer in
the greenhouse (1.5 months instead of 2 weeks)grpérmeable pots (Jiffy
pots®) (Figure 10) using &hizobium spinoculum (either the UK1 strain
isolated from anO. viciifolia Cotswold common cultivar or the 6862 USDA
strain from the US culture collection) obtainednfri.egume Technology Ltd,

UK. Approximately 5ml of actively growing culturén(specific liquid medium)

was sprayed on the bottom of each tray. The plargse then transferred

Figure 10: Seedling propagation methods; first plaplanting on the left and
second phase of planting on the right

At the end of the planting process, 162 accessi@ie represented in the
field. These accessions are representative of Humengermplasm (Appendix 1).

2.2.2. Harvesting method used foiOnobrychis viciifolia

sample collection

After the agronomic and morphologic evaluationsiplvere harvested in
2008 and 2009 in order to supply the other partoéthe ‘Healthy Hay' project
with plant material from the different accessiombree methods were used to
harvest the plants. The plants were cut at 5cmhheiging shears, string trimmer
or with a haldrup (Figure 11). A subsample of epldt was then frozen, freeze
dried and sent to the other partners of the prdmcbiological and chemical

investigations. Plant material was also supplied rfotritional, environmental
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and anti-parasitic studies. Sampling of this plamaterial was very time-
consuming but was crucial to obtain data compleargnto the germplasm

characterisation.

Figure 11: Harvestin@® vicifolia foliage in June 2008 using a Haldrup

2.2.3. Pollination method used to produce seeds 2008

A subset of 75 accessions was selected for seetlgiron in spring-
summer 2008 (Appendix 2), in order to renew thedsst®ocks with recently
produced seeds. This selection was made accordisgveral criteria based on
the basic evaluation done in January and April 200 main criteria were the
germination rate of the seeds and the vigour ofsedlings during the initial
establishment phase, the general score of theapldtthe geographic origin of
the accession. Accessions characterised by botivoug growth and covering a

wide range of countries of origin were thus chosen.

The first step required in the process of seed ymtiah was to prevent
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cross pollination and thus to ensure line puritgr Ehis purpose, each selected
plot was covered by a 1.5 m2 (1.49/1.49/1.75m)anpeoof tunnel (provided by
Diatex, France; Figure 12) before the anthesisvgdloopening) stage. These
tunnels are made of high density polyethylene aithesh dimension of 920um
x 920um, allowing good weather resistance, goodigiulation and preventing

pollinators from either entering or leaving therieh

Pipe pocket

Zip fastener: 40 cm 1l

Height: 1.75m

N
v

Length: 1.49m

Figure 12: Pollination tunnel used for seed proiduncdf O. viciifolia

The main pollinators oD. viciifolia are a wide range of bee species,
including both honey bees and bumble bees. Otlsgrcia such as members of
the diptera and lepidoptera can also visit the éiavin natural conditions.
Commercial plant breeding companies generally usmi-hives’ containing
bees to enable pollination. Mini-hives are computisé a small bee colony
including a queen, workers and larvae contained sardboard box. Honeybees
are nectar foragers whereas bumblebees are padlegefrs; therefore, the

pollination is more efficient with bumblebees. Mover, honeybees do not work
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as efficiently as bumblebees; for example they stmpking if it is cold or
cloudy. A second consideration is that commerciaisailable minihives of
honeybees need to have a larger population to rewiable (circa 100 workers)
than bumblebees (fifty workers). Therefore, morenageement of the hives is
necessary for honeybees. Sometimes it may be raegdeill larvae in order to
reduce the number of individuals. Otherwise, as flw is a confined area,
honeybees can ‘over pollinate’ the plants and tais damage the developing
seeds. As a result, bumblebeBoinhbus terrestris dalmatinysmini-hives
(Biobest, Belgium) were chosen to ensure the patilom in the tunnels. These
mini-hives can be used for approximately ten webk$ore the population

decreases severely. Food supply is available inkelenini-hive (Figure 13).

Figure 13: Mini-hive organisation

Key
Standard flight opening (in and out)
IN only flight opening (not normally used)
Transparent inner cover
Upper cover, which can be opened
Feeding hole through the wick
Feeding level, visible from the outside
New sugar water formula feed supply
The hive compartment with brood

Once anthesis has occurred, a mini-hive was intgedlunto each tunnel
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covered plot to ensure pollination only occurs kst plants of a single line.
Bumblebees were used in several different plothaut risk of cross-pollination
as they can clean themselves of pollen. For thesl ggoduction, 20 mini-hives
were used and kept approximately two weeks in e¢achel. At night, all the
bees returned to their hive and the entrances alesed. Then, after 24 hours
the bees have cleaned themselves and were mowatbtioer tunnel. During the
moving phase, all hives were opened, in order exkhhe health and the number
of bees in each hive.

Seeds were carefully removed by hand and driedsimaed house. Then
they were counted and the viability of 30 of thersvevaluated by a tetrazolium
test (Roistacheet al, 1953).

2.2.4. Morphologic and agronomic trait characteriséion

method

In order to rationalise observations and benefimfrthe experience
embodied in some statutory evaluations, UPOV (h@konal Union for the
Protection of New Varieties of Plants) referenceuwtnents were accessed. On
the UPOV website, countries in charge of the “DW&sting forO. viciifolia are
recorded. These services are responsible for gesfirether the variety is distinct
(D) from any other variety and that it is sufficignuniform (U) and stable (S) in
terms of maintaining its characters across yeang @xamination generates a
description of the variety, using its relevant ecderistics (e.g. plant height, leaf
shape, time of flowering), by which it can be detimas a variety. The countries
mentioned are Czech Republic, Germany, Spain, Erafdangary, Poland and
Ukraine. Since cultivation dD viciifolia has declined in recent years, only one
reference document from the German federal authBuindessortenamt (BSA)
was available. These German national guidelinebléT&) were used in DUS
(Distinctness Uniformity and Stability) testing Of viciifolia in the 1990’s.

Table 5: German federal authority Bundessorten&8#A) DUS testing protocol
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for O. viciifolia

Trait Mark Explanation

Plant height in year of sowing 3,5, 1 Small, meditall

Leaf colour in year of sowing 3,57 Light greeredium green, dark
green

Plant height in spring 3,57 Small, medium, tall

Leaf colour in spring 3,57 Light green, mediurean, dark
green

Time of flowering 3,57 Early, medium, late

Leaf length 3,57 Small, medium, long

Leaflet length 3,57 Small, medium, long

Stem length 3,57 Small, medium, long

Inflorescence length 3,57 Small, medium, long

Stem thickness 3,57 Thin, medium, thick

Plant height at green seed 3,5, 7 Small, medium, tall

stage

Plant colour at green seed 3,5, 7 Light green, medium green, dar

stage green

=

This DUS protocol was used as an initial basisdevelopment of a®

viciifolia evaluation protocol within this project. Normallgew varieties are

assessed against designated reference varietigey@oas no reference varieties

were known, the BSA notation based on the 3, Jyriibrers had to be adapted.

2.2.4.1. Agronomical characterisation

Agronomical characterisation was performed on 162essions from

2007 to 2010. Eleven traits were measured or cteriaed, sometimes several

times in 2008, 2009 and or 2010. They are listddvibe

The ‘survival’ of the accession was measured ino@et 2008 (notation

from 1 to 9) and in April 2009 (number of alive pia left). It corresponds to the

plant persistency measured either by scoring me(hddr no persistency to 9
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with 100% persistency) or by number of alive plants

The ‘score’ of the accession was measured in AZ008, June 2008,
April 2009 and June 2010. It corresponds to theallvetate of each plot. Plant
vigour, infection by diseases and foliage densigyenall taken in account to give
a representative score (1 for empty plot to 9 fbeal plot with healthy and

vigorous plants).

The ‘flowering date’ was measured in 2008 and 2008. the date (day
of the year) when a plot reached on average thdldwering stage (when 50%
of the stems bear inflorescence with opened flouwetise lower half).

The ‘fusarium’ notation was measured in October&a0d July 2009. It
corresponds respectively to the presence (1) oerales (0) ofFusarium sp.
infection symptoms and to the number of plants shgWwusarium spinfection

symptoms per plot.

The ‘mildew’ notation was taken in October 2008cdtresponds to the
presence (1) or absence (OEofsiphe trifoliiinfection symptoms.

The accession ‘height’ was measured in 2008. lesponds to the height
(in cm) reached on average by full flowering statgts measured from the soil

surface.

The accession ‘weight’ was measured in 2008 an®.20@orresponds to
the dry matter production per plot (in g) in thesfiicut at full flowering stage

estimated by fresh weight converted with dried demp

The ‘soil cover accession abilities were measure@®ctober 2008. It
was assessed by a notation from 1 to 9 correspgridinhe presence of plant

covering the soil (1 for empty plot to 9 for noibige soil).

The ‘flower presence’ was measured in October 2008 July 2009. It
corresponds to the abundance of flowers that regafter cutting (O for no

flower, 1 for few flowers and 2 for numerous flowkr

The accession ‘regrowth’ abilities were measureduty 2009. It was
represented by a 1 to 9 notation and correspondbetability of a plant to
regrow (1 for no regrowth after cut to 9 for vigous regrowth).
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2.2.4.2. Morphological characterisation

Preliminary morphological characterisation was @enfed on all
accessions in 2008. Then, more complete evaluatiere performed on the
selected accessions in the second year (2009).véwedits were measured or
characterised for 3 randomly selected plants it satected plot, they are listed
below.

The ‘leaf colour was measured in 2008. It was t J notation (3 for

light green, 5 for medium and 7 for dark green).

The ‘flower colour’ was measured in 2008 and 20M@9vas a 1 to 9

notation (1 for white flowers and 9 for red flowgrs

The ‘stem colour’ was measured in 2008 and 2009vds a 1 to 9
notation and corresponds to the largest stem cdiomn totally green (1) to
totally red (9).

The ‘number of leaflets’ was measured in 2008 ab@92 It corresponds
to the number of leaflets on the reference leaét(finature leaf at the top of the

largest stem).

The ‘leaflet width’ and ‘leaflet length’ were measd in 2008 and 20009.
These correspond to the width and length (in cmjhefbottom leaflet on the

reference leaf.
The ratio ‘leaflet length/leaflet width’ was calatéd in 2008 and 2009.

The ‘inflorescence length’ and the ‘leaf length’ r@emeasured in 2009.
They correspond respectively to the measurementcif) of the reference
inflorescence length (first inflorescence with b8en flowers at the top of the

largest stem) and of the reference leaf length.

The ‘habit’” was measured in 2008 and 2009. Thetiootdrom 1 to 4
corresponds to the plant growth habit (1: prostpdé@t, 2: semi prostrate plant,
3: semi erect plant, 4: erect plant).

The ‘number of leaves per stem’ and the ‘numbestefns per plant’
were measured in 2009. They correspond respectioeghye number of leaves on

the largest stem and to the number of stems ondonaly selected plant.
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The ‘stem length’ was measured in 2009. It corraedgoto the largest

stem length in cm.

The ‘stem thickness’ was measured in 2008 and 2@@@rresponds to

the largest stem thickness in mm.

The ‘number of inflorescences per stem’ was mealsune 2009. It

corresponds to the number of inflorescences otatigest stem.

The accession ‘homogeneity’ was measured in 2008 2009. This
notation from 1 to 9 realised in full flowering g&a(May to June) represented the
plot homogeneity in terms of: inflorescence colaiem colour, foliage colour,
growth habit, height, phenological stage, infloszse length, leaf shape (1 for a

perfectly homogeneous plot to 9 for a completelg-homogeneous plot).

2.2.4.3. Selection of accessions of particular imest

A preliminary characterisation was attempted onaattessions in April
2008. As that many accessions represented too matérial to analyse for the
other partners of the project, a selection of agioes, representative of the
diversity (geographic origin, Giant/Common, cultivald) was further

characterised (Appendix 1).

2.2.5. Statistical analyses

In order to characterise the accessions severastgtal analyses were

performed.

2.2.5.1. Basic statistics

Data was compiled in spreadsheets (MS Excel) arsic bstatistics
obtained through GenStat (VSN International).
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2.2.5.2 Restricted maximum likelihood

Restricted maximum likelihood (REML) is a method fiiting linear
mixed models. In contrast to conventional maximukelihood estimation,
REML can produce unbiased estimates of variancecandriance parameters.
Variance components are used in quantitative genetnd plant breeding to
assess the relative importance of different souotesriation and in the design
of selection programmes. Analysis by REML also pmtes a simple framework
for analyses of data-sets where some data is rgissimch was the case here, as

it was not possible to evaluate all plots for dits.

Analysis using REML makes a distinction betweenedixeffects and
random effects. A fixed effect is an experimentahtment of direct interest; as
here the accessions’ performance. Random effeetgemerally samples from
some real or hypothetical population. In these erpents, “accession” can
sometimes be viewed as a fixed effect in orderaimmgare differences between
the means of the accessions in our experiment ametemes as a random effect
in order to quantify the causes of variation am@ngpviciifolia plants or plots
into genetic and environmental effects. REML anedysvere performed in
GenStat.

2.3. Cytological characterisation methods

Flow cytometry and microscopy were used for cytaal

characterisation.

2.3.1. Flow cytometry

Flow cytometry was used in order to characterisgdgllevel and DNA

content.
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2.3.1.1 Ploidy level determination

Ploidy determinations have traditionally been dobg counting
chromosomes in stained root tips, but this metlsothlborious, particularly if
many plants need to be evaluated. Flow cytometigr®fan accurate and rapid

method to assess ploidy of either single plantplant populations (DelLaadt
al., 1987).

Flow cytometry analyses of prepared materials weralucted on a flow

cytometer partec-Robby. The principle of flow cy&tny is explained in Figure
14.

*
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dinde laser baam

Ar aser beam n'l

gheath Bud [ ‘ {(hydrodynamic focusing)
sampie

Figure 14: Flow cytometry principle (picture cowyeof Partec GmbH,
Germany)

Firstly, the ploidy level stability within an aces#sn was evaluated by

comparing the DNA contents of several plants ofstime accession.

Some details of specifi©. viciifolia varieties with known ploidy were

found in the literature.O. viciifolia accession number 1127 was used,
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corresponding to introduction Pl 212241 in Kidarabal. (1990a), and known to
be tetraploid. Sample preparation method was adamtel the first leaves of
young seedlings were used for analysis. X33 viciifolia accessions were
analysed. To determine accession ploidy, a Cy&i&imprecise P kit from Partec

was used.

Small amounts (0.5 chmmaximum) of leaf tissue from the tested and the
reference sample were chopped together and thearately with nuclei
extraction buffer as supplied with the kit for omenute and filtered through a
Partec 50um CellTrics disposable filter. Then, theye stained for two minutes
with 4', 6-diamidino-2-phenylindole (DAPI) as sujggl with the kit, which binds
to the minor groove of DNA and emits in the blualcyspectrum. Finally,
samples were excited by UV irradiation from a meyarc lamp and analysed in
the blue fluorescence channel (Figure 15).

Flow Cytometry

methodology 7
[ r Y
A
Plant tissue
: 3 'ﬁ‘u
Free nuclei

DNA labelling with the fluorophore DAPI

excitatior O AN O emissior -
HN |
N NH
r H 2

blue/cvar’
uv NH,

Figure 15: Flow cytometry methodology used in stisdy
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2.3.1.2. Cellular DNA content determination

Flow cytometry procedures were also used to meabear@uclear DNA
contents ofO. viciifolia accessions. The RBG (Royal Botanic Gardens) Kew
Plant DNA C-values database currently contains data for 5ifiéreht plant
species, but noOnobrychis species is represented in this database
(http://data.kew.org/cvalues/CvalServiet?querytyije=

To determine the DNA content &f. viciifolia, several reference samples
of known C-value (Dolezeadt al, 2007) were usedea maysvas found to be the
most suitable reference sample out of the groupiged. Another fluorophore
was used as DAPI is GC content dependent and trerabt the best choice
considering the difference between species, th@ystain Pl absolute P kit
(Partec) was used. This kit follows a similar piahoe to Cystain UV precise P
kit, with addition of RNAse and propidium iodidel(Rs the fluorophore. The
advantage of Pl is that it binds to DNA withoutrsfigant sequence preference.
Professor Dolezel provided a range of plant spesiéis known 2C-value that
were used as standards to determine the DNA coatédt viciifolia (Dolezel et
al., 2007). The best standard was found and the gensime calculated
according to the formula: Sample 2C value = Refege2C value x Sample G1
mean peak position/Reference G1 mean peak position.

2.3.2. Microscopy analyses of root meristematic ssies

To confirm the flow cytometry results, somatic amasome counts were
determined using conventional squashes (of roosdipatic cells, Official seed
testing station, Cambridge) visualised under a @haentrast microscope
(Axioskop40, Zeiss) equipped with a camera and @nagftware analysis
(OpenLab 4.0.2, Improvision). Seeds were placed/dset moist filter paper at
20°C and left to germinate for 3 days. Young rootsre harvested when
approximately 1 cm in length, usually after thredour days. The excised roots
were immediately placed into a 0.002 M solutionhydroxyquinoline for a

period of 4-5 hours at room temperature. The rease then fixed in Carnoy
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solution (3 ethanol: 1 acetic acid) overnight aE 5Mydrolysis was then carried
out in 1M hydrochloric acid at 60°C for 8-9mins.té&f hydrolysis, the roots were
placed in Feulgen solution (leuco-basic fuchsingl éeft for 30mins to stain.

Then, the stained meristematic root tips were resda@and placed on a slide in a

drop of 45% acetic acid and covered with a covasgl

2.4. Molecular biology methods

Several methods were used to genetically charaeteriviciifolia.

2.4.1. DNA extraction

All molecular biology work was performed on DNA govas necessary

to extract good quality DNA.

2.4.1.1. DNA extraction protocols

O. viciifolia foliage contains tannins which, along with manyeot
polyphenols, can dramatically interfere with modtiA extraction procedures
and exert negative effects on the DNA quality aneldy To overcome the
possible side effects caused by the presence gblpehols of different types and

molecular weight, three protocols for DNA extraatiwere tested and optimised.

A crude method was modified from Tanksley's DNA rojreparation
(Fulton et al, 1995). This protocol is routinely used at NIAB iagives good
DNA extraction from cereals (wheat and barley magimind follows these steps

(96 wells protocol).

50-100mg of leaf material was harvested and harmdllllar enzymes
and chemicals were inactivated with 500ul of buff@t5X (25ml) DNA
extraction buffer (0.35M sorbitol, 0.1M Tris HCI p8l0, 5mM EDTA), 2.5X
(25ml) nuclei lysis buffer (0.2M Tris HCI pH 8.0,5M EDTA, 2M NacCl, 2%
CTAB), 1X (10ml) 5% Sarkosyl, 0.2g sodium bisulghiand 60yl RNase
solution from Qiagen. Samples were ground using>ammill for 30s at 30Hz
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to allow access to DNA by breaking down the celllvemd membranes. The
resulting mixtures were incubated at 65°C for 6Gmand shaken halfway
through then cooled for 15mins at 4°C. 300ul ofoobilorm:isoamylalcohol
(24:1) were then added in order to purify DNA ahd plates were inverted and
centrifuged at 1500 x g for 5mins. The supernateas transfered into a new
plate and 340ul cold 100% isopropanol were addeelattn well to precipitate
DNA. The plates were centrifuged at 6000 x g forifsmand the isopropanol
supernatant discarded. 500ul of 70% ethanol wetedtb the precipitated DNA
in order to wash the contaminating salts. The platere centrifuged at 6000 x g
for 5mins and the ethanol discarded two times.eBeNlvere dried at 65°C for
10mins and re-suspended in 100ul TE buffer (10mM-ACI, 1mM EDTA, pH
7.4).

Qiagen Dneasy kit and Amersham Nucleon™ PhytoPu@&homic
DNA Extraction Kit were also tested. The advantagksising DNA isolation
kits over the crude method (described above),asttiey are fast, simple, do not
contain harmful chemicals such as phenol or chtwrofand involve minimal
handling. The main disadvantage of kits is theistc@around £150 for 50

reactions.

Qiagen Dneasy Plant kit technology makes use af spilumns, which
contain a silica-gel-based membrane that bind®tha. The DNA, while bound
to the membrane, can be washed and cleaned frotansmrants and then eluted
from the column (membrane) using buffer. The DNAanied is usually less
contaminated than DNA isolated by a crude methddADvas extracted as per

manufacturer instructions.

Amersham Nucleon™ PhytoPure™ Genomic DNA ExtractiGh is
based on PhytoPure™ resin, which binds plant pobsaides. DNA was

extracted as per manufacturer instructions.

2.4.1.2 DNA quality assessment

The quantity and quality of DNA extracts were chetkby gel
electrophoresis. Gels were composed of 2% agavesg¢ &nd 0.5X TBE buffer
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(0.045M Tris-borate, 0.001M EDTA pH 8). Gels weua iat 100V per cm for 30
minutes. DNA samples were mixed with a dye (0.25%rophenol blue, 0.25%
xylene cyanol FF, 15% Ficol (type 400) in waterjdoe loading. Appropriate
ladders (10pg/ml) were also loaded to evaluate DN&mples length:
Superladder-Low 100bp Ladder and 1kb DNA ladder déme). Gels were

analysed by transillumination using a GeneFlashitd&ger (Syngene).

DNA was also checked spectrophotometrically using
Spectrophotometer ND-1000 (NanoDrop). The NanoDiepbased on the
absorbance measurement at wavelengths 260nm amin2&INA absorbs UV
radiation with a peak at 260nm and most proteirsodb UV radiation with a
peak at 280nm but both curves slightly overlap leetw260 and 280nm. A pure
sample of DNA has the 260/280 ratio at 1.8. Itaesidered that a ratio between
1.7 and 2.0 is relatively free from protein contaation. A DNA preparation that
is contaminated with protein will have a 260/280aréower than 1.7.

Finally, PCR (Polymerase Chain Reaction) with twairg of primers
amplifying non-coding regions (an intergenic spabetweentrnT and the 5’
exon oftrnL and the intergenic spacer betweentthé 3’ exon andrnF tRNA
genes) of chloroplast DNA (Taberlet al, 1991) were performed to check if
potential inhibitors had been removed successfiligng the extractions and at
the same time, to conduct a pilot assessment of pgb&ntial genetic
polymorphism among different accessions in the ectibn. The primer

sequences are described in Table 6.

Table 6: Primers targeting a non-coding chloroptastgion (Taberletet al,

1991)

Name Code Sequence 5'-3' Expected sizes
c B49317 CGAAATCGGTAGACGCTACG
d A49855 | GGGGATAGAGGGACTTGAAC
e B49873 GGTTCAAGTCCCTCTATCCC
f A50272 ATTTGAACTGGTGACACGAG

300-700bp

150-500bp

The quantities used for the PCR were 0.1ul of dNT38M of each
dNTP) (ABgene), 1ul of (10X) buffer including magnem (Roche), 0.1ul
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(0.01V) of Taq (Thermus aquaticygolymerase (Fast Starag ROCHE), 0.5ul
of each primer (200 uM) and distilled water to 104kl of DNA extract was
used as template.

PCR was performed as: 2mins at 94°C, then 35 cyaflesnplification
(Imin at 94°C, 1min at 50°C, 2mins at 72°C) andrsof final elongation at
72°C on an Applied Biosystems Veriti™ 96-Well ThainCycler.

PCR products were checked by gel electrophoresls @ere composed
of 1% agarose (w/v), 10g/mL ethidium bromide and 0.5X TBE buffer (45mM
Tris-borate, 0.001M EDTA pH 8). They were run a@¥Qer cm for 45 minutes.
PCR products were mixed to a dye (0.25% bromophbha, 0.25% xylene
cyanol FF, 15% Ficol (type 400) in water) beforadmg. Appropriate ladders
(10pg/ml) were also loaded to evaluate DNA samfaegth: Superladder-Low
100bp Ladder and 1kb DNA ladder (ABgene). Gels warelysed by

transillumination using a GeneFlash UV imager ().

2.4.2. AFLP fingerprinting

A fingerprinting method was needed to charactethserelationship and
diversity of O. viciifolia accessions. The AFLP fingerprinting method descdib
by Voset al. (1995) appeared to be the best choice as no segjeemarker data
were needed to perform it (no such data are avaifabO. viciifolia). An AFLP

protocol was developed f@. viciifolia. It is described below.

The first step of the AFLP protocol is the adatesparation. Th&coR1
adapter was prepared with a concentration of 5 TiM. preparation is described
in Table 7. TheMsel adapter was prepared with a concentration of 50 Tihé
preparation is described in Table 8. TB®R1andMsel adapter mixtures were
heated to 95°C for 5 minutes. They were then cosledly to room temperature

and then frozen.
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Table 7:EcoR1adapter preparation for AFLP protocol

Reagent Stock conc| Final concl  Volume (ul
EcoR1ladapter 1 100uM 5uM 25
CTCGTAGACTGCGTACC

EcoR1ladapter 2 100uM 5uM 25
AATTGGTACGCAGTCTAC

TE 0.1X 450
1mM TrisHCI, 0.1mM EDTA

pH 8 at 25°C

Total 500

Table 8:Mseladapter preparation for AFLP protocol

Reagent Stock conc. Final conc. Volume
(M)

Mseladapter 1 100pM 50uM 250

GACGATGAGTCCTGAG

Mseladapter 2 100pMm 50uM 250

TACTCAGGACTCAT

Total 500

Then, it was necessary to estimate the DNA conagaotr (on a gel and
with a nanodrop). The genomic DNA was diluted to@@| with TE buffer
(0.1X 1mM TrisHCI, 0.1mM EDTA pH 8 at 25°C). Thethe digestion step was

performed. The reaction mixture is described inl&@&b
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Table 9: AFLP digestion reaction protocol

Reagent Stock | Final conc./amount | Volume (ul)
conc.

Water 14.3

EcoR1buffer 10X 1X 2

New England BioLabs

EcoR1 20U/ul 10U 0.5

New England BioLabs

Msel 10U/l 5U 0.5

New England BioLabs

BSA 100X 1X 0.2

New England BioLabs

DNA 20ng/ul 50ng 2.5

Total 20

The digestion mixture was incubated for 1 hour @&C3 Then, the
ligation reaction was performed. First, the ligatimixture was prepared (Table
10).

Table 10: AFLP ligation mixture preparation protbco

Reagent Stock conc. Final Volume (ul)
conc./amount
(in the 25ul)
EcoR1ladapter 5uM 0.2uM 1
Mseladapter 50uM 2uM 1
T4 Ligase Buffer 10X 1X 2.5
New England BiolLabs
T4 Ligase 400 cohesive | 200 cohesive 0.5
New England BioLabs end U/ul end U
Total 5

79



5ul of this ligation mixture was added to the 20@gdtriction mixture.
Then, it was incubated for at least 3 hours at 3T1@ digested smear was then
checked on a 1% agarose (w/v) gel with 0.1pg/mirElBd 0.5X TBE buffer
(45mM Tris-borate, 0.001M EDTA). 2ul loading buffé3.25% Bromophenol
blue, 0.25% Xylene cyanol ff, 15% Ficol, water) eéoaded with 2 restriction
ligation product. The restriction ligation prodweas diluted 1/10 with 0.1X TE
buffer (ImM TrisHCI, 0.1mM EDTA). The pre-amplifitan PCR was then
performed. The pre-amplification mixture is desedtbelow in Table 11.

Table 11: AFLP pre-amplification PCR mixture

Reagent Stock conc. Final Volume
conc./amount (uh

Water 36.9

Taq Buffer 10X 1X 5

New England BiolLabs

dNTPs 20mM (5mM 0.2mM 0.5

ABgene of each)

EcoR1A 10uM 0.24uM 1.2

GACTGCGTACCAATTCA

MselC 10uM 0.24uM 1.2

GATGAGTCCTGAGTAAC

Taq 5U/ul 1U 0.2

New England BioLabs

DNA (1/10 dilution of 5

restriction ligation product)

Total 50

The PCR programme was: 94°C for 1min, followed bytithes, 94°C for
30s, 56°C for 1min and 72°C for 1min. Finally, fi®gramme ended with 72°C
for 5mins concluded by 4°C.The digested smear Was thecked on a 1%
agarose (w/v) gel with 0.1ug/ml EtBr and 0.5X TB&fbr (45mM Tris-borate,
0.001M EDTA). 2ul loading buffer (0.25% Bromophermiie, 0.25% Xylene
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cyanol ff, 15% Ficol, water) were loaded with 2gktriction ligation product.
The pre-amplification product was diluted 1/20 widthiX TE buffer (1mM
TrisHCI, 0.1mM EDTA). Finally, the selective amptition PCR was
performed. ThéiseldNTP mixture was prepared as described in Tahle 12

Table 12: AFLP selective amplificatiavisel dNTP mixture

Reagent Stock Final Volume

conc. | conc./amount (1)

in 20ul
selective
amplification
Water 6.3
dNTPs 20mM 0.2mM 0.2
ABgene (5mM
of each)

MsekC** 10uM 0.25uM 0.5
GACGATGAGTCCTGAGTAAC**
Total 7

TheEcoR1Taq polymerase / buffer mixture was prepared asrdeed in
Table 13.
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Table 13: AFLP selective amplificatidfcoR1Taq polymerase / buffer mixture

Reagent Stock Final Volume
conc. | conc./amount| (ul)
in 20ul
selective
amplification
Water 7.7
Taq Buffer 10X 1X 2
New England BioLabs
EcoR1IA** FAM labelled 10uM 0.1uM 0.2
CTCGTAGACTGCGTACCAATTCA**
Taq 5U/ul 0.5U 0.1
New England BioLabs
Total 8

Then, 5uL preamplified DNA diluted 1/20ulZ Msel dNTP mixture and
8uL EcoR1 Taq polymerase/buffer mixture were assembled. HER
programme was 94°C for 1min, followed by 13 timdS®for 30s, 65°C (-0.7°C
each cycle touchdown) for 30s and 72°C for 1mitipfeed by 23 times 94°C for
30s, 56°C for 30s and 72°C for 1min. Finally it veasled by 72°C for 5mins and
4°C.

After the selective amplification PCR, the AFLPdnaents were diluted
1/40 (standard) to 1/200 in water, then an alig(otul) was prepared for
examination by diluting with 10ul HiDI™ formamide and a Liz 500™
oligonucleotide ‘size ladder’ (as supplied by ABIThe formamide was
previously fortified with LIZ 500 size ladder in @wrdance with the
manufacturer's recommendations of @/5n 10 ul. 1uL of the diluted amplicon
was mixed with 9ul HiDi formamide:Liz mixture. Amjection time of 30
seconds was used. Amplicons obtained were analfsedigh an ABI 3730
capillary electrophoresis sequencer.
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2.4.3. Simple sequence repeat fingerprinting

Another fingerprinting method that was used waslyasimea of simple
sequence repeat (SSR) fingerprinting (also knowmiasosatellites) (Blouiret
al., 1996). It is based on the detection of variougiles of PCR products, due to
the presence of varying numbers of repeats in & i8% given genomic region.
A variety of primer pairs targeting SSR-containirggions are available for
legumes (Table 14). Amplification with these prisievas attempted witlD.
viciifolia DNA.

DNA extracts from two different accessions wereduage template with a
gradient temperature PCR to determine the bestatingetemperature for each

pair of primers withO. viciifolia DNA.

The quantities used for the PCR were 0.1ul of dN{®snM, 5mM of
each dNTP) (ABgene), 1ul of (10X) buffer includingagnesium (Roche), 0.1ul
(0.01V) of Tag (Thermus aquaticygolymerase (Fast Staragg ROCHE), 0.5ul
of each primer (200uM) and distilled water to 10fulvas added to 1l of DNA
extract. A general PCR programme was used forallprimers and a gradient
PCR was used to determine the optimal annealingpeesmture for each primer
pair PCR was as follows: 5mins at 95°C, then 40esyof amplification (30secs
at 95°C, 1min at 48 to 58°C with 2°C gradient, 2sné 72°C) and 5mins of final
elongation at 72°C on an Applied Biosystems Veri®8!Well Thermal Cycler.

A PCR aliquot (1ul) was prepared for examination on an ABI capillary
sequencer by diluting with 1@l HiDi™ formamide and a Liz 500™
oligonucleotide ‘size ladder’ (as supplied by ABIThe formamide was
previously fortified with LIZ 500 size ladder in @wrdance with the
manufacturer's recommendations of @/5n 10 ul. 1uL of the diluted amplicon

was mixed with 9ul HiDi formamide:Liz mixture.

Amplicons obtained were analysed through an ABI B%&pillary
electrophoresis sequencer. An injection time o$&€tbndes was used.
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2.4.4. Sequencing analyses of non-coding fragments

Analyses of non-coding DNA sequences were usedlaofyc Onobrychis

taxonomy.

2.4.4.1. PCR primers and protocols

In order to clarify the phylogeny @nobrychisspecies, some regions were
chosen for DNA sequencing. In the DNA quality chegbrimers ¢ and d gave good
quality sequences so the intergenic spacer bettve€rand the 5’ exon afrnL was
used.

Ahangarian et al. (2007) used the ITS (internal transcribed spacer
encompassing ITS1, the 5,8S and ITS2) region wydive phylogeny of the closely

related Hedysarea so | chose to use also thisaruggion in my study.

Kresset al. (2005) reported thaisbA-trnHis the most variable plastid region
in angiosperms. The fragment obtained is very sswathis region was chosen as the

third region forOnobrychisstudy.

Primers advised by Kresst al. (2005) for DNA barcoding of flowering
plants were also tried to check which ones coul@ygied forOnobrychisspecies.

All the primers used are listed by pairs in Talde 1

DNA extracts from two different accessions (119d d261) were used to
optimise the PCRs.

The quantities used for the PCR were 0.1ul of dN{ERsnM, 5mM of each
dNTP) (ABgene), 1ul of (10X) buffer including magnem (Roche), 0.1ul (0.01U)
of Taq (Thermus aquaticyspolymerase (Fast Staftagq ROCHE), 0.5ul of each
primer (200uM) and distilled water to 10pul. It wadded to 1l of DNA extract. A
general PCR programme was used for all the primsuedsa gradient PCR was used to
determine the optimal annealing temperature forhepdmer pair PCR was
performed as follows: 5mins at 95°C, then 40 cyadésamplification (30secs at
95°C, 1min at 48-58°C with 2°C gradient, 2mins &°Q) and 5mins of final
elongation at 72°C on an Applied Biosystems Veri®8tWell Thermal Cycler.
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Table 15: Primer pairs used for sequencing

Primers

Sequences

Reference

c B49317

CGAAATCGGTAGACGCTACG

(Taberlet al, 1991)

d A49855

GGGGATAGAGGGACTTGAAC

psbA-trnHf

GTTATGCATGAACGTAATGCTC

psbA-trnHr

CGCGCATGGTGGATTCACAATCC

trnV-atpEf

GTGTAAACGAGTTGCTCTACCA

trnV-atpEr

CGACATTTGCACATTTAGATGCTAC

trnC-ycfo6f

CCAGTTCAAATCTGGGTGTC

trnC-ycfér

CCCAAGCAAGACTTACTATATCC

ycf6-psbMf

GGATATAGTAAGTCTTGCTTGGG

ycf6-psbMr

TTCTTGCATTTATTGCTACTGC

psbM-trnDf

GCGGTAGGAACTAGAATAAATAG

psbM-trnDr

GGGATTGTAGTTCAATTGGT

atpB-rbcLf

AGAAGTAGTAGGATTGATTCTCATA

atpB-rbcLr

GAATCCAACACTTGCTTTAGTCTCT

rbcLf

ATGTCACCACAAACAGAAAC

rbcLr

TCGCATGTACCTGCAGTAGC

ITS5af

CCTTATCATTTAGAGGAAGGAG

ITS4r

TCCTCCGCTTATTGATATGC

(Kresset al, 2005)

2.4.4.2. Sequencing of the amplicons

PCR products were treated to remove excess PQRnm=aby an EXO-SAP
digestion at a rate of 0.07@l exonuclease | (EXO), 1.Qul shrimp alkaline
phosphatase (SAP), 012 x10 buffer, 0.73ul water, and 1Qul PCR product. The
SAP dephosphorylates any excess dNTPs and the Eg&3tsl any unincorporated
primers. The reactions were incubated at 37°C forminutes and the enzymes

subsequently de-activated by heating to 80°C fomirfutes.

The digested products were used as a templatsenand PCR, a sequencing
reaction, where fluorescently labelled dideoxyribceotide triphosphate (ddNTP)
was incorporated into the reaction mixture. Eackheffour alternative ddNTPs was

86



labelled with a fluorophore specific to a nucleetidWhen the ddNTPs were
incorporated into sequence during sequence extertsie extension was terminated.
This modification to PCR has the effect of yieldiagseries of PCR products of
differing lengths, each marked with a fluorophdrattsignals the nucleotide present
at the final point of the extension product. Twaghal sequencing reactions were
carried out for each fragment amplified in the iaitPCR; one of these reactions
included the ‘forward’ primer from the initial PCRhe second included the ‘reverse’
primer. The quantities used for the PCR were 15 {5X) Big-Dye buffer (Applied
Biosciences), 0.7ul of Big-Dye (Applied Biosciengds5ul of each primer (200 M)
and distilled water to 10pl. It was added to 2uEgrbSap DNA extract.

PCR was performed as follows: 5mins at 95°C, thdn dcles of
amplification (10 secs at 95°C, 5 secs at 50°Cndmt 60°C) and then a decrease at
4°C on an Applied Biosystems Veriti™ 96-Well Thetr@gcler.

The amplicons were purified by ethanol/ EDTA/ atetprecipitation. Twal
of 0.125 M EDTA (pH 8) was added to each reactioliotved by 2ul of 3 M
sodium acetate (pH 5.2) andid@bsolute ethanol. The reaction plate was seéted,
contents mixed and the reaction allowed to incubatée dark for 15 minutes. The
reactions were centrifuged at 3000 x g for 30 neauthe seal removed and the
supernatant liquid removed from the pelleted segugnproducts by centrifuging
the inverted PCR plate up to 50 x g. The pellet veasuspended in i070% (v/v)
aqueous ethanol. The reaction plate was sealedrifaged at 1650 x g for 15
minutes, the seal removed and the supernatantdliggmoved from the pelleted
sequencing products by centrifuging the invertedRRplate at 50 x g for 60 seconds.
Any residual ethanol was allowed to evaporate ftbenplate at ambient temperature
in the dark. The BigDye sequencing reaction progluetre prepared for examination

by dissolving them in 1l HiDi™ formamide solution (ABI).

Then, the products were run on an ABI 3730 capillatectrophoresis

sequencer.
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CHAPTER 3. AGRONOMICAL
CHARACTERISATION OF AN ONOBRYCHIS
VICIIFOLIA GERMPLASM

An O. viciifolia germplasm comprising 162 accessions (Chapter 2 wa

assessed during 3 years (2007-2010) for its agranpatential.

Restricted maximum likelihood (REML) analyses wearerformed with
accessions as fixed terms and spatial localisatidhe plots in the field as random,
in order to eliminate any possible environment&af(Chapter 2). Repeating under
other field and environmental conditions would hde=en ideal but could not be
realised in the context of this project. These ysed allowed determination of the
mean values for various agronomical traits amomgabcessions, and identified if
there were statistically significant differencesvien the accessions (e.g. that at
least one accession was significantly differentrfithie others).

3.1. Diseases and pest characterisation and resista

A number of diseases and one pest have been obsenvéheOnobrychis
accessions growing in the experimental field at BlIi&ambridge, United Kingdom.
The major disease encountered was caused yukerium sp set:Fusarium solani
and Fusarium oxysporurtas confirmed by microscopy observation). Plantsdied
are dry and the inner tissue of the roots is d&igure 16). The disease was
characterised by patches of infection in the fidlderefore, the spatial emplacement
was taken into account for the analysis of resistaccessions (Chapter 2).
Significant differences between accessions weravshior infection notation in
October 2008 and July 2009, with p (probability3pectively 0.038 and <0.001, by
REML analysis (Chapter 2). Only a few accessiorts/71 1179, 1184, 1185 and
1256), mostly originating from Spain were asymptom@dppendix 3) and therefore
apparently unaffected bffusarium spinfections. Accessions 1102, 1105, 1114,
1120, 1124 and 1176, mostly from Turkey, were thestmseverely affected.

Fusarium spnfections resulted in plant death.
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Figure 16: Plant wilting symptoms dueRasarium spinfection (A) and rotten roots

of aFusariuminfected plant (B)

A second disease was observed which was charaddysblack stems and
characteristic pepper spots that were found on Itawes (Figure 17). These
symptoms were caused IBgemphylium spNo accession was severely affected by
this disease.

A third disease observed was characterised by weithkeaves (Figure 18).
The infection was due tBhoma spfungus infection. No accession was severely
affected by this disease.

A fourth disease that that was observed only fraimgust to October on a few
isolated plants was caused by powdery mildewsiphe trifolii (Figure 19). The
accession factor was significant (p <0.001), fdedtion notation in October 2008.
Only individuals of a few accessions were affedtgcErysiphe trifoli.. Accessions
affected were 1001, 1005, 1013, 1071, 1072, 1128211139, 1165, 1173, 1203,
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1206, 1207, 1210, 1250 and 1256. The other aceessi@re completely free of
Erysiphe trifolii infection.

Figure 18: Symptom dPhoma spinfection on leaves
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Figure 19:Erysiphe trifoliiinfected plant showing white powdery spots on daés

and stems

In autumn, symptoms of adult weevil attack wereo adbserved on many

plants (Figure 20). There were no accessions tleae \severely affected by these

attacks.

Figure 20:Sitonaweevil attack symptoms on leaf characterised lighes on the

leaflet edges
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3.2. Traits linked with flower production

Full flowering date (Chapter 2) was evaluated i9&@nd 2009. They are
presented as ordinal dates. The flowering dateilligion is described in Figure 21
below. Significant differences in flowering dater@eeen (p values of 0.027 in 2008
and <0.001 in 2009). Accessions were in full flowgrstage between mid May and
mid June in 2008 and 2009.

2008 2009

&
R
1

50

h 14 £
o (=} L=1 8
L L I

Repartition (number of accessions)

Repartition (number of accessions)

04
130 135 140 145 150 1556 160 185 170 130 135 140 145 150 155 160 165 170

Full flowering date Full flowering date

Figure 21: Distribution of full flowering ordinalade in 2008 and 2009

The earliest flowering accessions were 1001, 11117, 1138, 1139, 1140,
1165, 1187, 1207, and 1210. These accessions,ynfiasti Western Europe were in
full flowering stage before 20May (corresponding to ordinal dates below 140) in
2008 and 20009.

The latest flowering accessions were 1036, 1072911184, 1185, 1245,
1247, 1249, 1252 and 1256. These accessions, mweddytypes, were in full
flowering after 38' May (corresponding to ordinal dates greater tha®) in 2008
and 2009.

The ability of each accession to form flowers agater cutting was assessed
in October 2008 (1.5 month after last cut of ye@®&®) and in July 2009 (1 month

after £' cut of 2009). Significant differences in secormviéring were found among
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the accessions (p values of 0.004 for October 28@8uation and <0.001 for July
2009 evaluation).

Approximately half of the accessions, mostly witdds, had no inflorescence
regrowth in October 2008. In July 2009, all the emstons had at least limited

inflorescence regrowth (Figure 22).

October 2008 July 2009

100 4

80

40 |

20 4

Number of accessions
Number of accessions

0.2 0.0 0.2 0.4 06 0.8 1.0 1.2 0.6 0B 1.0 12 1.4 16 1.8 20
Flower presence (score) Flower presence (score)

Figure 22: Distribution of flower presence per asten in 2008 and 2009

3.3. Characterisation of traits relating to producion

A classic normal distribution was observed with mascessions showing

average values, and a few accessions with lowehiymer values.

The dry matter (DM) production tended to decreashé second year, which
Is probably linked to the fact that some plantsrat survive the winter, as shown by
the survival measurements (Figure 23). In 2009y @ahé production of selected
accessions (Chapter 2) was assessed due to pchjges. According to REML
spatial analysis (Chapter 2), accessions were feignily different (p values
<0.001). Predicted means are reported in Appendic8essions 1013, 1156, 1171,
1264 and 1266 performed well in 2008 (above 7000yder plot per accession) and
2009 (above 4000g DM per plot per accession). Thesmessions are mostly
registered cultivars (Appendix 1). Some accessjpegormed very well in 2008

(DM weight production above 7000g per plot) but ev@ot measured in 2009 so
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should also be considered. These were accessidi¥y 1009, 1040, 1042, 1044,
1128 and 1168. Some accessions performed very iwe2009 but not in 2008
(compared to other accessions). This was the @ast0fl9, 1169 and 1197. It was

due to difficulty of establishment of these acomssi

Most accessions had an average height at full fimgestage in 2008
between 70 and 110 cm (Figure 24). Significanteddhces in height were found
among accessions (p value <0.001). Some accessicnsled, on average, plants
reaching more than 105 cm from the soil surfacep@lix 3). These accessions
were 1044, 1046, 1077, 1104, 1115, 1155, 1201, 12289, 1248, 1260 and 1266.
They are mostly from Eastern Europe (Appendix 28 accessions (1016, 1020,
1036, 1139, 1140, 1165, 1179, 1184, 1185 and 12&9fontrast, had a small

average height, below 60 cm. They are mostly wittes from Western Europe.

2008 2009

Repartition {(accession number)

Repartition {accession number)

¢ 500 1000 1500 2000 2500 ¢ 200 400 600 800 1000 1200 1400 1600

Weight (g) Weight (g)

Figure 23: Distribution of dry matter production @rams) per accession in the first

cut at full flowering in year 2008 and 2009
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Full flowering stage 2008

Repartition (humber of accessions)

40 60 20 100 120
Height {cm)

Figure 24: Distribution of average height in cerdtras of plants at full flowering

stage before first cut in 2008

Each accession’s ability to cover the soil in autuwas assessed in October
2008 (Figure 25). Significant differences were séervalue <0.001). Accessions
with a score above 7 were 1001, 1019, 1115, 11695,11210 and 1230, mostly
cultivars (Appendix 1 and 3). Less well-performiagressions, with scores below 4,
were 1009, 1129, 1134, 1184 and 1256.
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October 2008
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30 ~

20 —

10
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3 4 g (<] 7 a
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Figure 25: Distribution of soil cover potential ¢gse of 1 for empty plot and 9 for no
visible soil) in October 2008

The persistency of each accession was assessedsbgvigal notation in
October 2008 (score) and in April 2009 (number wiviving plants) (Chapter 2).
The distribution is described in Figure 26 belowgnBicant differences in survival
were found (p value equal or <0.001). Accessionth Wiest persistency (scores
above 7 in October 2008 and counts above 24 inl 2p€9) were 1001, 1009, 1016,
1019, 1044, 1203, 1213 and 1228 (Appendix 3). Asioes with poor persistency
(scores below 4 in October 2008 and counts belown1April 2009) were 1102,
1105, 1106, 1108, 1119, 1129 and 1134 (AppendiX13se are mostly from Turkey
(Appendix 2).
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October 2008

60

50

30

Repartition (humber of accessions)

Survival (score)

Repartition (number of accessions)

April 2009

Survival (number of plants)

Figure 26: Distribution of survival in October 20 ore from 1 = no surviving

plants to 9 = all plants survived) and in April 20@ounts of surviving plants)

The plot scores (corresponding to the overall gqualf each plot) generally
increased in June 2008 compared to April 2008 ({ei@r). A seasonal effect might

explain this difference, and the scores were gdgeralatively high for this first

year after sowing in 2007. Significant differenéeslot scores were found with p
values <0.001 for April and of 0.049 for June. Bpstforming accessions in 2008
(scores above 8 in April and June of the first piciohn year) were 1007, 1009,
1019, 1040, 1042, 1043, 1044, 1046, 1133, 11451266 (Appendix 3). These are

mostly from Eastern Europe and Asia (Appendix 2).
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Figure 27: Distribution of overall plot quality s&s in April and June 2008



The plot scores generally decreased in 2009 cordpar008 (Figure 28).
This effect was significant with p values <0.00&sBperforming accessions in April
2009 were 1019, 1044, 1115, 1173, 1195, 1230 afd (#edicted scores above 6).

April 2009

50

Repartition (number of accessions)

General score

Figure 28: Distribution of overall plot quality s&s in April 2009. It corresponds to
the overall state of each plot. Plant vigour, itifat by diseases and foliage density

were all taken in account to give a representaoore

The plot scores generally decreased further in 2@h@pared to 2009 (Figure
29). Significant differences among accessions \ageen seen, with p values <0.001.
Only 4 accessions had a predicted score abovdéni@ 2010. These accessions were
1019, 1044, 1203 and 1289 (Appendix 3).

The accession regrowth ability was assessed ig éaly 2009 (1 month after
the ' cut in 2009). The distribution of the regrowth lapiscore is described in
Figure 30 below. Significant differences in regrowdbility were seen (p value
<0.001). The accessions with the best regrowthtiasil(predicted scores above 6)
were 1003, 1018, 1026, 1035, 1040, 1041, 1042, ,10445, 1118, 1137, 1148,
1181, 1195, 1213, 1230, 1233 and 1261. Those wdbr pegrowth abilities
(predicted scores below 3) were 1072, 1140, 11718411185, 1256 and 1289,
mostly wild types (Appendix 1).
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June 2010

Repartition {(number of accessions)

General score

Figure 29: Distribution of overall plot quality s&s in June 2010

July 2009

Repartition (number of accessions)

1 2 2 4 5 6 7
Regrowth ability (score)

Figure 30: Distribution of regrowth ability scomeJuly 2009

3.4. Characterisation of other traits

Accession homogeneity (Chapter 2) was evaluate2D08 and 2009 at full
flowering stage. It was found to be significantyom 2008. The most homogeneous
accessions (score below 1) were 1003, 1012, 1084,11077, 1115, 1119, 1121,
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1142, 1171, 1172, 1175, 1179, 1199, 1247, 1248412866 and 1292 (Appendix
3).

3.5. Selection of best performing accessions

By summarising the above analyses, it was postihidentify the accessions
possessing the best agronomic value. It was shbatrthie differences observed in a
variety of traits were significant. Twelve accessio which possess the highest

values in the key traits, were selected (Table 16).

Table 16: Evaluation of the best accessior$ lfgst is 1019), relative to best
performing accession for each trait, in terms oktency, soil cover, regrowth, and
plot quality scores for 3 production years aftavisg. -: <60%, +: 60-75%, ++: 75-
90%, +++: 90-100%

Accession| Persistency Soil covdr Regrowth Score 8 Sc@®|Score 10
1001 +++ ++ - + ++ +
1007 + ++ ++ +++ + -
1009 +++ - + +++ + +
1019 +++ +++ ++ ++ +++ +++
1040 + ++ +++ ++ ++ +
1044 +++ ++ +++ +++ +++ ++
1115 ++ +++ +++ ++ +++ ++
1195 + ++ +++ + +++ +
1203 ++ ++ ++ ++ ++ +++
1213 ++ ++ +++ + ++ +
1230 ++ +4+ +++ + +++ +
1266 ++ ++ + +++ ++ +

Out of these 12 best accessions, only 1 originfited the wild, confirming
the agronomic superiority of cultivated/cultivarcassions (Table 17). The majority

were from Eastern European countries, and one ehtis a cross with another
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Onobrychisspecies@. transcaucasica(Table 17).

Table 17: Name, geographic origin and cultivatiastdry of the best agronomical

accessions

Accession [Variety/Code [Country Status

number

1001 Cotswold [JUK Cultivated
Common

1007 Unknown China Cultivar

1009 WY-PX-94 Unknown Cultivar

1019 Taja Poland Cultivar

1040 Buceanskij Romania Unknown

1044 RCAT028437 | Hungary Unknown

1115 CPI 63755 Turkey wild

1195 CPI1 63836 Russia Unknown

1203 Artemovsk Former SovigCultivated

Union

1213 Cross with OJSwitzerland Cultivated
ftranscaucasica

1230 Visnovsky Czech Republic Cultivar

1266 Esparcette Poland Cultivar

3.6. Effect of geographic and climatic origins

REML analyses were performed to test whether thginal geographical
origin (Chapter 2), country, climate or biome (Wwaudd et al, 2004) was a strong
determinant of the germplasm performance in theeengental field in Cambridge.
Climatic regions were based on the Kdppen clim&ssdication (Chapter 2), from
climates define by the first (Koppen 1), the sec@dppen 2) and finally the third
criteria (Koppen 3) (Peat al, 2007).

Koppen climate classification (Chapter 2) was shdwraffect some traits.
Koppen 1, 2 and 3 factors were significant for swal(p value inferior to 0.05).
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Koppen 1 and 3 factors affected the plant regraavith the height (p values inferior
to 0.02). Koppen 1 had a significant effect ondage of full flowering in 2008 (p =
0.043) and the flower regrowth in July 2009 (p 61). Koppen 2 had a significant

effect on soil cover score (p value = 0.038).

Accessions from alpine polar zones were charaegttxy an early flowering
date, a smaller height and regrowth ability. Actess from arid and cold zones
were characterised by greater height and regrowiitya whereas accessions from

temperate zones were characterised by intermecasies (Table 18).

Table 18: Values of traits significantly correlatedhe Koppen 1 climate zone

Flowering | Flower

Survival |date 2008|presence |Height | Regrowth | Survival

Oct 2008 |(ordinal |Jul 2009 |2008 |Jul 2009 |Apr 2009
Koppenl |(score) date) (score) (cm) (score) (count)
Arid 5.4 150 2 89.0 5.2 15
Cold 6.3 152 2 86.7 5.1 19
Polar 6.5 137 1 53.4 2.2 14
Temperatg 6.0 148 2 77.4 4.5 17

The country of origin was shown to affect mosttsaCountry factor was
significant for full flowering date in 2008 and ZD@p<0.001) and homogeneity in
2008 (p value =
production traits: survival (p = 0.041 for Octol2808 and p = 0.03 for April 2009),
DM production in 2008 (p = 0.014), regrowth (p ©@b), height (p value <0.001),
general score in 2008 (p value for April 2008 sdsr8.008 and is <0.001 for June

0.014). Countries also had siganficdifferences in terms of

2008 score) and soil cover (p value = 0.029).

It appeared that accessions from Eastern Europeamtrees (Poland,
Romania, Hungary and Czech Republic) generally ghigher values than
accessions from all other regions (Table 19). Adrés more difficult to see for
lower values; the countries showing the lowest @slwere only represented by one

accession each (Austria and Morocco).
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Accessions from regions affected by frost or theealse of a dry season are

characterised by better survival and soil coveb(d@20).

Table 20: Values of traits significantly correlatedhe Koppen 2 climate zone

Soil  cover|Survival |Survival
Oct 2008| Oct 2008 |Apr 2009
Koppen2 (score) (score) (count)
Significance p=0.038 p=0.003 p=0.007
Desert 5.4 5.8 19
Dry summer 5.1 5.7 15
Frost 5.7 6.5 14
Steppe 5.3 5.3 15
Without dry season| 5.8 6.4 19

Accessions from hot zones have the tallest indadsluthose from regions
with a cold summer have the shortest individualh whe best survival rates (Table
21).

Table 21: Values of traits significantly correlatedhe Koppen 3 climate zone

Survival | Height Regrowth | Survival
Oct 2008 |2008 Jul 2009 |Apr 2009
Koppen3 (score) (cm) (score) (count)
Significance p=0.009 | p=0.017 | p=0.015| p=0.023
Cold 54 88.3 5.2 15
Cold summer | 6.5 52.1 1.7 27
Hot 5.1 93.4 5.6 15
Hot summer 5.8 89.4 5.2 16
Warm summer| 6.4 80.2 4.7 19

Biome factor was significant only for height (p wal= 0.014). Accessions
from regions characterised by grasslands (tempenat@ontane) were taller than

others, those from temperate conifers forest wezesiallest (Table 22).
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Table 22: Values of traits significantly correlatedhe biome zone

Height

2008
Biome (cm)
Mediterranean forests, woodlands scrub 84.0
Montane grasslands shrublands 100.0
Temperate broadleaf mixed forests 79.7
Temperate broadleaf mixed forests/temperate gradsiszava| 87.4
Temperate conifer forests 67.9
Temperate grasslands, savannas shrublands 92.2

3.7. Comparison of wild and cultivated accessions

REML analyses were use to compare wild and cubivatccessions.
Significant differences were found between wildltigated and cultivar (Chapter 2)
accessions for the overall plot scores in June 20@BApril 2009, soil cover, height
and regrowth (Table 23). Wild accessions perforiaed well for all significant traits

(Table 23). Cultivars performed a little less whkn cultivated accessions.

Table 23: Means for traits showing significant eifnces when wild and cultivated

accessions are compared

Accession Statug  Score| Soil cover| Regrowth | Score
Jun 2004 Oct 2008 | Jul 2009 |Apr 2009
(score)| (score) (score) (score)
Cultivar 7.1 59 5.2 4.5
Cultivated 7 5.7 5.1 4.1
wild 6.2 5.3 4.4 3.8
Probability value| 0.004 0.012 0.003 0.006
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3.8. Seed production

The seed produced were evaluated in terms of dquamumber of seeds
obtained and seed weight) and viability (tetrazulitest on 30 seeds for each
accession). A positive tetrazolium test should ltesured coloured seeds. Non-

viable seeds are partly or entirely white/greegyFe 31)

®ear ¢
".‘vc’
e @ * D s

Figure 31: Examples of teBazoium viability tessults obtained witm.biciifolia

seeds. Seeds totally red are positive (a); negasixe partly or entirely non-red

coloured (b)

Although large numbers of seeds were generallyidda 15 accessions
produced less than 1000 seeds and 25 accessiothiscpbless than 70 % viable
seeds. Only 8 accessions produced between 90 adh Mable seeds. Large

differences in seed weights were observed (Table 24

Table 24: Number of seeds, 15 seed weight and Ifjalof seeds produced per

accession

Weight of | % viability Weight of|% viability

] Number ) ) Number )
Accession 15 seeds(tetrazolium | Accession 15 seeds(tetrazolium
of seeds of seeds

(9) test) (9) test)
1001 2013 0.41 76.7 1132 1494 0.46 86.7
1003 6381 0.45 93.3 1133 439 0.37 66.7
1005 6198 0.38 76.7 1134 558 0.32 56.7
1007 1747 0.43 83.3 1141 621 0.46 70.0
1008 715 0.32 80.0 1142 2555 0.35 90.0
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1013 639 0.51 80.0 1145 615 0.37 70.0
1018 2070 0.29 53.3 1155 11656 0.28 60.0
1019 6956 0.35 60.0 1156 1591 0.37 86.7
1040 4623 0.4 83.3 1163 5141 0.43 80.0
1042 577 0.37 86.7 1164 1742 0.4 76.7
1043 9380 0.33 86.7 1169 1002 0.33 46.7
1044 12064 0.36 100.0 1170 1196 0.4 66.7
1045 2322 0.44 86.7 1171 3440 0.3 56.7
1046 17837 0.31 76.7 1187 4855 0.44 80.0
1071 2628 0.47 70.0 1188 786 0.36 83.3
1077 8253 0.34 86.7 1189 2500 0.43 63.3
1100 3478 0.37 70.0 1190 7944 0.3 43.3
1102 2978 0.34 66.7 1196 8414 0.37 83.3
1103 12971 0.37 66.7 1197 6904 0.39 63.3
1104 12732 0.44 76.7 1198 2588 0.46 80.0
1105 3408 0.44 60.0 1199 2227 0.39 80.0
1106 3368 0.48 66.7 1200 2160 0.43 80.0
1108 1420 0.43 83.3 1201 4918 0.37 76.7
1110 1859 0.3 43.3 1202 5584 0.33 86.7
1111 2351 0.48 90.0 1204 882 0.41 86.7
1112 3656 0.35 33.3 1205 2369 0.33 63.3
1113 1199 0.42 86.7 1207 883 0.41 56.7
1114 5907 0.34 70.0 1209 700 0.41 83.3
1115 1953 0.4 56.7 1210 3215 0.34 53.3
1116 1574 0.32 93.3 1211 2299 0.45 80.0
1117 373 0.27 83.3 1212 2153 0.22 13.3
1118 4942 0.43 70.0 1213 2773 0.45 100.0
1119 3898 0.42 43.3 1214 1188 0.32 70.0
1120 3867 0.42 70.0 1218 1060 0.41 73.3
1121 2018 0.48 86.7 1220 4514 0.4 93.3
1123 17 0.37 Unknown |1230 1944 0.37 73.3
1127 547 0.35 90.0 1260 694 0.4 63.3
1128 1434 0.25 53.3
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3.9. Discussion

Agronomic characterisation @. viciifolia was a challenging task. A system
for evaluation of the different varieties had to defined since an accepted system
was not available (Chapter 2). There were verydetails in the literature on which
to base a new system. The characterisation wasdfaanbe time consuming,
considering the number of accessions to be evaludteere was a need, therefore,
for a rapid and coherent characterisation approActystem for fast and repeatable
scoring of traits was needed for effective evahbmtreplacing actual measurements
for most traits. The inter-plot variability for s@raccessions was also an important

factor driving the need for a scoring approachwercome this variability.

This agronomic characterisation was important nd frends and differences
between the germplasm accessions. This system vmatild/ork in a rigorous plant
breeding programme, which would have required &miht experimental design.
However it is effective in the production of a vallle database to select accessions
of greater agronomic interest among the germplason {@ embarking on a breeding

programme.

For all traits considered, considerable diversitaswobserved in the
germplasm collection. This diversity was expectadery the wide range of
geographic origins and cultivation status of therg@asm. Most of these traits were
shown to be significantly different through REMLadyses. Indeed, this diversity in
different agronomic traits represents an intergsthource for future traditional
breeding programmes. It undoubtedly reflects th@ach of climate, landscape,
agricultural use and history on the accession piypes. A similar agronomic
evaluation performed by Neget al. (1987) on a limited germplasm from central
Italy has also shown considerable diversity int$tefrurthermore significant diversity
in dry matter weight was also observed in a cults@eening study (Hwanet al,
1992).

Several pests and diseases have affected the mcseddowever, it appears
thatO. viciifolia is generally resistant to diseases (Chapter lg.main problem that
was encountered at the site in Cambridge Wasarium solaniand Fusarium

oxysporuminfection, which can spread significantly in theldi. A previous study
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found no significant resistance Faisariumin O. viciifolia, except the Nova cultivar,
which was less affected (Hwargg al, 1992). In this study, the Nova cultivar was
affected in similar proportions to other accessighdew accessions were found to
be unaffected byusarium sp.and thus represent a potential source for breeding
This resistance will need to be confirmed by furthigorous field pathology to
determine the susceptibility of selected lines, Hredpotential resistance mechanism
should be studied to see if it is possible to ti@nthis into new cultivars.

Conversely, only a few accessions were found teidpaificantly affected by
Erysiphe trifoli.. Given the very humid conditions in England, whaite known to
favour powdery mildew development, it can be comsd as a very minor threat to
O. viciifolia.

Other diseases appeared to have marginal effeatsptAnts can generally
survive. Attacks from weevils also affected the npdaonly marginally, with
predation by adults recorded. The larvae, whicld fem the roots and can cause

significant damage to them, were not observed.

The normal distribution of traits clearly indicatist O. viciifolia represents
a coherent agronomic group with only a few extreameessions for each trait. In
most cases the binomial distinctions erect/prosteatd Giant/Common (Thomson,
1951a) cannot be clearly applied. The Giant/Comnaistinction was clearly
observed only for a few accessions that were defaszordingly. Most accessions
appeared to have mixed Common and Giant charaateriand did not strictly
adhere to either of these agronomical definitioftsis has also been observed for
locally adaptedD. viciifolia landraces from the south-east of France (Progpexd,
1994). Similarly, most accessions displayed hathiéé were between prostrate and
erect. The most likely explanation is that locali@gtural use histories have in many
cases buffered and amalgamated the major diffesetied may be observed among

O. viciifolia landraces.

From the various traits measured, some accessives lieen highlighted as
having greater agronomic potential. Somewhat ssingly, the majority of these
agronomically superior accessions originated fraast&n European countries. This
tends to confirm that modern breeding effort@nviciifolia has not been intense and
that agricultural selection has been so far they ométhod that has been used to

Improve its agronomic properties. It indicates aghat the potential fdD. viciifolia
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agronomical improvement is very important and tloatlly selected and adapted

accessions will be a crucial starting point for adern breeding effort.

Agronomic traits were shown to be strongly deteedirby the geographic
(and associated climate) of the accessions. A gemkistinction was again found
between accessions from Eastern European couatrgeaccessions from the rest of
the world. Generally, Eastern European accessi@normed better in terms of
biomass, soil cover and general state than thetheeinforces the evidence that a
lot of these Eastern European accessions haveagigimomic potential. Accessions
coming from a polar/mountainous climate had aniexailowering date and a shorter
lifecycle than the others with very slow regrowdlhus, their intrinsic adaptation to
their local climate was not disturbed by growth end different climate. In contrast,
accessions from dry climates which normally expergelonger summers (arid and
cold) were characterised by longer lifecycles. dtapparent that some intrinsic
properties inO. viciifolia are strongly connected to the climate and shodd b

considered in breeding programmes.

The cultivation status was found to significantlifeat certain important
agronomic traits (regrowth, plot score and soil exv Cultivars and cultivated
accessions were superior for all these traits agpaoed to wild accessions. A slight
superiority was also found for cultivars comparedctiltivated accessions. Such
differences are not surprising and probably shoat teveral of the improved
agronomic traits of cultivated lines as comparedh® wild O. viciifolia accessions
have resulted from slow improvements to producallandraces for agriculture use.
Therefore, any further beneficial traits found inldwvO. viciifolia (or other
Onobrychis species) such as biochemical properties, nutritiqggraperties and
environmentally friendly properties will have to beansferred to the best

agronomically improved lines.

Seed production was generally satisfactory thoughesaccessions produced
a reduced number of seeds. This may have beery ghréd to reduction in the
bumblebee numbers or activity as the mini-hivesewesed several times (Chapter
2). The seed viability was generally quite low whtends to predict that germination
rates will not be satisfactory. This probably irades a problem in the seed
production process and led to the seed productibbe&ing reattempted. Diversity in
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seeds weight was observed, which was expected ¢ineaverall agronomical traits
diversity and the fact that seeds volume has bemt@rent issue i©. viciifolia
agricultural seeds production (Cash and Ditterlir896).
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CHAPTER 4. MORPHOLOGICAL
CHARACTERISATION OF O. VICIIFOLIA
GERMPLASM

A morphological characterisation was performed rytheO. viciifolia field
trials (Chapter 2).

Restricted maximum likelihood (REML) analyses wearerformed with
accession as fixed terms and plot replication aladitpreplication in the plot as
random, in order to take into account any possblMironmental effect (Chapter 2).
REML analyses were used to determine the mean yvalfigarious morphological
traits among the accessions, and to identify ifehe&ere statistically significant
differences between the accessions (e.g. thatst e accession was significantly

different from the others).

4.1. Preliminary morphological characterisation of

germplasm

A preliminary morphological characterisation@f viciifolia germplasm took
place in spring and summer 2008. Considerable siiyewas observed in most of
the evaluated traits: length, thickness, number @idur either for stems, leaves
(Figure 32), leaflets or flowers (Figure 33) andibhgFigure 34). Temporal and
methodological problems arose as the time frama@otthe measurement was short
and the number of measurements was important. Wasscomplicated by the need
to increase the number of measurements due to dige lkliversity within an
accession. As a result, it was decided to focus ithedepth morphological
characterisation on the accessions that were sédléat the more thorough analyses
(Section 2.2.4.3.).
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Figure 33: Flower colour diversity (ranging from itehto purple) observed in 2008
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picture) and prostrate growth habit of a plant fraccession 1179 (right picture)

4.2. Morphological trait characterisation

Several morphological traits were characterise@irviciifolia. These traits
were shape, number and colour of the leaves, staffaescences and whole plant
(Chapter 2). Traits were either measured directlyia a scoring method (Chapter
2).

4.2.1. Traits linked with number and dimension

In 2008, the growth habits of all accessions wessessed by the plot
majority. In 2009, the growth habit of three plamighin each selected plot was
assessed. Significant differences in the growthithalere observed between
accessions (p values below 0.001 in 2008 and 20083t accessions had erect or
semi-erect growth habit (score between 3 and 4)y @nfew accessions showed
prostrate or semi-prostrate growth habit (scoreoweR). These were accessions
number 1072, 1179, 1184 and 1187 (Appendix 4).

In 2009, the lengths of 3 leaves from differentnpga(Chapter 2) within each
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selected plot were assessed. Significant diffeieicehe leaf lengths of accessions
were found (p value below 0.001). Leaf lengths emhfyom 13 to 19 cm. Accessions
1001, 1043, 1256 and 1260 had leaf lengths aboveni8Accessions 1140, 1179
and 1245 had leaf lengths below 14 cm.

In 2009, the lengths of 3 inflorescences from caté different plants
(Chapter 2) within each selected accession werssasd. Significant differences in
the inflorescence lengths of the accessions wewadfo(p value below 0.001).
Inflorescence length was found to vary from 6 toct# Accessions 1012, 1077 and
1256 had inflorescence lengths above 13 cm. AamessiO13, 1140 and 1262 had

inflorescence lengths below 7 cm.

In 2009, the number of leaves on a stem from diffeplants (Chapter 2)
within each selected plot was assessed. Signifiddigrences in leaf number were
found (p value below 0.001). There were 6-14 leparsstem and 18-26 leaflets per
leaf. Accessions 1007, 1043, 1104, 1230, 1245 @b had more than 12 leaves per
stem. Accessions 1140 and 1179 had less than 8dgmr stem.

The number of individual inflorescences per stens \aso assessed on 3
different replicate plants. The accession effect @und to be significant with p
value inferior of 0.001. There were between 5 addirfflorescences per stem.
Accessions 1013, 1071, 1140 and 1179 had less Ghaflorescences per stem.
Accessions 1256 and 1245 had more than 10 infleress per stem with 1245

having 14 inflorescences per stem.

Leaflet number was also evaluated on 3 differeavds from 3 different
plants. Accession factor was found to be significaith p value <0.001. There were
between 18 and 28 leaflets per leaf. Accessiong,10003, 1104, 1110, 1220 and
1260 had less than 20 leaflets per leaf. Accessif04, 1005, 1013, 1028 and 1262
had more than 27 leaflets per leaf (Appendix 4).

Three leaflets were measured in terms of length waigth on 3 different
plants (Chapter 2). The accession factor was fdonde significant for the ratio
leaflet length/width (p value <0.001). The leafleigth/width ratio ranged from 2.5
to 4.25. This ratio was dependant on the leaflapshThe larger the ratio, the more
elongated the leaflet. Accessions 1103, 1104, 116%]3 and 1220 were
characterised by a ratio below 3 (rounded leafl®tressions 1005, 1163 and 1241
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were characterised by a ratio greater than 4 (el@ogeaflet).

In 2008, stem thickness of all accessions was ateduwith a scoring
method. In 2009, the thickness of 3 stems fromedifit plants from selected
accessions was measured. Accession factor wadicigmiin both cases (p value
<0.001 in 2008 and 2009). Stem thickness ranged 8do 9mm. Accessions 1140,
1179 and 1256 had stems less than 5mm thick. Aiccess$018 and 1043 had stems
larger than 8mm thick. In 2008, more accessioneweeasured. Accessions 1005,
1016, 1045, 1124, 1133, 1142, 1177, 1185, 11968,1P252, 1289, 1291 and 1292
were scored below 3 so had the thinnest stems.samres 1026, 1041, 1101, 1132,
1168, 1175, 1189, 1193, 1210, 1233 and 1266 hathtbleest stems (scored above
6).

The number of stems on 3 different plants was aalrior the selected
accessions in 2009 (Chapter 2). Accessions facasrfoaund to be significant with p
value <0.001. There were from 16 to 48 stems pantplAccessions 1043, 1077,
1103, 1110, 1157, 1245, 1259 and 1260 had lessliBatems per plant. Accessions
1017, 1019, 1140, 1179 and 1262 had more thanesfissper plant, with 1140 and

1179 having more than 46 stems per plant.

Three stems on 3 different plants were measureedch plot. Accessions
had significantly different stem length (p valueG@.). Stem length ranged from 59
to 105 cm. Accessions 1012, 1043, 1266 and 1290steads longer than 100 cm.
Accessions 1140, 1165 and 1179 had stems shoae7&hcm.

4.2.2. Traits correlated with colour

In 2008, all accessions were scored between 3 dadtiie dominant flower
colour. In 2009, 3 flowers of each plot (harvestaddomly) were scored for their
colour between 1 and 3. Both years, accessionteffas found to be significant (p
value <0.001). In 2008, accessions 1007, 1026, , 1154, 1183, 1213, 1219, 1220
and 1264 were scored for having very light flowesloar (score below 3).
Accessions 1008, 1046, 1072, 1110, 1139, 1143, ,11609, 1185, 1198, 1248,
1249, 1250, 1253 and 1256 were scored in 200&tar tarker flower (score above
6).
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In 2008, all accessions were scored between 3 dod the dominant stem
colour. In 2009, only 3 stems of each plot (harmésandomly) were scored for their
colour between 1 and 9. Both years, accessionteffas found to be significant (p
value <0.001).

Stems were mostly green (1 to 5), only a few werk (5 to 8). Accessions
with red stems (score above 5) in 2008 were 1108211176, 1185 and 1213, and
in 2009 were 1179, 1197 and 1245 (Appendix 4).

In 2008, all accessions were scored between 3 &iod the dominant leaf
colour. Accession effect was found to be non-sigaift and therefore was not

evaluated again in 2009 (p value = 0.5).

4.3. Correlations between morphological traits of O.

viciifolia germplasm

A correlation analysis between morphological traitas performed using
Genstat. Inflorescence number per stem is sigmifigacorrelated with leaf number
per stem, inflorescence length and stem numbeplpat (respectively p value 7.2 x
108, 0.03 and 0.001, r (correlation coefficient) =2).8.34 and -0.48).

Leaf number per stem is significantly correlatedhwinflorescence length,
leaf length, stem length, stem thickness and stember per plant (respectively p
value = 0.01, 0.01, 0.001 and 0.02, r = 0.39, 00383 and 0.36).

Stem length is correlated with stem thickness aedhsnumber per plant
(respectively p value = 0.002 and 0.0004, r = @4d -0.52).

Inflorescence length is significantly correlatedtiwileaf length, leaflet
number per leaf, leaflet ratio, stem length andhsteimber per plant (respectively p
value = 0.006, 0.002, 0.02, 2x1@nd 0.0003, r = 0.42, -0.46, -0.35, 0.61 and .53

Leaf length is significantly correlated with steengith and stem number per
plant (respectively p value = 0.006 and 0.03, t42@&nd -0.34).

Leaflet number per leaf is significantly correlatedh leaflet ratio and stem
length (respectively p value = 0.01 and 0.03, r49@nd -0.33).
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4.4, Effect of geographic and climatic origins or®©. viciifolia

morphological traits

REML analyses were performed to test if the gedyagb origin (country,
climate or biome) was a strong determinant of tkemgplasm diversity (Section
3.6.). Koppen 1 zones explained the most of thiestrine environmental conditions

seen in other geographical zones also explainednitihological traits to some
extent (Table 25).

Table 25: Significant relations between geographigin and morphological traits

Source of
Trait variation |F pr.
Inflorescences pebiome 0.03
stem country 0.047

biome 0.002
koppenl | 0.004
Leaves per stem |koppen2 | 0.019

Inflorescence

length koppenl | 0.042

Number of leaflets| country <.001

Stem length koppenl| 0.037
biome 0.002
koppenl | 0.005
Stems per plant |koppen2 | 0.003

Accessions from temperate grasslands were chassteby a high number of
inflorescences and leaves per stem, but a low nurobestems. In opposition,
accessions from temperate conifer areas were dbassd by a low number of
inflorescences and leaves, but a higher numbeteais(Table 26). Thus they could

be described as “bush” types, a characteristic gilyblinked to their mountainous
origin.
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Table 26: Values of traits significantly correlatecthe biome climate zone

Inflorescences|Leaves |Stems
Biome per stem per stem | per plant
Mediterranean forests, woodlands scrub 8 11 24
Montane grasslands shrublands 8 12 17
Temperate broadleaf mixed forests 8 11 24
Temperate conifer forests 6 7 48
Temperate grasslands, savarnnas
shrublands 10 12 19

Accessions from mountainous climates (polar) wéraracterised by shorter
stems and inflorescences, fewer leaves per stehmie stems per plant (Table 27).

Table 27: Values of traits significantly correlatedhe Koppen 1 climate zone

Leaves |Inflorescence |Stem |Stems
Koppenl |per stem [length length | per plant
Arid 11 9.9 89.5 | 23
Cold 12 114 89.2 | 22
Polar 7 6.8 61.5| 48
Temperatg 11 9.9 83.2| 24

Accessions from Eastern European countries (Czegulflic, Romania, and
Russia) were characterised by more infloresceneestem. In contrast, accessions
from Western European (Germany, Norway, Spain, Zandnd, and UK) were

characterised by more leaflets per leaf (Table 28).
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Table 28: Values of traits significantly correlatedhe country of origin

Inflorescenceg Number  of

Country per stem leaflets
Armenia 8 21
China 8 19
Czech Republic 9 20
Former Soviet Union| 8 23
France 8 25
Germany 8 24
Iran 7 21
Italy 7 22
Kazakhstan 14 24
Lithuania 7 24
Morocco 10 20
Norway 7 24
Poland 7 22
Romania 8 22
Russia 8 22
Slovakia 7 23
Spain 7 24
Switzerland 7 23
Turkey 9 20
UK 8 26
USA 7 21

4.5. Differences between wild and cultivated accasas

Significant differences according to the domesiicastatus, as indicated by
whether the lines were derived from wild populasi@an from lines that had in theory
undergone plant genetic improvement through selecéind breeding, were only
found for the number of leaflets and the stem théds (Table 29).
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Table 29: Significant relations between cultivatgtatus and morphological traits

Trait F pr.
Number of leaflets| 0.028
Stem thickness < 0.001

Wild accessions were characterised by a lower numwibleaflets and thinner
stems (Table 30).

Table 30: Values of traits significantly correlatedhe cultivation status

Status Number of leaflets | Stem thickness
Cultivar | 23 3.5

Cultivated | 24 3.2

Wild 21 2.8

4.6. Cluster analysis

A cluster analysis incorporating all morphologit¢edits and the flowering
data in 2009 was performed using GenStat. Two eoheclusters were revealed
(>50% different), indicating a clear separationnesn Western European accessions

and accessions from the rest of the world (Fig&e 3

A REML analysis was then performed by separatimge¢htwo clusters. Most
traits were found to be significantly different. d&rn European accessions were
characterised by later flowering, longer stemsydsaand inflorescences, higher
number of inflorescences but lower number of stemsplant (Table 31). These
contrasting traits could be linked to major seakdifeerences and past agricultural

uses.
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Figure 35: Complete linkage analysis using flomgmiate (2009) and all

morphological traits.

Table 31: REML analysis of the morphological traitstween Eastern European

countries and the rest of the world.

|FIowerin1Stem [Inflo.|Leaves pdinflo. |Leaf |[Numbe|Leaflet|Stems

date lengthlper |stem lengthflengthof length/|per plant
stem lleafletsjwidth

Western  [140 82 7 10 9 15 | 25 3.6 29

Europe

Rest of th[146 91 8 11 11 16 | 21 3.3 21

world

Significanc¢ <0.001 | <0.0010.0R 0.005 <0400104016 3DJ0.002 | <0.001

123



4.7. Image analysis oD. viciifolia seeds

Seeds were characterised by image analyses. Seffdaveloped by Mr R.
Farrell, NIAB) was used to measure several seehhoonetric traits. Areas were
measured in cf length and width in mm. Indexes were createdsgess the shape
of seeds. The shape index measurement is basdteadeta of boundary length to
area, normalised so that a circle has a shapéamntd anything else has a shape of <
1.0. The shape change gives a measure of the lardglof the seeds (e.g. spines),
the higher it is the more indented the seed is. dhlithese values are given in
Appendix 5 for the 75 accessions. These morphometits were all found to be

significantly different among the 75 accessions@®01).

Cultivation status has a significant effect on sasgh and dimensions. Seeds
from wild accessions were longer and their areagreater than seeds from

cultivated/cultivar accessions (Table 32).

Table 32: Means for area, length and width/lengttioraccording to cultivation

status
Cultivar |Cultivated [Wild F pr
Area cm’ 0.2384 0.2611 0.273 0.012
Width/length | 0.7305 | 0.7113 0.7055 0.014
Length mm 6.66 7.081 7.237 0.005

The geographic origin of each accession was sh@vhate a significant
effect on the width to length ratio (Table 33). Assions from China, Hungary and
the USA appear to have a reduced length to width, rtnus to be more elongated.
Accessions from Bulgaria, Switzerland and the UKeha high length to width ratio,

thus to be more rounded.
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Table 33: Means of the width to length ratio acamgdo countries

Country F pr=0.034
Armenia 0.7166
Bulgaria 0.7855
China 0.6758
Czech Republic 0.713
Former Soviet Union| 0.7166
Germany 0.7118
Hungary 0.6909
Iran 0.7024
ltaly 0.7216
Lithuania 0.7137
Morocco 0.7085
Norway 0.704
Poland 0.7166
Romania 0.7197
Russia 0.7077
Spain 0.7097
Switzerland 0.7399
Turkey 0.7052
UK 0.7309
Ukraine 0.7242
USA 0.6787

All other morphometric characteristics and accessidgin data were not

found to be statistically significant.

A linkage tree analysis was performed. Four difierdusters were given by
this analysis (Figure 36). Clusters were not foundoe generally linked to the
geographical or climatic origin or the cultivatistatus. The upper cluster is made of
mostly of cultivated accessions from the UK.
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Figure 36: Linkage similarity tree based on all pfemetric traits measured on the

seeds from the 75 accessions.
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These different clusters probably countain seedssessing similar
morphometric characteristics (small versus bige Begure 37 for an example or -
spiked versus rounded) that are not related tathession origin.

Figure 37: Comparison of small seeds (accessiof)ldrid large seeds (accession
1005) showing that important variations in see@ s@an greatly affect the result of

image analyses

4 .8. Discussion

As observed for the agronomic traits, morphologitaits were highly
variable among the accession. Morphological charaeition was also a challenging
task as reproducibility of measurements was crdmiadifficult because of the intra-
accession variability. Very significant differencgere observed in colour shape and
size of the different organs. The most unusualviddals were characterised by
white flowers. A few accessions were charactertseded stems or totally prostrate
habit, although these traits were sparsely foundame other individuals. A high
morphological variability was also observed amondinaited germplasm from
central Italy (Negri and Cenci, 1988).
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Diversity in leaf shape and length can be importeiom an agronomic
perspective, as it can help to decide whether &uedr are more adapted to pasture,
hay production or silage. Colour diversity might leked to the polyphenolic
composition and/or quantities, and therefore be ocadgindicator of specific
beneficial properties (e.g. anti-bloat, anthelnainti The normal distributions
observed in morphological traits shows that sirilés the agronomical traits, only a
few accessions were characterised by extreme valllesse traits might be of

interest for breeding purposes.

Significant differences in morphological traits weseen between accessions
of the germplasm collection. Few correlations wggpgraphic and climatic origin
were found probably due to the limited accessiomiper analysed. Still, solid
correlations were shown on crucial traits, andpears that geographic origin was a
strong driver ofO. viciifolia morphological characteristics. A clear divisionofe
than 50% of differences) was found between Eadienmmopean accessions, which
were characterised by more inflorescences, andaifeEiuropean ones characterised
by more leaflets. This might reflect general adtioal uses with pasture dominating
in Eastern Europe, and hay production, with prefeeeto foliage production, in

Western Europe.

The most striking morphological difference was shofer mountainous
accessions. These accessions were characterisknvey organ length but higher
number of stems. This reduced organ size was asorded for mountainous
accessions in a germplasm from central Italy (Neg Cenci, 1988). This is a
typical adaptation to mountainous condition whies lbeen observed for a quantity
of alpine plants. These morphological featuresdure to the shorter warm season
and important UV and temperature stresses. Mouaidapted O. viciifolia
constitute a very important forage option as thaylad be optimal forages for pasture

in mountainous zones affected by drought and poits. s

Cultivated and cultivar accessions were charae@rlsy thick stems and a
higher number of leaflets. These characteristicsewmobably selected for hay
production and silage, because such characteristiosv production of more

biomass.

The cluster analysis, combining all morphologicaits and flowering data,

strongly support (more than 50% difference betw#en two clusters) a general
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distinction between Western European accessionaecgssions from the rest of the
world. This distinction might be explained by cliticafactors as the accessions from
Western Europe, generally characterised by a teatgealimate, tends to have an
earlier flowering date. There might also be an affef agricultural history.

Accessions from Western Europe were characteriged greater number of thick

stems with more leaflets, characteristics that hanabably been selected for hay
production or silage. Other accessions were chenaetl by longer organs and
higher numbers of leafs and inflorescences, cheaniatits probably more adapted for

livestock pasture.

As observed during the germplasm collection, seeel®e very variable in
size and shape. Most morphometric traits were faondiffer significantly among
these accessions. Seeds derived from certain eesi(@hina, Hungary, USA) were
more elongated compared to seeds from other cesntfBulgaria, UK and
Switzerland) which were more rounded, but no cafteduster was found. A
significant trend was shown for wild accessionfidwe bigger seeds. This might be
crucial for wild accessions as establishement iderdifficult by competition from
other plants. Thus larger nutrient stocks are reeggsto ensure some germination
success. Different groups of seeds were shownisb, édased mainly on varying size
and shape. Somewhat surprisingly, this variatioesdaot seem to be linked to the
origin and cultivation status of differe@t viciifolia accessions.
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CHAPTER 5. CYTOLOGICAL
CHARACTERISATION OF ONOBRYCHIS GENUS

The ploidy level ofO. viciifolia was checked as well as the chromosome
number of otherOnobrychisspecies. The genome size ©f viciifolia was also

investigated.

5.1. Ploidy level ofOnobrychisviciifolia

Some work was necessary to clarify the ploidy lexfdD. viciifolia (Chapter
1).

5.1.1. Flow cytometry screening ofOnobrychis viciifolia

accessions

Flow cytometry is a fast and accurate method falweating ploidy level
(Chapter 1).

The flow cytometry methodology is described in Glea®. Graphs were
obtained for all accessions. The ploidy level watednined by comparison with the
reference tetraploi@®. viciifolia accession 1127. An example of the shift in prefile
observed between diploid and tetraploid accessi®rghown in Figure 38. Peaks
corresponding to higher (G2 mitotic phase) and lo(@l mitotic phase) DNA cell
content are detected separately, with a directetation between DNA content and
relative fluorescence. This correlation resultshifted peaks when ploidy level (and
thus DNA content) is doubled.
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Figure 38: Profiles obtained by flow cytometry,ng#’, 6-diamidino-2-phenylindole
fluorophore, showing shifted G1 and G2 mitotic ghpeaks of (A) tetraploid 1001
accession and (B) diploid 1126 accession

The ploidy level results obtained are summarisetaible 34 below.

Table 34: Ploidy level ofOnobrychis viciifoliaaccessions as determined by flow

cytometry.

Accession Ploidy level | Accession Ploidy level
1001 Tetraploid 1128 Tetraploid
1002 Tetraploid 1130 Tetraploid
1003 Tetraploid 1131 Tetraploid
1004 Tetraploid 1137 Tetraploid
1005 Tetraploid 1148 Tetraploid
1006 Tetraploid 1150 Tetraploid
1007 Tetraploid 1152 Tetraploid
1008 Tetraploid 1153 Tetraploid
1009 Tetraploid 1154 Tetraploid
1010 Tetraploid 1155 Tetraploid
1011 Tetraploid 1156 Tetraploid
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1012 Tetraploid 1157 Tetraploid
1013 Tetraploid 1158 Tetraploid
1014 Tetraploid 1160 Tetraploid
1017 Tetraploid 1161 Tetraploid
1018 Tetraploid 1162 Tetraploid
1019 Tetraploid 1163 Tetraploid
1021 Tetraploid 1164 Tetraploid
1026 Tetraploid 1165 Tetraploid
1027 Tetraploid 1166 Tetraploid
1028 Tetraploid 1167 Tetraploid
1029 Tetraploid 1168 Tetraploid
1030 Tetraploid 1169 Tetraploid
1031 Tetraploid 1170 Tetraploid
1032 Tetraploid 1179 Tetraploid
1033 Tetraploid 1181 Tetraploid
1037 Tetraploid 1197 Tetraploid
1039 Tetraploid 1198 Tetraploid
1040 Tetraploid 1199 Tetraploid
1041 Tetraploid 1200 Tetraploid
1042 Tetraploid 1202 Tetraploid
1043 Tetraploid 1203 Tetraploid
1046 Tetraploid 1205 Tetraploid
1071 Tetraploid 1206 Tetraploid
1073 Tetraploid 1208 Diploid

1074 Tetraploid 1210 Tetraploid
1075 Tetraploid 1211 Tetraploid
1076 Tetraploid 1212 Tetraploid
1077 Tetraploid 1213 Tetraploid
1078 Tetraploid 1214 Tetraploid
1079 Tetraploid 1220 Tetraploid
1081 Tetraploid 1223 Tetraploid
1082 Tetraploid 1224 Tetraploid
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1083 Tetraploid 1225 Tetraploid
1084 Tetraploid 1226 Tetraploid
1085 Tetraploid 1227 Tetraploid
1086 Tetraploid 1228 Tetraploid
1087 Tetraploid 1229 Tetraploid
1088 Tetraploid 1230 Tetraploid
1089 Tetraploid 1231 Tetraploid
1091 Tetraploid 1232 Tetraploid
1092 Tetraploid 1233 Tetraploid
1093 Tetraploid 1234 Tetraploid
1094 Tetraploid 1235 Tetraploid
1096 Tetraploid 1240 Tetraploid
1097 Tetraploid 1241 Tetraploid
1098 Tetraploid 1244 Tetraploid
1099 Tetraploid 1246 Tetraploid
1103 Tetraploid 1248 Tetraploid
1104 Tetraploid 1252 Tetraploid
1105 Tetraploid 1253 Tetraploid
1106 Tetraploid 1256 Tetraploid
1109 Tetraploid 1257 Diploid
1110 Tetraploid 1258 Tetraploid
1113 Tetraploid 1260 Tetraploid
1116 Tetraploid 1261 Tetraploid
1117 Tetraploid 1262 Tetraploid
1118 Tetraploid 1266 Tetraploid
1123 Tetraploid 1290 Tetraploid
1125 Tetraploid 1291 Tetraploid
1126 Diploid 1292 Tetraploid
1127 Tetraploid

Most of theO. viciifolia accessions selected for this study were tetraploid

and all the accessions that are cultivated in th&BNfield were found to be
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tetraploid. There were only three diploid accessionthe set. Thus most of tia
viciifolia are tetraploid but a very limited diploid proporti exists and their
geographic origin is diverse (Greece, former Sovi@bn and Turkey).

5.1.2. Microscopic observations of chromosome numisefor

Onobrychis species

Microscopic observation of meristematic root tisswas performed on
selectedO. viciifolia and otherOnobrychis species to clarify and confirm the
chromosome counts obtained by flow cytometry. Tle¢hod is described in Chapter
2.

5.1.2.1 Microscopic observation o©Onobrychis viciifolia meristematic

root tissue

The flow cytometry results obtained wi@. viciifolia were further checked
by microscopic observation of meristematic roos tiphis enabled confirmation that
the chromosome numbers in tetraploid accessions 2magx=28 and in diploid

accessions was 2n=2x=14.

Figure 39: Stained metaphasdnobrychis viciifoliameristematic root cell
chromosomes, a) diploid cell with 2n=2x=14 chrommese from accession 1257 and

b) tetraploid cell with 2n=4x=28 from accession 229

Diploid root cells with 14 chromosomes and tetraplooot cells with 28
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chromosomes were observed (Figure 39).

Ploidy levels observed by microscopy always condidnthe flow cytometry

results. Chromosomes were very smallpy®9.

5.1.2.2. Chromosome numbers oOnobrychis species observed by

meristematic root cell microscopy

Information on the chromosome number and ploid@obbrychisspecies is
scarce and often contradictory in the literatureg@er 1). The chromosome number
of a variety of species was therefore evaluatethlzyoscopy (ploidy level could not

be determined accurately by flow cytometry duentlack of a reference accession).

Results of these observations are listed in TableaBd compared to the
chromosome numbers found in the literature. Thalt@generally agreed with the
published information. In some cases differenceghimibe due to differences
between the accessions that were characterisedm@joe difference was found in
the case 00. bungeifor which twenty eight chromosomes were observeti anly

sixteen were reported by the reference.
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Table 35: Ploidy level of 1@®nobychisspecies evaluated by microscopy. Where

available, the chromosome number given in theditee is indicated in brackets in

column 3

Species Section Chromosomes |Reference

O. altissima Onobrychis |28 |NA

O. antasiatica  |[Onobrychis 28 INA
http://mww2.dijon.inra.f1

O. arenaria Onobrychis 14/28 (14/28) [flore-france/oa-00.htm

O. biebersteinii  [Onobrychis 28 (28) (Kidambi et al, 1990a)
http://www.agroatlas.ruje
n/content/related/Onobiy

O. bungei Onobrychis 28 (16) chis_bungei/
http://www.agroatlas.ruje
n/content/related/Onobiy

O. cyri Onobrychis 28 (28) chis_cyri/
(Pavlova and ManoV

O. gracilis Onobrychis 28 (28) 2000)
http://www.agroatlas.ruje
n/content/related/Onobiy

O. iberica Onobrychis 28 (28) chis_iberica/
(Pavlova and ManoV

O. montana Onobrychis 28 (14/28) 2000; Tamas, 2006)

O. petraea Onobrychis 14 (14) (Kidambi et al, 1990a)

O. transcaucasiceIOnobrychis 28(28) (Kidambi et al, 1990a)

0. aequidentata |Lophobrychis 16 (14/16/28) |(Abou-EI-Enain, 2002)

0. alba |Lophobrychis 14/28 (14/32)  |(Abou-El-Enain, 2002)

O. crista-galli |Lophobrychis 16 (14/16/32) |(Abou-EI-Enain, 2002)
http://cat.inist.fr/?aModel
e=afficheN&cpsidt=1784

O. radiata Hymenobrychig14 (14) 6696

O. subacaulis Heliobrychis |14 |NA
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5.2. Genome size evaluation

Genome size was determined using flow cytometryessribed in Chapter 2.
Propidium iodide (PI) and 4', 6-diamidino-2-phenglole (DAPI) were both used as
fluorophoresZea maysvas found to be the best standard available foARbnhtent
determinationZea mayd.. CE-777 (2C=5.43pg) was used as a referenceramd

simultaneously wittD. viciifolia samples. Genome size was calculated according to

the formula:

Sample 2C value Reference 2C value x Sample G1 mear'l .mﬁmmon.
Reference G1 mean peak position

400

20+

G0+

Number of nuclei

400 GO0 200 000
FL4 -

Relative fluorescence

Figure 40: Profiles obtained by flow cytometry ugs#i, 6-diamidino-2-phenylindole
fluorophore combiningea may4.. ‘CE-777’ andO. viciifolia samples (1 and 2
correspond to G1 mitotic phase p&kviciifolia 1001 accession antka mays

respectively). The other peaks correspond to thela&es
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Figure 41: Flow profiles obtained by flow cytometrsing propidium iodide
fluorophore combiningea may4.. ‘CE-777’ andO. viciifolia samples (1 and 2
correspond to G1 mitotic phase pdakviciifolia 1001 accession artba mays

respectively). The other peak corresponds to thel@aaes

Profiles obtained using DAPI (Figure 40) were obedhan the ones obtained
using Pl (Figure 41). The two G2 phases could bielbe distinguished. This is
probably due to the fact that Pl is more sensitivehromatin conformation (Jaroslav
Dolezel, Associate Professor, Department of Cetld®jy and Genetics, Palacky

University, Olomouc, Czech Republic, personal comitation).

The 2C value foOnobrychis viciifoliawas calculated to be 4 pg with DAPI
and 2.5 pg with PI. This difference was expectedA®I is guanine and cytosine

(GC) content sensitive.

5.3. Discussion

The chromosomes as observed by microscopy weredftaue very small
(<5um). This is in agreement with observations by Taf2&86). The chromosomes
of otherOnobrychisspecies were generally even smaller. This smad siakes its

difficult to obtain an accurate count of the chramme number by microscopy, even
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at 1000X magnification. In the case of this genie value of the cytometry

approach was thus very tangible.

From both cytological and microscopic observations clear that the large
majority of O. viciifolia accessions are tetraploid. Only a few wild acoessivere
found to be diploid. This is coherent with muchtbé literature, in which many
authors agree tha&. viciifolia is tetraploid (Kidambet al, 1990a; Tamas, 2006) or
sometimes diploid http://www.agroatlas.ru/en/content/related/Onobigch
viciifolia/). Therefore, it appears likely that diploid formgere counter selected

naturally or by human use in favour of tetraploids.

Unfortunately, none of the diploid accessions wesasferred to plots in the
field due to low germination rate (Chapter 2). Toafirms the common rule that
plants of lower ploidy level are generally lessorigus, and that generally polyploid
plants are more successful and more competitivarable situations (Hegarty and
Hiscock, 2008).

The chromosome numbers determined for o@wobrychisspecies generally
agreed with observations by other authors (Kidamtbial, 1990a; Pavlova and
Manova, 2000; Abou-El-Enain, 2002). A general distion was seen between the
Onobrychis section and the other sections. Wherg species from the Onobrychis
section were shown to possess 28 chromosomes, gpestes from other sections
were shown to possess 14 or 16 chromosomes. Onlpetraeaand someO.
arenaria had 14 chromosomes in the Onobrychis section. iwttke Lophobrychis,
Hymenobrychis and Heliobrychis sections, only sdhealba accessions had 28
chromosomes. The basic number of chromosomes ather@nobrychisgenus has
been shown to be 7 or 8 (Abou-El-Enain, 2002)slunclear if any of this basic
chromosome number set is ancestral. Thus it woubear that th©nobrychisgenus
countains either diploid or tetraploid species, hwa clear tendancy to have
tetraploidy in the Onobrychis section and diploidy the other sections. The
Onobrychis section contains all of the intensiveljtivated species in the genus,
mainly O. viciifolia, O. transcaucasica O. antasiatica and O. arenaria
(http://www.ars-grin.gov/,  http://www.agroatlaseua/content/related/, National

Academy of Sciences of Armenia).

Generally species from other sections are of fss Bgricultural importance.

It can therefore be suggested that polyploidy habably occurred due to human
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selection for agricultural use amo@gobrychisgenus.

Genome size was determined both with DAPI and Rluasophores. DAPI
fluorophore binds to adenine and thymine and motytexdon species agdea mays
have higher GC content than dicotyledon species@ikviciifolia, but was the only
available standard that match@d viciifolia genome size range (Karlin and Mrazek,
1997). Therefore, the genome sizeQf viciifolia was over estimated using DAPI
chlorophore and only the value of 2.5 pg (2C) stidnd considered as representative.
This genome size has been submitted to the Kewt A C-values database
(http://data.kew.org/cvalues/) and will be avaitablor further studies orO.

viciifolia.
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CHAPTER 6. FINGERPRINTING OF
ONOBRYCHIS VICITFOLIA ACCESSIONS

AFLP and SSR methods were developeddowiciifolia.

6.1. DNA extraction

DNA was extracted using three different methods #&mel quality was

checked by Nanodrop spectrophotometry, gel quaatitin and PCR amplification.

6.1.1. Accessions extracted

In some cases, extractions were performed on difteindividuals from the
same accession. The three different methods of BktAaction each allowed DNA
to be obtained fron®. viciifolia, otherOnobrychisspecies and.otus corniculatus
with no apparent difficulties resulting from theghi polyphenolic content. The
quality of the DNA obtained by the different metsodlas assessed, mainly in order
to determine if the Tanksley method (which is legpensive) could be routinely

used for genetic studies of these plants.
The DNA profile of the accessions extracted wasclbhd on a 1% agarose

(w/v) gel (Figure 42).

FROZEH: B .84=

———————wu—

Figure 42: 1% agarose (w/v) gel representing DN&ijas of accessions 1008,
1112, 1163, 1164, 1179, 1256, 1262 and 1264 (fedtrid right) extracted with
Tanksley protocol with Hyperladder IV from Bioline
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6.1.2. DNA quality assessed by spectrophotometry

DNA quality of some representative accessions wdeecked by
spectrophotometry (Nanodrop). This method gives eamluation of the DNA
concentration and of its purity. Two absorbanceosaindicate the DNA purity, the
260nm/280nm ratio indicates the amount of proteihia expected to be greater than
1.8, the best values being 1.8-2.0. DNA with a 26@80nm ratio lower than 1.8 is
considered contaminated with proteins. The 260n6m&8 ratio indicates the
presence of contaminants which absorb at 230 nrmoh(sts carbohydrates and
phenol) and is also expected to be more thanHeest values being 1.8-2.2. These
measurements for accessions 1008, 1112, 1163, 1168, 1256, 1262 and 1264,

which were chosen for assessement of DNA quality)isted in Table 36 below.

Table 36: Nanodrop values obtained for the seleate@ssions (1008, 1112, 1163,
1164, 1179, 1256, 1262 and 1264) with 3 differeMADextraction techniques
(Phytopure kit (Phy), Qiagen kit (Qia) and Tanskeydified crude method (Tan))

Sample ng/ul A260nm /280nm A260nm/230nm
Phy | Qia | Tan Phy Qia | Tan Phy Qia Tan

1008 1090 | 75 183 2.2 1.9 1.9 2.1 1.5 0.
1112 329 44 712 2.2 1.9 1.8 1.9 1.2 0.B
1163 224 25 28 2.2 1.5 1.7 1.7 0.4 0.p
1164 2677 | 51 43 2.2 1.8 1.7 2.2 1.2 0.p
1179 132 12 21 2.1 1.8 1.8 1.1 0.6 0.p
1256 235 18 25 2.1 2 1.6 1.7 0.7 0.6
1262 953 30 469 2.2 1.9 1.8 2 1 0.9
1264 504 38 63 2.2 1.8 1.8 2.1 1.1 0.p

Better DNA vyields were obtained with the Phytopkitg(132-1090ng/ul) and
the Tanksley method (21-712ng/pl) compared to thegén kit (12-75ng/ul). All
methods gave satisfactory 260nm/280nm ratios wighTtanksley method showing
the best values (1.6-2.0), followed by the Qiager{1k5-2.0) and the Phytopure kit
(2.1-2.2). The 260nm/230nm ratio was satisfactary éor DNA obtained using the
Phytopure kit (1.1-2.2), it was too low with matdrprepared using the Qiagen kit
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(0.4-1.5) and the Tanksley method (0.6-0.9).

6.1.3. DNA quality assessed by PCR amplification

DNA quality was also assessed by PCR amplificatisimg general primers
targeting non-coding chloroplastic regions (prirpairs cd and ef, see Chapter 2).
Amplification was carried out following recommendedotocols (Taberleet al,
1991) and fragments of the expected size were reddawvith DNA obtained using
each of the three different methods. These poséielifications indicated that no
significant PCR inhibitors were left by either bEtDNA extraction methods.

These observations combined with the Nanodrop teted to the choice of
the Tanksley method for extraction of DNA from 4flested accessions for further
fingerprinting and sequence analyses as it wasebgssnsive. These accessions were
chosen for their diversity and were also charasteriby the morphological analysis
(Chapter 2).

6.2. AFLP fingerprinting of Onobrychisviciifolia

Fingerpinting of the genotypic diversity of tl@nobrychisaccessions was
attempted by AFLP analysis.

6.2.1. Pre-amplification results

Pre-amplification (Chapter 2) was successful. Gietupes of restriction
ligation and pre-amplification are shown in Figd@below.
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After restriction ligation
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Figure 43: 1% agarose (w/v) gel after the restictigation and preamplification
stages of AFLP analysis performed with 16 diffel@nbbrychis viciifolia

accessions. L stands for Bioline Hyperladder |

6.2.2. AFLP method improvement

A first trial was performed by running eight sangplen an ABI capillary
electrophoresis system. Polymorphic regions weeeed, but there were very few
peaks and they were very small (160 fluorescends where at least 1000 would be

expected) (Figure 44).
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Figure 44: AFLP profiles of three different samplascessions 1001, 1179 and
1256) withEcoRXAA and Msel-CTG as selective primers for ampliiica.

Example of polymorphic regions are circled in red

The protocol was improved by reducing the DNA caonicion before

digestion and then diluting the sample throughoet protocol thus giving a better

peak intensity (Figure 45).
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Figure 45: Comparison of the profiles for accesdi6001 obtained before (top) and
after (bottom) improvements in the AFLP protocoldiyting the DNA allowing a

fuller digestion, and reducing the salt contamurati
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Again, polymorphic regions were observed using ittlng@roved protocol
(Figure 46).
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Figure 46: Example of 7 polymorphic regions betwdiferent accessions (1001,
1179 and 1256) with one similar selective primenbmationEcCoORXAAA and
Msel-CTA

Generally, it was clear that different accessitwasl differences in their
profiles, but repeatability was often unsatisfagtdrhis is illustrated by Figure 47,
where accessions 1200 and 1264 possess differestajerofiles, but there was
considerable variability between replicated prafil®NA extracted from the same

plant).
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Figure 47: AFLP profiles for repeated samples (D&&racted from the same plant)

of accession 1200 (top 3) and 1264 (bottom 3) uiagsame selective primer

combinationECORIATT and Msel-CAA. Red boxes are examples of polyh

regions for these two accessions. Size range si®@4500 bp
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6.3. SSR fingerprinting ofOnaobrychis viciifolia

Fingerpinting of the genotypic diversity d. viciifolia accessions was
attempted using SSR analysis.

6.3.1. SSR developpement fdD. viciifolia

PCRs designed for SSRs from other legumes were wibdselectedO.
viciifolia accessions. The best results were obtained witR2SBledicago CTT
repeat motif), SSR5MedicagoTGAG repeat motif), SSRTGycine several repeat
motif) and SSR11MedicagoTCC repeat motif). The optimal melting temperasure
the fragment sizes that were obtained and thelprgfialities are described in Table
37.

Table 37: SSR markers with optimal melting tempeeat(Tm), approximate
fragment size and profile quality after ABI sequegc (selected markers are

represented in bold character)

Marker Optimal Tm | Approximate size | Profile quality on ABI
name obtained (bp)

1 51 Multiple fragments Not clear

2 53 Multiple fragments Clear

3 51 600 Not usable with Liz 500
4 55 200 Not clear

5 53 200 Clear

6 53 600 Not usable with Liz 500
7 55 200 Clear

8 53 800 Not usable with Liz 500
9 51 Multiple fragments Not clear

10 51 400 Not clear

11 51 Multiple fragments Clear

These SSRs were then applied to the 40 acces$iane/ére chosen for their

diversity and also characterised by the morphobdgioalysis (Chapter 2).
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Inter-accession variability is illustrated by Figa 48 (SSR2), 49 (SSR5), 50

(SSR7) and 51 (SSR11).
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ﬁ l M |
| | |
1127

[

Figure 48: SSR2 accession variability (accessi@i8,11260 and 1127 are shown as

examples with polymorphisms high
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Figure 49: SSR5 access?oﬁvariabilit? (accessi@®,11208 and 1220 are shown as

examples with polymorphisms highlighted in red &)xe
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as examples with polymorphisms highlighted in regds)
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6.3.2. High accession variability in SSR profiles

Despite unequivocal differences in the SSR prefiter different accessions
and satisfactory repeatability, dissimilarity me#s based on the four SSR was not
sufficient to significantly segregate clusters le germplasm. The main reason was
the high variability between different individuad$ the same accession (illustrated

below in Figure 52).
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Figure 52: Example of individual variability withan accession. Here the SSR2
profile is shown for 2 individuals of the 1197 ass®n. Two very different profiles

are obtained

More SSRs would have helped to segregate clusiatdjme did not allow
the search for other SSRs. To improve SSR spdyifiand avoid unspecific
amplification, product sequencing could have beerdyced in order to find more

suitable primers.
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6.4. Discussion

Genetic studies on th®nobrychisgenus have been scarce (Ahangarian,
2007), thus limited knowledge was available onlihet methodologies to use. Due
to their high tannin content, it appeared very ljikéhat difficulties in DNA

extraction might be encountered fonobrychisspecies.

Accuracy of fingerprinting or sequencing methosisirongly dependent of
the quality of DNA obtained. Presence of organiemltals such as proteins sugars
or polyphenols in DNA extracts can greatly inhibit induce biases to enzymatic
reactions. Commercial extraction kits are commotilgught to produce better
quality DNA extracts and therefore to be cost-d@ffec However, crude extraction
methods are not necessarily more complicated tfoqmerand are arguably less
expensive. Here, the effectiveness of two Kits lieen compared with the Tanksley
modified extraction method. One of the kits wasvaimdo produce lower DNA vyield
and removal of some organic compounds was unsatisily. The Tanksley method
gave DNA of satisfactory quality for PCR based rodtheventhough the 230/260
absorbance ratio was low. Furthermore, succes€$& Bmplifications with general
primers showed that no significant inhibitors wgmesent in the DNA extracts.
Based on this comparison, the Tanksley method vasen for further genetic

investigations.

AFLP is a commonly used method in plant biologyasess genotypic
diversity on a very fine scale, and sometimes altber development of molecular
markers for plant breeding. AFLP protocols gengraked for other angiosperms
were expected to relatively quickly lead to similasults withOnobrychis viciifolia
The AFLP method was apparently effective as polyhmsms were seen after
methodological improvements. However, the capillaglectrophoresis based
approach was probably too sensitive to accuratefleat the results and was
probably affected too much by amplification biasestochastic events. It resulted in
non-repeatable profiles even when processing thmee gaoducts twice. A gel based
analysis would have been desirable to decreassetimvity of the detection method.
This was attempted at NIAB using a Li-Cor, but utfoately, the apparatus did not
work correctly. It was not possible to consideeaiative approaches within the time

constraints of the project. A different detectiggpebach would probably be the best
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way to determine genotypic diversity by the AFLPtinoel. Even if not all genetic
diversity can be resolved through analysis of magmds, it is highly probable that
major diversity patterns would still be easily umeced. Different digestion time
could have been also tested in order to improvéoémel pattern. For example, Savo-
Sardaroet al. (2003) showed that major genotypic clusters linkedyeographical

origin could be distinguished through gel based RRtith O. viciifolia.

SSR analysis is another widely used method tosasgéant genotypic
diversity and, more frequently than AFLP, to deyefoolecular markers for modern
breeding programmes. Given the problems encountesied) AFLP, it appeared as a
promising alternative as profiles obtained by tmisthod are multiple but simpler
and should thus be less affected by the high séynsivthe capillary electrophoresis
detection system. The large number of previoushetiped SSR detection systems
for different classes of angiosperms was expecigutdvide a set of SSRs that could
be used withO. viciifolia. Some of the SSR amplifications gave successiulie
with O. viciifolia, leading to clear and repeatable profiles; altihatighould be noted
that generally more peaks than expected were @etechich may be due to non-
specific primer binding. As expected, some otheR$8id not transfer satisfactorily
for use withO. viciifolia and can be discarded for future genetic studiethisf
species. For instance, four SSRs have been showmotluce informative profiles
reflecting polymorphisms. Only combinations of s&eSSRs have led to robust
genetic studies. In the case of this study, it matspossible to coherently segregate
genetically divergent clusters. Other SSRs willneeessary to complete a genetic

study and hopefully, select some molecular markers.
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CHAPTER 7. PHYLOGENETIC ANALYSIS OF
THE ONOBRYCHIS GENUS BY SEQUENCING
INDIVIDUAL LOCI

Sequences from different part of the genome weadyaed in order to clarify
the phylogeny of thé@Onobrychisgenus. This work was intended to identify and

suggest differenD. species valuable for future breeding programmes.

7.1. Amplification of several non-coding region sagences

All DNA barcode sequences (Chapter 2) were angalifromOnobrychis sp.
DNA. Improvements in PCR protocols, mainly changésnnealing temperature,

allowed the amplification of good PCR products vathprimer pairs (Figure 53).

L1515262637374 4 1816262637374 4h

e W W W W

- =
R s

Tm=48°C Tm=580°C

L151526263T3748431515262637374%4
“wv--_'_'--_~_ﬁ_bu5-‘-'----_-wﬁ‘
A

Tm=52°C Tm=54°C

1L1626263637474 1 15256263637474L

e we W W - o W W .
- - - - - -
- - ot g

Tm=56°C Tm=58°C

Figure 53: PCR products obtained with eight pairgromers (1 to 8) for two
differentOnobrychis viciifoliaaccessions (1001 and 1256) at different annealing
temperatures (48°C, 50°C, 52°C, 54°C, 56°C and p8°C
Numbers above correspond to the primer pairs (bAfiEnH, 2= trnV-atpE, 3=
trnC-ycf6, 4= ycf6-psbM, 5= psbM-trnD, 6= atpB-rhcl= rbcL and 8= ITS), L

stands for ladder (Hyperladder | from Bioline)
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All regions amplified well and the optimal anneglitemperatures as well as

the approximate fragment sizes are reported bel@blé 38).

Table 38: Region sequenced with optimal annealemgperature and approximate

size of the amplified fragment

Optimal annealing| Approximate size of
Region temperature (°C) |fragment (bp)
psbA-trnH 56 400
trnV-atpE 54 2000
trnC-ycf6 58 500
Ycf6-psbM 52 1500
psbM-trnD 50 600
atpB-rbcL 56 1000
rbcL 56 1000
ITS 52 600
trnT-trnL 50 500

Three regions were chosen for further sequencifige ITS region
(encompassing ITS1, the 5.8S and ITS2) and the Rstedgenic spacer between
trnH andPsbAgene were chosen as they were shown to possesefavariability in
sequence (Kresst al, 2005). Another non-coding chloroplastic DNA ragiche cd
intergenic spacer betweémT and the 5’ exon affnL was also sequenced, as it was
successfully used in a pilot experiment. For ailmgr pairs, amplicons of the
expected size were obtained and are shown on Figgured region, circa 460bp),

Figure 55 (PsbA region, circa 270bp) and FigurdI®6 region, circa 630bp).
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Figure 54: Example of PCR amplicons of the cd geeic spacer betwedérmnT and
the 5’ exon otrnL, La stands for Hyperladder | from Bioline and lthrgls for

Hyperladder IV from Bioline
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Figure 55: PCR amplicons of the PsbA intergenicspaetweetrnH andPsbA
gene, L stands for Hyperladder | from Bioline
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Figure 56: PCR amplicons of the Intergenic TrartsaiSpacer (ITS) region,
encompassing ITS1, the 5.8S and ITS2, L standdyperladder | from Bioline

156



7.2. DNA sequences from variou®nobrychis accessions

In total, 85 accessions were sequenced. Thisfsetcessions was comprised
of one outgroupl(otus corniculatuy 29 0. viciifolia and 55 othe©nobrychissp. In
some cases, sequencing was performed on differdividual plants from the same
accession in order to assess the genetic homogerieite accessions. Amplicons of
the expected size were obtained for @hobrychisaccessions and for thHeotus

corniculatusoutgroup.

Sequences were checked for quality and aligned. Sdguences for the 3
regions have been deposited in GenBank, their aimesiumbers are HM542483-
HM542907 ITS was the most informative region (55% ideritisdes, 96.2%
pairwise identity) followed by by PsbA and cd (7&1d 78% identical sites, 98.8%

pairwise identity respectively).

7.3. Phylogenetic affiliations

Phylogenetic trees were built with the DNAdist arglghbour joining (500
bootstraps) method in Phylip. Sequences from theetregions were merged in order
to maximise the phylogenetic information (approxietya1360 bp in total).

The phylogenetic tree that was obtained suppbdsdtstinction of different
clades corresponding to different sections amoegtmobrychisgenus (Figure 57).
Heliobrychis and Hymenobrychis sections were cleadlustered together

respectively.
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Figure 57: General neighbour joining tree basederged Intergenic Transcribed
Spacer / intergenic spacer betwéernd andPsbAgene/ intergenic spacer between
trnT and the 5’ exon dfnL regions showing general distinctions according to
sections and geographic origin in @aobrychisgenus. Bootstrap values (out of

500) are shown underneath selected nodes

The Lophobrychis cluster was less coherent; it eaamprised of one diploid
O. viciifolia (which might have been misidentified) and dhepetraea(Figure 58).
As expected, the Onobrychis section was compri$edost of the accessions in the
tree. In this large group, a general distinctiorsvi@und between accessions from
Western Europe and accessions from the rest ofwthvel. Western Europea®.

viciifolia were clustered witkD. gracilis O. argenteaandO. pyrenaicaFigure 58).
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Figure 58: Upper half of the general phylogenete {Figure 57) showing the
Heliobrychis, Hymenobrychis, Lophobrychis and pdirthe Onobrychis sections as
well as the Western Europe@n viciifolia.

OtherO. viciifolia accessions were clustered wih cyri, O. transcaucasica
O. inermisSteven Q. antasiaticaO. bungei O. takhtajaniiandO. altissima(Figure
59).
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Figure 59: Lower half of the general phylogenatset(Figure 57) showing the part
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60, A0l 2001

of the Onobrychis section comprising the EastemofeanO. viciifolia.

7.4. Phylogenetic robustness of thé&nobrychis botanical

classification

Sequences obtained by other research units weledafbr a more global
perspective.

7.4.1. Incorporation of other Hedysareae sequences

ITS sequences for other Onobrychis and membetheoiHedysareae tribe
were available in GenBank (Ahangarian, 2007; CheanKourdaet al, 2007). A
phylogenetic tree including these sequences, intiaddto the ITS sequences
obtained for the divers®nobrychisaccessions was thus built with the DNAdist and
neighbour joining (500 bootstraps) method in Phifiigure 60).
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Figure 60: Neighbour joining tree based on Interg@mnanscribed Spacer sequences
of selecteddnobrychisaccessions and some Hedysareae member sequences
available on GenBank. Bootstrap values (out of 208)shown underneath selected

nodes

Members of the other genus were segregated frarOtiobrychisgenus,
except for two species (Figure 6Bversmania subspinosaas found to be more
closely related to the Hymenobrychis and Lophobig/chections. Hedysarum
wrightianum was found to cluster with the Lophobrychis secti®ome sections
appeared weakly supported by the ITS phylogé&nobrychis acaulisa member of
the Anthyllium section was found to be closely tethto the Hymenobrychis
section.O. cornuta member of the Dendrobrychis was found closelgtesl to the

Lophobrychis section.
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Figure 61: Part of the phylogenetic tree (Figurgliksed on Intergenic Transcribed
Spacer sequences showing the different sectionski®chis, Laxiflorae,
Dendrobrychis, Afghanicae, Heliobrychis, Hymenolhig¢c Lophobrychis) of the
Onobrychisgenus

7.4.2. Operational taxonomic unit assignment

Operational taxonomic units (OTUs) encompassing tla¢ Onobrychis
accessions were defined using the same sequenataguded for phylogenetic tree
construction. ITS sequence, chloroplastic sequeussA+cd) and all sequences
merged were used to define OTUs, with differentaftg due to differing variability
in sequences. A 1% cut-off was used for ITS andraiged sequences, whereas a
0.1% cut-off was used for chloroplastic sequen@®@sOTUs were defined for all
merged sequences, 14 for chloroplastic sequenakd &ator ITS sequences. Thus,

all the sequences merged appeared to be a goasseapation of the OTU richness
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in this study. It should be noted that, in thisega& OTUs were represented by one or

two sequences.

7.4.3. Coherence of OTUs and botanical species/sent

In order to test the coherence of the botaniadsification compared to the
DNA phylogeny, OTU affiliation was compared withthnical species and section
affiliation. A first screening confirmed the presenof many synonyms and
subspecies in the botanical classification. Tls pyrenaica O. altissima O.
arenaria, O. inermis O. montanaand O.cadmeawere all considered as bei@
viciifolia. O. pulchella was considered a®. alba and O. antasiaticaas O.
transcaucasicaThese synonymies were in accordance with theogieyletic OTU
affiliation for each set of sequences data.

Figures 62 (ITS and chloroplastic sequences),cBBiKoplastic sequences)
and 64 (ITS sequences) show the OTU affiliationoading to section. Only the
Heliobrychis section consists of a single OTU wkensidering all merging options
(Figures 62, 63 and 64). The Hymenobrychis sect@plit in 2 OTUs based on ITS
or on chloroplastic sequences, but only one baseallsequences merged together.
The data indicate that the Lophobrychis sectiomish more diverse with 4 or 5
OTUs. The Onobrychis section is mainly split in twajor OTUs, which probably
reflects the distinction between Eastern and Westeuropean shown by the

phylogenetic trees.

100% +
90% -+

mOTU 10 (1)
80% | mOTU9 (1)
70% 1 oOoTU 8 (2)
60% - BOTU 7 (2)
50% - @OTU 6 (7)
40% mOTU5 (2)
30% - ooTU4 (1)
20% 1 OoTU 3 (2)

10% 1 OTU 2 (65
0% u (65)

Heliobrychis (2) Hymenobrychis (7) Lophobrychis (6) Lotus (1) Onobrychis (105) @ OTU 1 (38)

Figure 62: Operational Taxonomic Unit affiliatiooc@rding to section based on all
sequences merged together (ITS and chloroplagfiongpsbA-trnHand the
intergenic spacer betwe&mT and the 5’ exon afnL). Numbers in brackets

represent the number of individuals
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Heliobrychis (2) Hymenobrychis (7) Lophobrychis (8) Lotus (1) Onobrychis (122) mOTUZ (13)

®E OTU 1 (105)
Figure 63: Operational Taxonomic Unit affiliatioac@rding to section based on
chloroplastic regiongp§bA-trnHand the intergenic spacer betwaerT and the 5’
exon oftrnL) sequences. Numbers in brackets represent theerwhmdividuals
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7) (115) mOTU 1 (43)

Figure 64: Operational Taxonomic Unit affiliatiooc@rding to section based on ITS
sequences. Numbers in brackets represent the nuwhimelividuals

Interestingly, the ratios of each of these OTUgeap to change according to

the region analysed.

Figure 65 shows the OTU affiliation according e tspecies affiliation. Out
of the 8 species represented by multiple accesstoare split between 2 or 3 OTUs.
Among the members of the Onobrychis section, @lypetraea oneO. cyri, and

oneO. ibericaare significantly different to the rest segregated OTUs.
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Figure 65: Operational Taxonomic Unit affiliatioocarding to species based on all
sequences merged together (ITS and chloroplagfione psbA-trnH and the
intergenic spacer between trnT and the 5’ exomnf)t Numbers in brackets

represent the number of individuals

It appeared that on®. iberica accession has probably been misidentified

based on drastic differences in seed pod morphdléigyre 66).

Figure 66: Comparison @. ibericaseed pod morphology showing that accession
1352 was probably misidentified (drastic differenaeseed pod size and shape)
compared to 1354, a stand&®dibericaaccession showing traditionally shaped

fruits
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O. albais the only species from the other sections tadpFesented by 2
OTUs, but there might also have been misidentificabased on differences in seed

pod morphology (Figure 67).

Figure 67: Comparison @. albaseed pod morphology showing that accession 1332
was probably misidentified (drastic differenceséed pod size and shape) compared
with 1328 standard accession@falbashowing traditionally shaped fruits.

Accession 1330 was represented by true seeds pe sbald not be compared

7.5. Discussion

PCR primers designed for various phylogenetic isgiaf plants, mainly
legumes, were successfully used for amplificatioomf various regions of
Onobrychis DNA. This shows thatOnobrychis shares genetic similarities with
related plant genera. This was expected given kmathrand morphological

similarities with these other genera.

Among O. viciifolia accessions, a general phylogenetic distinction was
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observed based on different DNA regions and phyleie methods. Similar to the
agronomical and morphological analyses, it app#asthis distinction is strongly
connected to each accession’s geographic origia. deta indicates that accessions
from Western European countries are distinct fraseasions from the rest of the
world, forming two different clades/OTUs. This dgttion may reflect different
domestication routes, with different common anasstdt can also be due to
selection of various agronomic properties that \dcag genetically determined. The
apparent agronomic superiority of the Eastern Eemapaccessions implies that this
phylogenetic group and its associated genetic cheniatics may be of great interest

for modern breeding programmes.

The Onobrychistaxonomy found in the literature is relatively qalex, and

little information on its basis is available. FdretOnobrychisspecies studied by
sequencing, no less than seven sections are desclilis possible to find at least 40
species names associated with@brychisgenus. However, many synonyms and
subspecies are probably over-complicating this riardc classification. For
example, among this germplasm collection, 7 specéase were used to describe
different accessions that were actually @l viciifolia. The molecular analysis
performed can thus greatly clarify this classificat The Heliobrychis and the
Hymenobrychis sections comprise very closely relagecies, thus it might be that
the section concept is meaningless and that thesgoss correspond to single
clearly different species. The Lophobrychis secttomprises different OTUs, which
support the taxonomic classification. The Onobrgdection is mainly composed of
the 20. viciifolia OTUs. From the seed morphology, it appears tr@Othcyri and
the O. ibericaaccessions that belonged different OTUs were flghaisidentified.
In this section, onlyD. petraeaappears to genetically differ from the other speci
The definition of the other species is then quesiide from a molecular point of
view, given that all species from the Onobrychictiem are very similar in
morphology taO. viciifolia.

Sequences obtained from other species also afipgaestion the taxonomic
classification. The Dendrobrychis section does appear to be monophyletic.
Rather, it seems than one of its membérscornuta could be associated with the
Lophobrychis section, which would leav@. arnacanthaas a lonely different
species. SimilarlyO. acaulis which is regarded as a member of the Anthyllium,
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appears to cluster closely with the Hymenobryckistien. Eversmania subspinosa
and Hedysarum wrightianumvere found to be more closely relatedQaobrychis
species than to their suppose relatives (Hedyspareasicularly,H. wrightianumfell

in the Lophobrychissection with high similarity in ITS sequences wih crista-
galli. Again, this might be due either to misidentifioat of the H. wrightianum
accession, or to a flaw in the general taxonomassification of the Hedysareae
tribe.

There is a general difficulty in coherent segregabf the Lophobrychis and
Onobrychis section®. petraea member of the Onobrychis section, is more closely
related to the Lophobrychis section, as are songesaons described (but maybe
misidentified) asO. viciifolia. It appears possible that these two sections laave
relatively recent common ancestor and that ondé@de sections is derived from the
other. These phylogenetic studies tend to show ttit@Onobrychisand probably
Hedysaraea classifications generally lack genetppart. Assignations to sections,
species or sub-species seem to have often beerd lmasesubjective factors
(geographic origin, for example, with. antasiaticaand O. transcaucasicarather
than objective ones. As the phenotypic classifocatis unclear, it is difficult to
extrapolate on the classification from moleculatad# is however unequivocal, that
some taxonomic species or sections are too simildmeir genetic content to support
such a distinction. A combination of these phylagenanalyses with morphological
taxonomy and reproductive tests should lead to naplsr and more coherent
classification of thé&nobrychisgenus. Such a classification is needed to imptioge

potential integration of species other tl@nviciifolia into breeding programmes.
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CHAPTER 8. GENERAL DISCUSSION

To my knowledge, this study represents the firgtrabterisation of such an
extensiveOnobrychisgermplasm. The diversity in geographic and climatigins,
in cultivation status and the inclusion of speddterent toO. viciifolia provides an
immense database. Links with beneficial propertiels furthermore open new
perspectives for modern breeding and agricultusal in the context of sustainable

agriculture.

8.1. Agronomical diversity and potential

The germplasm was found to be highly variable iige of agronomic
performance and characteristics. In addition, itswéound that different
characteristics might be selected for differentadiural uses. A streamlined scoring
approach was often applied to overcome time dellags would have arisen from
replicated and more precise numerical measureméntgas also a way to try to
describe accession traits as a whole by reduciegwhight of intra-accession

variability that is often observed.

The DUS characterisation approach is a widely aeckeptandard approach
used in modern breeding programmes. There are &enfriames for a variety of
plant species, generally of high agricultural intpace. A. viciifolia has not been
of such importance in the past 50 years, in Westemtries at least, the DUS
template that is available has not been very welletbped or updated. Thus the
improvements in agronomical and morphological cti@réssation and the results
found in this study must greatly help in future dieypyment of a new DUS protocol

for O. viciifolia.

As stated in previous literaturé). viciifolia was found to be relatively
resistant to diseases and pests. Thus persistease satisfactory, despite the
occurrence of some periods of field flooding durthg course of the project that

some authors have suggested would eliminate mastsl

Strong links were found between geographic origind aaccession

performance. Interestingly, the best agronomicakssions mainly originate from
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Eastern European countries, where it is likely s&éction has been rudimentary. It
can therefore be expected that modern breedingrgroges will result in
development of high performance varieties, whichuldorepresent a more

sustainable alternative to the forage crops cugrémiensively cultivated.

8.2. Morphological trait characterisation

The germplasm was found to be highly variable nrm&e of morphological
characteristics. This diversity in morphologicahits may be used to develop
improved varieties for contrasting agricultural sigbay/silage vs pasture). Critical
adaptations were observed with accessions from tamous regions. Such

accessions may then be favoured@owiciifolia cultivation in dry elevated pastures.

The general molecular distinction between Westarmmogean accessions and
accessions from the rest of the world was confirragdnorphological traits. This
distinction shows that accessions are adapted tirasting climates, and that
selection of relevant accessions will be cruciabrder to produce locally adapted

improved varieties.

8.3. Cytological aspects dD. viciifolia

Little and controversial information was availaldencerningOnobrychis
cytology and ploidy levels. It was known (TamasQ@&Pthat members of this genus
are characterised by very small chromosome siz#ficudi to investigate by
microscopic analyses. Difficulties in classical ya@yping may explain the
controversy concerning the basic number of chrommesoand the ploidy level
determination. The ploidy determination method Hasen flow cytometry is
probably more powerful as it is not dependent pnezise chromosome count but on
evaluation of global DNA content. It was used withobrychisfor the first time and
it provided crucial information for further moleewl analyses. It also led to the
determination of theOnobrychis viciifolia C-value of DNA content, another

important value for molecular analyses.

Only three wild accessions @. viciifolia were found to be diploid, all the
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others being tetraploid. This observation strongiyggests that tetraploids were
generally selected for agricultural uses, probablye to better agronomic
performance. Among the oth@nobrychisspecies, roughly half were found to be
diploid and the other half tetraploid. The basianiers of chromosomes was
generally 7, with few occurrences of a basic numife8. It is difficult to draw

conclusions, but it is generally thought that aneidy events occurred in the history
of Onobrychis which would suggest that species harboring acbmasmber of 8

chromosomes might be living ancestors of the mo@erobrychisspecies.

8.4. Genotypic diversity and phylogeny

This study has provided a first largescale analydisO. viciifolia and
Onobrychisgenetic diversity. In contrast to the majoritypddnts used in agriculture,
Onobrychistaxonomy is only based on morphological charasation. However,
molecular methods have often provided robust artdildd taxonomic information.
Investigations through various plant databases fsl®vn that many species and
sub-species distinctions were probably meaningkesd affected by subjective

factors.

This study represents the first attempt to carry aumolecular based
clarification of theOnobrychisgenus. AFLP analysis had previously been appbed t
a limited number ofOnobrychisspecies. Here, the potential of AFLP analysis was
confirmed but methodological improvements are ndede increase their
discriminatory power. SSRs were examined for thet fime and shown to be of high
potential. Phylogenetic analysis based on direqisecing of different DNA regions
has also been successful and, as expected, wamdhe powerful method in

taxonomy clarification.

There was no previous work o@nobrychis genetic diversity based on
fingerprinting methods. Thus, any slight genetiaiadaility was not previously
detected, and development of marker assisted Imgegliograms has not been
achieved. In this study, it was shown that claagerprinting methodologies could
be applied to investigat®©nobrychis genetics. As could be expected, several
methodological improvements were needed to obtetnrate and solid results. Due

to the other priorities inherent to this projediede methodologies have been
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attempted relatively slowly, and solid data was olathined. Still, it was shown that
these methodologies have the power to unc@rebrychisgenotypic diversity and

in the longer term, to provide potential molecutaarkers that could be linked to
phenotypic properties. The preliminary results wigd here suggest a substantial

genetic diversity across ti@nobrychis viciifoliaaccessions that were studied.

The genetic diversity suggested by fingerprintingtmods was confirmed by
phylogenetic studies of different genomic non-cgdiagions. A general trend was
found with two general clusters, grouping Westenropean accessions in one
cluster and accessions from the rest of the warldirfly Eastern Europe and the
Middle East) in the other. These two clusters wetmd to form coherent OTUs and
may thus be classified as genetic subspecies. Mdabglusters, with smaller genetic
distances, were also found and may be classifiedyaasetic varieties. These

subclusters were not found to be related to segdbgraphic regions.

Onobrychistaxonomy was, to date, only based on botanicatmbsions
which probably led to subjective biases. It is cldaat many species have been
named after geographic locations, but that theyevpgobably synonyms. Identical
sequences were found for species with different esgantonfirming that the
Onobrychistaxonomy can be simplified. In addition, the reygmrgatives of two
taxonomic sections were found to have very similaidentical sequences, which

subsequently questions the meaning of such sections

8.5. Insights of beneficial properties

The present study allowed the determination of mgmucal, morphological
and genetic diversity amornQ@. viciifolia and other species. The overall aim of the
Healthy Hay project was to target promising acaessifor a potential combination
of agronomical traits withO. viciifolia evaluated beneficial properties. Diverse
studies have been conducted by Healthy Hay partmerthe selected accessions
(unpublished data). In all cases, it was found #suemhe accessions performed better
than others. A summary of preliminary results fasrpising accessions is shown in
Table 39. For example, accession 1043 was fouméve a high anthelmintic effect
and to lead to reduced methane production by céwsessions 1165, 1169 and

1256 were shown to possess a high content of ceedailannins and to have higher
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anthelmintic effect, which may confirm the suppo$ied between condensed tannin
richness and anthelmintic effect. Among the besbragmic varieties, accession
1019 was found to induce low methane emissions,amtgssion 1213 to possess

high contents of condensed tannins and flavonolgedisas nitrogen.

8.6. Conclusions and perspectives

As the experiments were conducted only in one gewgc location, it is
clear that the conclusions on agronomic superiomtiyly apply to these
environmental conditions. Then, these conclusiomsidc also apply to a part of
Western Europe, but it is not possible to extragolan accessions agronomic
potential under different environmental conditioAssubset of the germplasm has
been tested in Spain, so a comparative analysitheofshared accessions should

provides some answers concerning the climate inflee®n agronomic performance.

The morphological observations would have gainedeaonducted using a
more systematic approach. There are some methadslayailable that allow
automated morphometric measurements of high nundbgrient samples. However,
such methodologies were not easily accessible lamahécessary adjustments for a
new species with distinct characteristics wouldenbgen too time-consuming in the
context of this project. Nonetheless, the dataectdéld here provide a basis to

develop automated morphometry for viciifolia.

It was decided to focus o@. viciifolia for cytological characterisation as
such information was crucial to initiate genetiadsés. Cytological characterisation
of otherOnobrychisspecies is desirable to clarify cytology and pjosthtuses of the
genus and to enable genetic characterisation @iesp&vith breeding potential. The
optimisation of cytological methods f@. viciifolia developed in this study should
improve the ability to characterise extensively asyktematically Onobrychis

accessions.

If time had allowed so, a greater number of SSRIevbave been applied to
the accessions. A more systematic approach shawtkllked to robust conclusions, as
obtained from a variety of plants. Another approatich arose during the course of

these studies is the use of high throughput sedqugrioc detect numerous putative
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markers (Schafleitneet al, 2010). Such an approach would have been ideal to
develop extensive molecular tools and unr&@ebbrychisgenomics; however such
approaches are also very costly and more evidentednobrychis agronomic

potential are probably needed before envisionirgapproach.

The Onobrychistaxonomy is clearly challenged by the genetic dbta a
more systematic approach will be needed in ordevbt@in a solid classification.
Morphological, cytological and genetic charactdisa must be performed
simultaneously and repeated on different accessmafiow complete comparisons.
Again, the definition of an extensive collectionmeblecular markers would also help

to test the coherence of taxonomic groups.

Characteristics ofOnobrychis and O. viciifolia have been extensively
determined through this wide ranging germplasm ystukhese different results
represent a large database for further modern imgéal bring baclkO. viciifolia (or
other species) in the context of modern and suaéenagriculture. It is believed that
the beneficial properties dD. viciifolia will be confirmed through the different
analyses performed in the course of the Healthy Hepject. These beneficial
properties, combined with the potential f@r viciifolia improvement detailed in this
study, should lead to the development of new brepdporogrammes. Such
programmes will represent a valuable input for frgnwilling to switch to

sustainable agriculture and to use more environatigritiendly forage crops.
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APPENDIX 1: GERMPLASM GATHERED AT

NIAB

Accessions highlighted in grey have not been usedidld trials.

Accessions in bold character were selected fohéurtharacterisation (Chapter 2).

Accession Species Variety/Code Status Source
1001 O. viciifolia Cotswold Common/NA Cultivated RAC
1002 O. viciifolia Visnovsky/NA NA RAC
1003 0. viciifolia Makedonka/NA NA RAC
1004 O. viciifolia NA/NA NA RAC
1005 0. viciifolia Perly/NA Cultivar RAC
1006 0. viciifolia Huacheng No1/NA NA RAC
1007 0. viciifolia NA/NA NA RAC
1008 O. viciifolia Somborne/NA Cultivar RAC
1009 0. viciifolia NA/WY-PX-94 NA RAC
1010 O. viciifolia Melrose/NA NA RAC
1011 O. viciifolia Nova/NA NA RAC

James
1012 O. viciifolia Ambra/NA Cultivar Laredonde
1013 0. viciifolia Somborne /NA Cultivated | Westcrop
1014 O. viciifolia Emyr/NA NA RAC
Dr Adem
1015 O. viciifolia Wild Type/NA NA Kamalak
Steven
1016 O. viciifolia Wild Type/NA wild Bentley
1017 0. viciifolia Teruel/NA Cultivated CITA
1018 0. viciifolia Villahoz/NA NA CITA
Charl Le
1019 0. viciifolia Taja/NA Cultivar Roux
1020 O. viciifolia NA/13 T21 00001 wild RICP
1021 O. viciifolia Visnosky/13 T21 00353 Cultivar RICP
1022 0. viciifolia NA/13 T21 00373 Wild RICP
1023 0. viciifolia NA/13 T21 00374 wild RICP
1024 0. viciifolia NA/13 T21 00502 wild RICP
1025 O. viciifolia NA/13 T21 00511 wild RICP
1026 O. viciifolia Buciansky/13 T21 00525 Cultivar RICP
1027 O. viciifolia Perly/13 T21 00526 NA RICP
1028 O. viciifolia Simpro/13 T21 00527 Cultivar RICP
1029 O. viciifolia Matra/13 T21 00528 Cultivar RICP
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1030 O. viciifolia Kompolti/13 T21 00529 Cultivar RICP
Cotswold Common/13 T21
1031 0. viciifolia 00530 Cultivar RICP
1032 0. viciifolia Emyr/13 T21 00531 Cultivar RICP
1033 O. viciifolia Fakir/13 T21 00532 Cultivar RICP
1034 0. viciifolia NA/13 T21 00552 wild RICP
1035 0. viciifolia NA/13 T21 00575 wild RICP
1036 O. arenaria NA/13 T21 00576 wild RICP
1037 0. viciifolia Bicolari/RCAT028217 NA RCAH
1038 0. viciifolia NA/RCAT028219 NA RCAH
Ukrainskij
1039 O. viciifolia 2795/RCAT028241 NA RCAH
1040 0. viciifolia Buceanskij/RCAT028237 NA RCAH
1041 0. viciifolia Camaras/RCAT028291 NA RCAH
1042 O. viciifolia Ibaneti/RCAT028292 NA RCAH
1043 O. viciifolia Bivolari/RCAT 028294 NA RCAH
1044 O. viciifolia NA/RCAT028437 NA RCAH
1045 O. viciifolia NA/RCAT061765 NA RCAH
1046 O. viciifolia Fizes/RCAT028250 NA RCAH
1047 0. viciifolia NA/IG 109266 IFMI 899 NA ICARDA
1048 0. viciifolia NA/IG 109729 IFMI 1294 NA ICARDA
1049 0. viciifolia NA/IG 109730 IFMI 1295 NA ICARDA
1050 0. viciifolia NA/IG 109731 IFMI 1296 NA ICARDA
1051 0. viciifolia NA/IG 109732 IFMI 1297 NA ICARDA
1052 0. viciifolia NA/IG 109733 IFMI 1298 NA ICARDA
1053 O. viciifolia NA/IG 109735 IFMI 1299 NA ICARDA
1054 O. viciifolia NA/IG 109738 IFMI 1301 NA ICARDA
1055 O. viciifolia NA/IG 109841 IFMI 1398 NA ICARDA
1056 O. viciifolia NA/IG 109842 IFMI 1399 NA ICARDA
1057 O. viciifolia NA/IG 109846 IFMI 1400 NA ICARDA
1058 O. viciifolia NA/IG 109852 IFMI 1404 NA ICARDA
1059 0. viciifolia NA/IG 109917 IFMI 1419 NA ICARDA
1060 0. viciifolia NA/IG 109923 IFMI 1422 NA ICARDA
1061 0. viciifolia NA/IG 109931 IFMI 1425 NA ICARDA
1062 0. viciifolia NA/IG 109932 IFMI 1426 NA ICARDA
1063 O. viciifolia NA/IG 109933 IFMI 1427 NA ICARDA
1064 0. viciifolia NA/IG 109934 IFMI 1428 NA ICARDA
1065 O. viciifolia NA/IG 109935 IFMI 1429 NA ICARDA
1066 O. viciifolia NA/IG 109936 IFMI 1430 NA ICARDA
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1067 O. viciifolia NA/IG 109960 IFMI 1454 NA ICARDA
1068 O. viciifolia NA/IG 109961 IFMI 1455 NA ICARDA
1069 O. viciifolia NA/IG 109962 IFMI 1456 NA ICARDA
1070 O. viciifolia NA/IG 109992 IFMI 1485 NA ICARDA
Henrey
1071 0. viciifolia Hampshire Common/NA | Cultivated | Edmunds
Henrey
1072 O. viciifolia Redstart /INA Wild Edmunds
Cotswold Common /Am
1073 O. viciifolia 232 Cultivar IGER
Aberystwyth Sanfoin /Am
1074 O. viciifolia 359 Cultivated IGER
Aberystwyth Sanfoin /Am
1075 O. viciifolia 358 Cultivated IGER
Aberystwyth Sanfoin /Am
1076 O. viciifolia 360 Cultivated IGER
1077 O. viciifolia Nova /Am 354 Cultivar IGER
Aberystwyth Sanfoin /Am
1078 O. viciifolia 361 Cultivated IGER
1079 O. viciifolia NA/Am 94 Cultivated IGER
1080 O. viciifolia NA/Am 237 Wild IGER
1081 0. viciifolia Flemingstone /Am 108 Cultivar IGER
Hampshire Common /Am
1082 O. viciifolia 95 Cultivar IGER
1083 O. viciifolia Common Milled /Am 186 Cultivar IGER
1084 0. viciifolia Sparta /Am 333 Cultivar IGER
1085 O. viciifolia NA/Am 112 Cultivar IGER
1086 O. viciifolia NA/Am 111 Cultivar IGER
Hampshire Common /Am
1087 O. viciifolia 99 Cultivar IGER
1088 O. viciifolia NA/Am 110 Cultivar IGER
English Common/English
1089 O. viciifolia giant sainfoin/Am 97 Cultivar IGER
1090 O. viciifolia NA/Am 93 NA IGER
1091 O. viciifolia Visnovsky /Am 117 Cultivar IGER
1092 O. viciifolia NA/Am 113 Cultivar IGER
1093 O. viciifolia Common Milled /Am 184 Cultivar IGER
1094 O. viciifolia Giant Milled /Am 185 Cultivar IGER
1095 O. viciifolia NA/Am 352 NA IGER
Hampshire Common /Am
1096 O. viciifolia 92 Cultivar IGER
Visnovsky Viccsecry /Am
1097 O. viciifolia 104 Cultivar IGER
1098 O. viciifolia NA/Am 227 Cultivar IGER
Eastern Counties Giant
1099 O. viciifolia /Am 183 Cultivar IGER
1100 O. viciifolia CPI1 63748/110397 NA GRIN
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1101 0. viciifolia CPI 63749/110400 NA GRIN
1102 O. viciifolia NA/110404 NA GRIN
1103 O. viciifolia Korunga/167236 NA GRIN
1104 O. viciifolia NA/170582 NA GRIN
1105 O. viciifolia NA/170583 Cultivated GRIN
1106 O. viciifolia NA/170585 Cultivated GRIN
1107 0. viciifolia NA/171725 NA GRIN
1108 0. viciifolia NA/171726 NA GRIN
1109 O. viciifolia CPI 63747/178988 Cultivated GRIN
1110 0. viciifolia CPI1 63750/182247 NA GRIN
1111 0. viciifolia CPI 63751/186520 NA GRIN
1112 O. viciifolia CPI 63752/192993 NA GRIN
1113 0. viciifolia CPI1 63753/192994 NA GRIN
1114 O. viciifolia CPI1 63754/192995 NA GRIN
1115 O. viciifolia CPI1 63755/200872 wild GRIN
1116 O. viciifolia NA/201211 Cultivar GRIN
1117 O. viciifolia CPI1 63757/201512 Cultivar GRIN
1118 O. viciifolia CPI 63758/201865 NA GRIN
1119 0. viciifolia CPI1 63759/204594 wild GRIN
1120 O. viciifolia CPI 63760/204595 Wwild GRIN
1121 O. viciifolia CPI 63761/205200 Wwild GRIN
1122 O. viciifolia CPI 63762/205201 Wwild GRIN
1123 0. viciifolia CPI1 63763/205202 Wild GRIN
1124 O. viciifolia CPI 63764/206458 Wwild GRIN
1125 O. viciifolia CPI 63765/206459 Cultivated GRIN
1126 O. viciifolia CPI1 63766/206577 Wwild GRIN
1127 O. viciifolia CP1 63767/212241 Cultivated GRIN
1128 O. viciifolia CPI163768/223389 Cultivated GRIN
1129 O. viciifolia CPI163769/225728 NA GRIN
1130 O. viciifolia CPI1 63770/227038 Cultivated GRIN
1131 0. viciifolia CPI163771/227373 Cultivated GRIN
1132 0. viciifolia CPI 63772/228156 NA GRIN
1133 O. viciifolia CPI 63773/228289 Wwild GRIN
1134 O. viciifolia NA/228352 Wild GRIN
1135 O. viciifolia CPI 63775/228402 Wild GRIN
1136 O. viciifolia CPI 63776/229612 wild GRIN
1137 O. viciifolia CPI 63777/229613 Cultivated GRIN
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1138 0. viciifolia CPI 63778/234644 wild GRIN
1139 O. viciifolia CPI163779/234822 wild GRIN
1140 O. viciifolia CPI 63780/234823 wild GRIN
1141 O. viciifolia CP163781/236486 NA GRIN
1142 O. viciifolia CP163782/237089 wild GRIN
1143 O. viciifolia CPI163783/239957 NA GRIN
1144 0. viciifolia CPI1 63784/239958 NA GRIN
1145 O. viciifolia CPI 63785/239959 NA GRIN
1146 O. viciifolia CPI 63786/239960 NA GRIN
1147 O. viciifolia CPI 63787/243227 NA GRIN
1148 0. viciifolia Espers/250024 Cultivated GRIN
1149 O. viciifolia NA/251669 NA GRIN
1150 O. viciifolia CPI 63791/251840 wild GRIN
1151 O. viciifolia CPI1 63792/258767 NA GRIN
1152 O. viciifolia Reskhanii 1251/258768 Cultivar GRIN
1153 O. viciifolia Dukorastuschaia/258769 Cultivar GRIN
1154 O. viciifolia Dukorastushchii/258770 Cultivar GRIN
1155 O. viciifolia Dukorastushchii/258771 Cultivar GRIN
1156 O. viciifolia Dukorastushchii/258772 Cultivar GRIN
1157 0. viciifolia Miatiletka/258773 Cultivar GRIN
Severo-Kavkazckii
1158 O. viciifolia Dvuukosnii/258774 Cultivar GRIN
1159 0. viciifolia CPI 63800/258775 NA GRIN
1160 O. viciifolia Dukorastushchii/258776 Cultivar GRIN
1161 O. viciifolia Dukorastushchii/258777 Cultivar GRIN
1162 O. viciifolia Dukorastushchii/258778 Cultivar GRIN
1163 0. viciifolia Giant/259491 Cultivar GRIN
Hampshire Common
1164 O. viciifolia 1259492 Cultivar GRIN
1165 0. viciifolia Rees "A"/259493 Cultivar GRIN
1166 O. viciifolia Turkish anatolian/259494 | Cultivar GRIN
1167 O. viciifolia CP163808/263158 Cultivar GRIN
1168 O. viciifolia Ukrainsky 553/263159 Cultivar GRIN
1169 O. viciifolia CPI 63810/273784 NA GRIN
1170 O. viciifolia Ukrainsky 586/273785 Cultivar GRIN
1171 O. viciifolia CPI 63812/273786 NA GRIN
1172 0. viciifolia CP163813/273787 NA GRIN
1173 0. viciifolia CPI 63814/273788 NA GRIN
1174 0. viciifolia CPI 63815/273789 NA GRIN
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1175 O. viciifolia CPI 63816/273790 NA GRIN
1176 O. viciifolia CP163817/273791 NA GRIN
1177 O. viciifolia CP163818/302936 NA GRIN
1178 0. viciifolia CPI1 63819/302937 NA GRIN
1179 O. viciifolia CPI 63820/302938 NA GRIN
1180 O. viciifolia CP163821/302939 NA GRIN
1181 O. viciifolia Lupinella/306693 Cultivar GRIN
1182 O. viciifolia B-184/311467 NA GRIN
1183 O. viciifolia CPI 63824/311468 NA GRIN
1184 O. viciifolia CPI 63825/311469 NA GRIN
1185 O. viciifolia CPI 63826/311470 NA GRIN
1186 O. viciifolia CPI 63827/311471 NA GRIN
1187 O. viciifolia CPI 63828/313046 NA GRIN
1188 O. viciifolia CPI163829/313047 NA GRIN
1189 O. viciifolia Ziumineck/313048 NA GRIN
1190 O. viciifolia CP163831/313049 NA GRIN
1191 O. viciifolia CPI163832/313050 NA GRIN
1192 O. viciifolia CPI1 63833/313051 NA GRIN
1193 0. viciifolia CPI163834/313052 NA GRIN
1194 O. viciifolia CPI 63835/313053 NA GRIN
1195 O. viciifolia CPI 63836/313054 NA GRIN
1196 O. viciifolia CPI 63837/313055 NA GRIN
1197 O. viciifolia CPI163838/313056 NA GRIN
1198 O. viciifolia Ukranian 57/57/313057 | Cultivated GRIN
1199 O. viciifolia CPI1 63840/313058 NA GRIN
1200 O. viciifolia CPI 63841/313059 NA GRIN
1201 O. viciifolia CP163842/313060 NA GRIN
1202 O. viciifolia Poltava 553/313061 Cultivated GRIN
1203 O. viciifolia Artemovsk/313062 Cultivated GRIN
1204 O. viciifolia CPI163845/313063 NA GRIN
1205 0. viciifolia Italian/313064 Cultivated GRIN
1206 0. viciifolia Dnepropetrovsk/313065 | Cultivated GRIN
1207 O. viciifolia CPI 63848/313066 NA GRIN
1208 O. viciifolia CPI 63849/314099 Wwild GRIN
1209 O. viciifolia CPI 31422/316296 NA GRIN
1210 O. viciifolia Premier/318602 Cultivar GRIN
1211 0. viciifolia Perly/318603 Cultivar GRIN
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1212 0. viciifolia Pologne/318604 Cultivar GRIN
1213 O. viciifolia CPI 63854/318605 Cultivated GRIN
1214 O. viciifolia CPI1 63855/318606 Cultivated GRIN
1215 0. viciifolia CPI 63856/319058 NA GRIN
1216 0. viciifolia CPI1 63857/319059 NA GRIN
1217 0. viciifolia CPI 63858/319060 NA GRIN
1218 0. viciifolia CPI1 63860/319062 NA GRIN
1219 0. viciifolia CPI 63861/319713 NA GRIN
1220 0. viciifolia 247/338651 NA GRIN
1221 0. viciifolia CPI 63863/368034 NA GRIN
1222 O. viciifolia CPI 63864/368035 NA GRIN
1223 O. viciifolia Pola/368036 Cultivar GRIN
1224 0. viciifolia Krasnodarskij/372828 Cultivar GRIN
1225 O. viciifolia Svedskij/372829 Cultivar GRIN
1226 O. viciifolia Kirgizskij/372830 Cultivar GRIN
1227 O. viciifolia Germanskij/372831 Cultivar GRIN
1228 O. viciifolia Srbskij/372832 Cultivar GRIN
1229 O. viciifolia Buciansky/372833 Cultivar GRIN
1230 O. viciifolia Visnovsky/372834 Cultivar GRIN
1231 O. viciifolia Bendelebener/372835 Cultivar GRIN
1232 O. viciifolia 73/380948 Cultivated GRIN
1233 O. viciifolia 270/380949 Cultivated GRIN
1234 O. viciifolia 136/383713 Cultivated GRIN
1235 O. viciifolia 183/383714 wild GRIN
1236 O. viciifolia 253/383715 Wild GRIN
1237 0. viciifolia 254/383716 Wwild GRIN
1238 0. viciifolia 255/383717 Wwild GRIN
1239 0. viciifolia 710/400305 NA GRIN
1240 0. viciifolia 805/400306 NA GRIN
1241 O. viciifolia CRIC 22785/401419 wild GRIN
1242 0. viciifolia Octo/401467 wild GRIN
1243 0. viciifolia Sparta /401468 wild GRIN
1244 O. viciifolia NA/401715 Cultivated GRIN
1245 0. viciifolia D-1738/440575 Wild GRIN
1246 O. viciifolia D-1784/440576 wild GRIN
1247 0. viciifolia D-1800/440577 wild GRIN
1248 0. viciifolia Sparceto/490283 Cultivated GRIN
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1249 O. viciifolia R 87/494667 wild GRIN
1250 O. viciifolia R 98/494668 wild GRIN
1251 0. viciifolia R 113/494669 wild GRIN
1252 O. viciifolia AR-111/502554 Cultivated GRIN
1253 O. viciifolia Tu86-43-03/561106 Cultivated GRIN
1254 O. viciifolia TU86-45-01/561107 wild GRIN
1255 0. viciifolia A-4985/568207 Wwild GRIN
1256 0. viciifolia Wkt 10/568208 Wild GRIN
1257 O. viciifolia Wkt 9/568209 Wwild GRIN
1258 O. viciifolia X910080/577670 Cultivated GRIN
1259 0. viciifolia X93076/12992 Wild GRIN
1260 0. viciifolia X93234/13138 Wild GRIN
1261 O. viciifolia Line 107/17429 Cultivated GRIN
Cotswold
1262 O. viciifolia Cotswold Common/NA Cultivated seeds
1263 O. antasiatica Akhurian-107/NA Cultivated NAS
1264 O. antasiatica Sisiani Local/NA Cultivated NAS
1265 O. antasiatica Martuni Local/NA Cultivated NAS
Cotswold
1266 0. viciifolia Esparsette/NA Cultivar seeds
1267 O. viciifolia Cotswold/NA Cultivated CITA
1268 O. viciifolia Somborne/NA Cultivar CITA
1269 O. viciifolia Esparcette/NA Cultivar CITA
1270 O. viciifolia Sepial/NA Cultivar CITA
1271 O. viciifolia Ambra/NA Cultivar CITA
1272 O. viciifolia Fakir/NA Cultivar CITA
1273 O. viciifolia Ukrania/NA Cultivated CITA
1274 O. viciifolia Incoronata/NA Cultivated CITA
1275 0. viciifolia Visnovsky/NA Cultivar CITA
1276 0. viciifolia Yubileyna/NA Cultivated CITA
1277 0. viciifolia Korunga/NA Cultivated CITA
1278 O. viciifolia Polonia/NA Cultivated CITA
1279 O. viciifolia 9-2/NA Cultivated CITA
1280 O. viciifolia Reznos/NA Cultivated CITA
1281 O. viciifolia 7-1/NA Cultivated CITA
1282 O. viciifolia Mezquita de Jarque /INA | Cultivated CITA
1283 O. viciifolia Lagueruela/NA Cultivated CITA
1284 O. viciifolia Loarre/NA Cultivated CITA
Torrrecilla de Cameros
1285 O. viciifolia INA Cultivated CITA
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1286 O. viciifolia Graus/NA Cultivated CITA
1287 O. viciifolia Tartareu/NA Cultivated CITA
1288 O. viciifolia Villahermosa del Rio /INA | Cultivated CITA
Christine
1289 O. viciifolia Wild Type/NA wild Hayot
Caussade
1290 0. viciifolia Sepial/NA Cultivar semences
Caussade
1291 O. viciifolia Palio/NA Cultivar semences
Caussade
1292 O. viciifolia NA/NA NA semences
Lotus
1293 corniculatus Grassland Goldie/S 2942 NA AgResearch
Lotus
1294 corniculatus Leo/NA NA NA
Lotus
1295 corniculatus Ecotype/NA NA NA
Lotus
1296 corniculatus Oberhaustaadter/NA NA NA
Lotus
1297 pedunculatus Grassland Maku/ST 306 NA AgResearch
1298 0. hajastana Wild Type/NA Wild NAS
1299 O. petraea Wild Type/NA wild NAS
0.
1300 transcaucasica Wild Type/NA Wild NAS
1301 O. subacaulis Wild Type/NA wild NAS
1302 O. michauxii Wild Type/NA Wild NAS
1303 O. atropatana Wild Type/NA wild NAS
1304 O. viciifolia GS. 100/Giant sainfoin NA NIAB
1305 O. radiata Wild Type/ ONO 66 wild IPK
1306 O. montana Wild Type/ ONO 35 Wild IPK
O. inermis
1307 Steven Wild Type/ ONO 37 Wild IPK
1308 0. arenaria Wild Type/ ONO 32 wild IPK
1309 0. altissima Wild Type/ ONO 22 wild IPK
1310 O. montana Wild Type/ ONO 60 Wild IPK
1311 O. pulchella Wild Type/ ONO 39 Wwild IPK
Pescanyj Ulucsennyj/
1312 O. arenaria ONO 28 NA IPK
1313 O. altissima Achalkalakskij/ ONO 44 NA IPK
1314 O. arenaria Wild Type/ ONO 31 Wwild IPK
1315 O. bobrovii Wild Type/ ONO 19 Wild IPK
1316 O. aequidentata Wild Type/ ONO 40 wild IPK
1317 O. crista-galli Wild Type/ ONO 15 Wild IPK
1318 O. arenaria Ukrainskij 2795/ ONO 33 NA IPK
1319 0. caput-galli Wild Type/ ONO 14 Wild IPK
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1320 O. radiata Wild Type/ ONO 64 wild IPK
1321 O. pallasii Wild Type/ ONO 57 wild IPK
1322 O. altissima Wild Type/NA Wwild NAS
1323 O. takhtajanii Wild Type/NA Wwild NAS
1324 O. bungei Wild Type/NA Wwild NAS
1325 O. cyri Wild Type/NA Wild NAS
0.
1326 transcaucasica Wild Type/NA wild NAS
1327 O. radiata Wild Type/NA wild NAS
0. alba ssp.
1328 Laconica Pl 314292/563 wild GRIN
O. alba ssp.
1329 Laconica Pl 369542/NA NA GRIN
0. alba ssp.
1330 Laconica Pl 642147/B96-138 wild GRIN
0. alba ssp.
1331 Laconica W6 19311/B96-113 wild GRIN
0. alba ssp.
1332 Laconica W6 19337/B96-147 wild GRIN
O. arenaria ssp.
1333 Sibirica Pl 369283/1738 wild GRIN
O. arenaria ssp.
1334 Sibirica Pl 371534/NA NA GRIN
O. arenaria ssp.
1335 Sibirica Pl 420847/3093 NA GRIN
O. arenaria ssp.
1336 Sibirica Pl 539025/AJC-478 wild GRIN
O. arenaria ssp.
1337 Sibirica Pl 577666/DJ-4195 Cultivated GRIN
O. arenaria ssp.
1338 Sibirica W6 18193/W94041 wild GRIN
O. arenaria ssp.
1339 Sibirica W6 18202/W94052 wild GRIN
1340 O. biebersteinii Pl 227377/NA wild GRIN
1341 O. biebersteinii Pl 284124/CPI 23313 NA GRIN
1342 O. biebersteinii Pl 312931/30082 NA GRIN
1343 O. biebersteinii Pl 312932/CPI 63722 NA GRIN
1344 O. biebersteinii Pl 325446/S-15 wild GRIN
1345 O. biebersteinii W6 17872/VIR 058 wild GRIN
1346 O. cyri Pl 312461/NA NA GRIN
1347 O. cyri Pl 314467/CPI 63725 wild GRIN
1348 O. cyri Pl 314468/225 wild GRIN
1349 O. cyri W6 17811/VIR D47 wild GRIN
1350 O. cyri W6 17878/VIR 101 wild GRIN
1351 O. gracilis W6 19496/B96-357 wild GRIN
1352 O. iberica Pl 219602/NA wild GRIN
1353 O. iberica Pl 312934/CPI 63729 NA GRIN
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APPENDIX 2: ACCESSION GEOGRAPHIC

ORIGIN

75 accessions selected for seed production in a698ighlighted in grey:

Accession Country  Longitude Latitude Biome Koppenl Kopg pen2 | Koppen3
Temperate
Broadleaf Mixed Without dry Warm
1001 UK -2 52 Forests Temperate season summer
1002 NA NA NA NA NA NA NA
1003 NA NA NA NA NA NA NA
1004 China NA NA NA NA NA NA
1005 NA NA NA NA NA NA NA
1006 NA NA NA NA NA NA NA
1007 China NA NA NA NA NA NA
1008 NA NA NA NA NA NA NA
1009 NA NA NA NA NA NA NA
1010 NA NA NA NA NA NA NA
1011 NA NA NA NA NA NA NA
1012 Italy NA NA NA NA NA NA
1013 NA NA NA NA NA NA NA
1014 NA NA NA NA NA NA NA
1015 Turkey NA NA NA NA NA NA
Temperate
Broadleaf Mixed Without dry Warm
1016 UK 0 52 Forests Temperate season summer
Mediterranean
Forests,
Woodlands
1017 Spain -0.666667 40.666667 Scrub Arid Steppe Cold
Mediterranean
Forests,
Woodlands Without dry Warm
1018 Spain -3.916667 42.083333 Scrub Temperate season summer
Without dry Warm
1019 Poland NA NA NA Cold season summer
Temperate
Broadleaf Mixed Without dry Warm
1020 Austria 16.0531 48.531 Forests Cold season summer
1021 Czechoslovakia NA NA NA NA NA NA
Temperate
Broadleaf Mixed Without dry Warm
1022 Czech republic | 16.516667 49.166667 Forests Cold season summer
Temperate
Broadleaf Mixed Without dry Warm
1023 Czech republic | 16.516667 49.166667 Forests Cold season summer
Temperate
Broadleaf Mixed Without dry Warm
1024 Czech republic | 16.583333 | 49.166667 Forests Cold season summer
Temperate
Broadleaf Mixed Without dry Warm
1025 Slovakia 17.3407 48.5302 Forests Cold season summer
1026 Slovakia NA NA NA NA NA NA
1027 Switzerland NA NA NA NA NA NA
1028 France NA NA NA NA NA NA
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Temperate
Broadleaf Mixed Without dry Warm
1029 Hungary 19 48 Forests Cold season summer
Temperate
Broadleaf Mixed Without dry Warm
1030 Hungary 19 48 Forests Cold season summer
Temperate
Broadleaf Mixed Without dry Warm
1031 UK 0 52 Forests Temperate season summer
Temperate
Broadleaf Mixed Without dry Warm
1032 UK 0 52 Forests Temperate season summer
1033 France NA NA NA NA NA NA
Temperate
Broadleaf Mixed Without dry Warm
1034 Czech republic 16.301 49.1 Forests Cold season summer
Temperate
Broadleaf Mixed Without dry Warm
1035 Czech republic 16.3332 49.1526 Forests Cold season summer
Temperate
Broadleaf Mixed Without dry Warm
1036 Austria 16.3845 48.5655 Forests Cold season summer
1037 Romania NA NA NA NA NA NA
Without dry Warm
1038 Poland NA NA NA Cold season summer
1039 Romania NA NA NA NA NA NA
1040 Romania NA NA NA NA NA NA
1041 Romania NA NA NA NA NA NA
1042 Romania NA NA NA NA NA NA
Temperate
Broadleaf Mixed Without dry Warm
1043 Romania 27.05 47.8166667 Forests Cold season summer
Temperate
Broadleaf Mixed Without dry Warm
1044 Hungary 19 48 Forests Cold season summer
Temperate
Broadleaf Mixed Without dry Warm
1045 Hungary 19 48 Forests Cold season summer
1046 Romania NA NA NA NA NA NA
1047 Canada NA NA NA NA NA NA
1048 USA NA NA NA NA NA NA
1049 Russia NA NA NA NA NA NA
1050 USA NA NA NA NA NA NA
1051 USA NA NA NA NA NA NA
1052 Romania NA NA NA NA NA NA
Temperate
Broadleaf Mixed Without dry Warm
1053 UK 0 52 Forests Temperate season summer
1054 Romania NA NA NA NA NA NA
Temperate
Broadleaf Mixed Without dry Warm
1055 Hungary 19 48 Forests Cold season summer
Temperate
Broadleaf Mixed Without dry Warm
1056 Hungary 19 48 Forests Cold season summer
1057 USA NA NA NA NA NA NA
1058 Australia NA NA NA NA NA NA
1059 Iran NA NA NA NA NA NA
Temperate
Broadleaf Mixed
1060 Czech republic NA NA Forests NA NA NA
Temperate
Broadleaf Mixed Without dry Warm
1061 Hungary 19 48 Forests Cold season summer
Temperate
Broadleaf Mixed Without dry Warm
1062 Hungary 19 48 Forests Cold season summer
1063 Italy NA NA NA NA NA NA
1064 Italy NA NA NA NA NA NA
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1065 Italy NA NA NA NA NA NA
1066 Italy NA NA NA NA NA NA
1067 Romania NA NA NA NA NA NA
1068 Romania NA NA NA NA NA NA
1069 Spain NA NA NA NA NA NA
1070 Syria NA NA NA NA NA NA
Temperate
Broadleaf Mixed Without dry Warm
1071 UK -1.25 51 Forests Temperate season summer
Temperate
Broadleaf Mixed Without dry Warm
1072 UK -1 51 Forests Temperate season summer
Temperate
Broadleaf Mixed Without dry Warm
1073 UK 2 52 Forests Temperate season summer
Temperate
Broadleaf Mixed Without dry Warm
1074 UK -4.0666667 | 52.4166667 Forests Temperate season summer
Temperate
Broadleaf Mixed Without dry Warm
1075 UK -4.0666667 | 52.4166667 Forests Temperate season summer
Temperate
Broadleaf Mixed Without dry Warm
1076 UK -4.0666667 | 52.4166667 Forests Temperate season summer
1077 NA NA NA NA NA NA NA
Temperate
Broadleaf Mixed Without dry Warm
1078 UK -4.0666667 | 52.4166667 Forests Temperate season summer
1079 NA NA NA NA NA NA NA
Temperate
Broadleaf Mixed Without dry Warm
1080 Romania 26.1 44.4333333 Forests Cold season summer
1081 NA NA NA NA NA NA NA
1082 NA NA NA NA NA NA NA
1083 NA NA NA NA NA NA NA
1084 NA NA NA NA NA NA NA
Temperate
Broadleaf Mixed Without dry Warm
1085 Poland 18 53.15 Forests Cold season summer
Temperate
Broadleaf Mixed Without dry Warm
1086 Poland 23.35 52.216667 Forests Cold season summer
1087 NA NA NA NA NA NA NA
Temperate
Broadleaf Mixed Without dry Warm
1088 Poland 23.35 52.216667 Forests Cold season summer
1089 NA NA NA NA NA NA NA
1090 NA NA NA NA NA NA NA
1091 NA NA NA NA NA NA NA
Temperate
Broadleaf Mixed Without dry Warm
1092 Poland 20.15 50.2 Forests Cold season summer
1093 NA NA NA NA NA NA NA
1094 NA NA NA NA NA NA NA
Former Soviet
1095 Union NA NA NA NA NA NA
1096 NA NA NA NA NA NA NA
1097 NA NA NA NA NA NA NA
1098 Spain -0.666667 40.666667 | Mediterranean Arid Steppe Cold
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Forests,

Woodlands
Scrub
1099 NA NA NA NA NA NA NA
Temperate
Grasslands,
Savannas Without dry Hot
1100 Armenia 45 40 Shrublands Cold season summer
Temperate
Grasslands,
Savannas Without dry Hot
1101 Armenia 45 40 Shrublands Cold season summer
Temperate
Grasslands,
Savannas Without dry Hot
1102 Armenia 45 40 Shrublands Cold season summer
1103 Turkey NA NA NA NA NA NA
Mediterranean
Forests,
Woodlands Dry Hot
1104 Turkey 27.23333 38.45 Scrub Temperate summer summer
Mediterranean
Forests,
Woodlands Dry Hot
1105 Turkey 30.28333 37.71667 Scrub Temperate summer summer
Mediterranean
Forests,
Woodlands Dry Hot
1106 Turkey 27.88333 39.65 Scrub Temperate summer summer
Temperate
Broadleaf Mixed Without dry Warm
1107 Turkey 40.25 40.26667 Forests Cold season summer
Temperate
Grasslands,
Savannas Without dry Warm
1108 Turkey 43.08333 40.6 Shrublands Cold season summer
Mediterranean
Forests,
Woodlands Dry Warm
1109 Turkey 30.53333 39.76667 Scrub Temperate summer summer
Temperate
Broadleaf Mixed Without dry Warm
1110 Turkey 40.25 40.26667 Forests Cold season summer
1111 Spain NA NA NA NA NA NA
Mediterranean
Forests,
Woodlands
1112 Spain 0.38 41.37 Scrub Arid Steppe Cold
Mediterranean
Forests,
Woodlands
1113 Spain 0.38 41.37 Scrub Arid Steppe Cold
Mediterranean
Forests,
Woodlands
1114 Spain 0.38 41.37 Scrub Arid Steppe Cold
Temperate
Broadleaf Mixed
1115 Turkey 32.51667 37.86667 Forests Arid Steppe Cold
Temperate
Broadleaf Mixed Without dry Warm
1116 UK 0 52 Forests Temperate season summer
Temperate
Broadleaf Mixed Without dry Warm
1117 UK 0 52 Forests Temperate season summer
1118 Iran NA NA NA NA NA NA
Temperate
Broadleaf Mixed Dry Warm
1119 Turkey 35.86667 38.85 Forests Cold summer summer
Temperate
Grasslands,
Savannas Without dry Warm
1120 Turkey 41.28333 39.91667 Shrublands Cold season summer
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Mediterranean
Forests,
Woodlands Dry Warm
1121 Turkey 30.53333 39.76667 Scrub Temperate summer summer
Mediterranean
Forests,
Woodlands Dry Hot
1122 Turkey 30.7 36.88333 Scrub Temperate summer summer
Mediterranean
Forests,
Woodlands Dry Hot
1123 Turkey 30.7 36.88333 Scrub Temperate summer summer
Temperate
Broadleaf Mixed
1124 Turkey 32.86667 39.93333 Forests Arid Steppe Cold
Mediterranean
Forests,
Woodlands Dry Warm
1125 Turkey 30.53333 39.76667 Scrub Temperate summer summer
1126 Greece NA NA NA NA NA NA
Temperate
Grasslands,
Savannas Dry Warm
1127 USA -117.16667 46.73333 Shrublands Cold summer summer
Temperate Dry Hot
1128 Iran 48.3013889 | 38.2494444 | Conifer Forests | Temperate summer summer
1129 Turkey NA NA NA NA NA NA
1130 Iran NA NA NA NA NA NA
Temperate
Broadleaf Mixed
1131 Iran 50.6272222 32.77 Forests Arid Desert Cold
Former soviet
1132 union NA NA NA NA NA NA
Temperate
Broadleaf Mixed
1133 Iran 50.4166667 | 33.4166667 Forests Arid Steppe Cold
Temperate
Broadleaf Mixed
1134 Iran 47 34.5 Forests Arid Steppe Hot
Temperate
Broadleaf Mixed
1135 Iran 50 32 Forests Arid Desert Hot
Temperate
Broadleaf Mixed Dry Hot
1136 Iran 47 35.3 Forests Temperate summer summer
Temperate Dry Hot
1137 Iran 48.3013889 | 38.2494444 | Conifer Forests | Temperate summer summer
Mediterranean
Forests,
Woodlands
1138 Spain -0.8 40.833333 Scrub Arid Steppe Cold
Temperate
Broadleaf Mixed Without dry Warm
1139 Switzerland 6.3166667 | 46.6666667 Forests Temperate season summer
Temperate
1140 Switzerland 7.1833333 46 Conifer Forests Polar Frost
1141 Turkey NA NA NA NA NA NA
Temperate
Broadleaf Mixed Without dry Warm
1142 Turkey 31.7166667 | 41.2166667 Forests Temperate season summer
1143 Iran NA NA NA NA NA NA
1144 Iran NA NA NA NA NA NA
1145 Iran NA NA NA NA NA NA
1146 Iran NA NA NA NA NA NA
1147 Iran NA NA NA NA NA NA
Temperate
Broadleaf Mixed
1148 Iran 48.3591667 32.46 Forests Arid Desert Hot
1149 Serbia NA NA NA NA NA NA
1150 Italy NA NA NA NA NA NA
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Former soviet
1151 union NA NA NA NA NA NA
Former soviet
1152 union NA NA NA NA NA NA
Former soviet
1153 union NA NA NA NA NA NA
Former soviet
1154 union NA NA NA NA NA NA
Former soviet
1155 union NA NA NA NA NA NA
Former soviet
1156 union NA NA NA NA NA NA
Former soviet
1157 union NA NA NA NA NA NA
Temperate
Grasslands,
Savannas Without dry Hot
1158 Russia 42 46 Shrublands Cold season summer
Former soviet
1159 union NA NA NA NA NA NA
Former soviet
1160 union NA NA NA NA NA NA
Former soviet
1161 union NA NA NA NA NA NA
Former soviet
1162 union NA NA NA NA NA NA
Temperate
Broadleaf Mixed Without dry Warm
1163 UK 0 52 Forests Temperate season summer
Temperate
Broadleaf Mixed Without dry Warm
1164 UK 0 52 Forests Temperate season summer
Temperate
Broadleaf Mixed Without dry Warm
1165 UK 0 52 Forests Temperate season summer
Temperate
Broadleaf Mixed Without dry Warm
1166 UK 0 52 Forests Temperate season summer
Former soviet
1167 union NA NA NA NA NA NA
Former soviet
1168 union NA NA NA NA NA NA
Without dry Warm
1169 Lithuania NA NA NA Cold season summer
1170 Ukraine NA NA NA NA NA NA
Temperate
Broadleaf Mixed Without dry Warm
1171 Russia 49.4125 53.5233333 Forests Cold season summer
Without dry Hot
1172 Russia 43.5 43.5 NA Cold season summer
1173 Ukraine NA NA NA NA NA NA
1174 Ukraine NA NA NA NA NA NA
Temperate
Grasslands,
Savannas Without dry Hot
1175 Russia 38.9769444 | 45.0327778 Shrublands Cold season summer
1176 Ukraine NA NA NA NA NA NA
1177 Spain NA NA NA NA NA NA
1178 Spain NA NA NA NA NA NA
1179 Spain NA NA NA NA NA NA
1180 Spain NA NA NA NA NA NA
Temperate
Broadleaf Mixed Without dry Hot
1181 Italy 11 44.75 Forests Temperate season summer
1182 Spain NA NA NA NA NA NA
1183 Spain NA NA NA NA NA NA
1184 Spain NA NA NA NA NA NA
1185 Spain NA NA NA NA NA NA
1186 Spain NA NA NA NA NA NA
1187 Spain NA NA NA NA NA NA
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1188 Germany NA NA NA NA NA NA
Former soviet
1189 union NA NA NA NA NA NA
Without dry Warm
1190 Poland NA NA NA Cold season summer
Former soviet
1191 union NA NA NA NA NA NA
1192 Switzerland NA NA NA NA NA NA
Temperate
Broadleaf Mixed Without dry Warm
1193 Russia 49.4125 53.5233333 Forests Cold season summer
Former soviet
1194 union NA NA NA NA NA NA
Temperate
Grasslands,
Savannas Without dry Hot
1195 Russia 38.9769444 | 45.0327778 Shrublands Cold season summer
Temperate
Grasslands,
Savannas Without dry Hot
1196 Russia 38.9769444 | 45.0327778 Shrublands Cold season summer
1197 Norway NA NA NA NA NA NA
Former soviet
1198 union NA NA NA NA NA NA
Former soviet
1199 union NA NA NA NA NA NA
1200 Germany NA NA NA NA NA NA
Former soviet
1201 union NA NA NA NA NA NA
Former soviet
1202 union NA NA NA NA NA NA
Former soviet
1203 union NA NA NA NA NA NA
Former soviet
1204 union NA NA NA NA NA NA
1205 Italy NA NA NA NA NA NA
Former soviet
1206 union NA NA NA NA NA NA
Temperate
Broadleaf Mixed
1207 Bulgaria NA NA Forests NA NA NA
Former soviet
1208 union NA NA NA NA NA NA
Former soviet
1209 union NA NA NA NA NA NA
1210 Switzerland NA NA NA NA NA NA
1211 Switzerland NA NA NA NA NA NA
1212 Switzerland NA NA NA NA NA NA
1213 Switzerland NA NA NA NA NA NA
1214 Switzerland NA NA NA NA NA NA
Mediterranean
Forests,
Woodlands Without dry Warm
1215 Spain -3.65 42.766667 Scrub Temperate season summer
Mediterranean
Forests,
Woodlands Without dry Warm
1216 Spain -3.866667 42.75 Scrub Temperate season summer
Mediterranean
Forests,
Woodlands Without dry Warm
1217 Spain -3.7 42.7 Scrub Temperate season summer
1218 Spain NA NA NA NA NA NA
Temperate
Grasslands,
Savannas Without dry Hot
1219 Romania 28.6166667 | 44.9833333 Shrublands Cold season summer
1220 Morocco NA NA NA NA NA NA
Temperate
1221 Turkey 32.8333333 | 39.9166667 | Broadleaf Mixed Arid Steppe Cold
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Forests

Temperate
Broadleaf Mixed
1222 Turkey 32.8333333 | 39.9166667 Forests Arid Steppe Cold
Temperate
Broadleaf Mixed
1223 Turkey 32.8333333 | 39.9166667 Forests Arid Steppe Cold
Temperate
Broadleaf Mixed Without dry Warm
1224 Czech Republic 15 50 Forests Cold season summer
Temperate
Broadleaf Mixed Without dry Warm
1225 Czech Republic 15 50 Forests Cold season summer
Temperate
Broadleaf Mixed Without dry Warm
1226 Czech Republic 15 50 Forests Cold season summer
Temperate
Broadleaf Mixed Without dry Warm
1227 Czech Republic 15 50 Forests Cold season summer
Temperate
Broadleaf Mixed Without dry Warm
1228 Czech Republic 15 50 Forests Cold season summer
Temperate
Broadleaf Mixed Without dry Warm
1229 Czech Republic 15 50 Forests Cold season summer
Temperate
Broadleaf Mixed Without dry Warm
1230 Czech Republic 15 50 Forests Cold season summer
Temperate
Broadleaf Mixed Without dry Warm
1231 Czech Republic 15 50 Forests Cold season summer
Temperate
Broadleaf Mixed
1232 Iran 48 33.5 Forests Arid Desert Hot
Temperate
Broadleaf Mixed Dry Hot
1233 Iran 48.25 36.5833333 Forests Temperate summer summer
1234 Turkey NA NA NA NA NA NA
1235 Turkey NA NA NA NA NA NA
1236 Turkey NA NA NA NA NA NA
Temperate Without dry Warm
1237 Turkey 39.26 40.26 Conifer Forests Cold season summer
Temperate
Broadleaf Mixed Dry Warm
1238 Turkey 37.01 39.44 Forests Cold summer summer
Montane
Grasslands Hot
1239 Zimbabwe 32.583333 | -18.383333 Shrublands Temperate | Dry winter summer
1240 Zimbabwe NA NA NA NA NA NA
1241 USA NA NA NA NA NA NA
1242 Romania NA NA NA NA NA NA
1243 Romania NA NA NA NA NA NA
Temperate
Grasslands,
Savannas Without dry Hot
1244 Russia 39.7138889 | 47.2363889 Shrublands Cold season summer
Temperate
Grasslands,
Savannas Without dry Warm
1245 Kazakhstan 71.427778 | 51.181111 Shrublands Cold season summer
Temperate
Grasslands,
Savannas Without dry Warm
1246 Kazakhstan 70.999444 51.700556 Shrublands Cold season summer
Temperate
Grasslands,
Savannas Without dry Warm
1247 Kazakhstan 71.427778 | 51.181111 Shrublands Cold season summer
1248 Romania NA NA NA NA NA NA
1249 Romania NA NA NA NA NA NA
1250 Romania NA NA NA NA NA NA
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1251 Romania NA NA NA NA NA NA
1252 Russia NA NA NA NA NA NA
Temperate
Grasslands,
Savannas Dry Hot
1253 Turkey 43.96667 37.7 Shrublands Cold summer summer
Temperate
Grasslands,
Savannas Dry Hot
1254 Turkey 43.85 38.28333 Shrublands Cold summer summer
Mediterranean
Forests,
Woodlands Dry Hot
1255 Turkey 35.9333333 | 36.1166667 Scrub Temperate summer summer
Mediterranean
Forests,
Woodlands Dry Warm
1256 Turkey 30.6666667 38.75 Scrub Temperate summer summer
Temperate Dry Hot
1257 Turkey 36.5833333 | 40.4166667 | Conifer Forests | Temperate summer summer
1258 China NA NA NA NA NA NA
Montane
Grasslands
1259 China 85.456111 | 42.569167 Shrublands Arid Steppe Cold
Montane
Grasslands
1260 China 87.85 43.8 Shrublands Arid Steppe Cold
1261 Armenia NA NA NA NA NA NA
Temperate
Broadleaf Mixed Without dry Warm
1262 UK -2 52 Forests Temperate season summer
1263 Armenia NA NA NA NA NA NA
1264 Armenia NA NA NA NA NA NA
1265 Armenia NA NA NA NA NA NA
Without dry Warm
1266 Poland NA NA NA Cold season summer
Temperate
Broadleaf Mixed Without dry Warm
1267 UK 0 52 Forests Temperate season summer
Temperate
Broadleaf Mixed Without dry Warm
1268 UK 0 52 Forests Temperate season summer
Temperate
Broadleaf Mixed Without dry Warm
1269 UK 0 52 Forests Temperate season summer
1270 Italy NA NA NA NA NA NA
1271 Italy NA NA NA NA NA NA
1272 France NA NA NA NA NA NA
1273 NA NA NA NA NA NA NA
1274 Italy NA NA NA NA NA NA
1275 Czech Republic NA NA NA NA NA NA
Temperate
Broadleaf Mixed
1276 Bulgaria NA NA Forests NA NA NA
Temperate
Broadleaf Mixed
1277 Turkey NA NA Forests NA NA NA
1278 NA NA NA NA NA NA NA
1279 Spain NA NA NA NA NA NA
1280 Spain NA NA NA NA NA NA
1281 Spain NA NA NA NA NA NA
1282 Spain NA NA NA NA NA NA
1283 Spain NA NA NA NA NA NA
1284 Spain NA NA NA NA NA NA
1285 Spain NA NA NA NA NA NA
1286 Spain NA NA NA NA NA NA
1287 Spain NA NA NA NA NA NA
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1288 Spain NA NA NA NA NA NA
Temperate Without dry Cold
1289 France 6 45 Conifer Forests Cold season summer
1290 France NA NA NA NA NA NA
1291 France NA NA NA NA NA NA
Without dry Warm
1292 Poland NA NA NA Cold season summer
1293 NA NA NA NA NA NA NA
1294 NA NA NA NA NA NA NA
1295 NA NA NA NA NA NA NA
1296 NA NA NA NA NA NA NA
1297 NA NA NA NA NA NA NA
1298 Armenia NA NA NA NA NA NA
1299 Armenia NA NA NA NA NA NA
1300 Armenia NA NA NA NA NA NA
1301 Armenia NA NA NA NA NA NA
1302 Armenia NA NA NA NA NA NA
1303 Armenia NA NA NA NA NA NA
1304 NA NA NA NA NA NA NA
1305 Georgia NA NA NA NA NA NA
1306 France NA NA NA NA NA NA
1307 Russia NA NA NA NA NA NA
1308 Germany NA NA NA NA NA NA
1309 Iran NA NA NA NA NA NA
1310 France NA NA NA NA NA NA
1311 Turkmenistan NA NA NA NA NA NA
1312 Kazakhstan NA NA NA NA NA NA
1313 Georgia NA NA NA NA NA NA
Former soviet
1314 union NA NA NA NA NA NA
1315 Russia NA NA NA NA NA NA
1316 France NA NA NA NA NA NA
1317 NA NA NA NA NA NA NA
Former soviet
1318 union NA NA NA NA NA NA
1319 NA NA NA NA NA NA NA
1320 Armenia NA NA NA NA NA NA
Former soviet
1321 union NA NA NA NA NA NA
1322 Armenia NA NA NA NA NA NA
1323 Armenia NA NA NA NA NA NA
1324 Armenia NA NA NA NA NA NA
1325 Armenia NA NA NA NA NA NA
1326 Armenia NA NA NA NA NA NA
1327 Armenia NA NA NA NA NA NA
Temperate
Grasslands,
Former soviet Savannas Dry Hot
1328 union 69.13 41.16 Shrublands Cold summer summer
Former soviet
1329 union NA NA NA NA NA NA
Temperate
Broadleaf Mixed
1330 Bulgaria 24.83833 41.99361 Forests Polar Tundra
Temperate
Broadleaf Mixed Without dry Cold
1331 Bulgaria 24.5666667 41.65 Forests Cold season summer
Temperate
1332 Bulgaria 24.80028 41.99528 | Broadleaf Mixed Polar Tundra
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Forests
Former soviet
1333 union NA NA NA NA NA NA
Former soviet
1334 union NA NA NA NA NA NA
Former soviet
1335 union NA NA NA NA NA NA
1336 Russia NA NA NA NA NA NA
Temperate
Broadleaf Mixed Without dry Warm
1337 Russia 83.05 55.04 Forests Cold season summer
Temperate
Grasslands,
Savannas Cold
1338 Mongolia 105.53889 49.86306 Shrublands Cold Dry Winter summer
Temperate
Grasslands,
Savannas Cold
1339 Mongolia 105.29 49.71806 Shrublands Cold Dry Winter summer
Temperate
Broadleaf Mixed
1340 Iran 51.8333333 | 32.8333333 Forests Arid Desert Cold
Temperate
Broadleaf Mixed Without dry Warm
1341 Hungary 19 48 Forests Cold season summer
Former soviet
1342 union NA NA NA NA NA NA
Former soviet
1343 union NA NA NA NA NA NA
Temperate
Former soviet Broadleaf Mixed Without dry Hot
1344 union 34.09 44.5 Forests Temperate season summer
Temperate
Broadleaf Mixed Without dry Hot
1345 Russia 43.01056 43.46028 Forests Temperate season summer
Temperate
Former soviet Broadleaf Mixed Without dry Hot
1346 union 44.48 41.43 Forests Cold season summer
Temperate
Former soviet Broadleaf Mixed Without dry Hot
1347 union 44.48 41.43 Forests Cold season summer
Temperate
Former soviet Broadleaf Mixed Without dry Hot
1348 union 44.48 41.43 Forests Cold season summer
Temperate
Broadleaf Mixed Without dry Hot
1349 Russia 40.82333 44.15889 Forests Temperate season summer
Temperate
Grasslands,
Savannas Without dry Hot
1350 Russia 36.96583 45.27861 Shrublands Temperate season summer
Temperate
Broadleaf Mixed Without dry Warm
1351 Bulgaria 24.26361 42.48333 Forests Cold season summer
Deserts Xeric
1352 Pakistan 70.49 32.2 Shrublands Arid Desert Hot
Former soviet
1353 union NA NA NA NA NA NA
Former soviet
1354 union NA NA NA NA NA NA
Former soviet
1355 union NA NA NA NA NA NA
1356 Spain NA NA NA NA NA NA
1357 Spain NA NA NA NA NA NA
1358 Armenia NA NA NA NA NA NA
1359 Armenia NA NA NA NA NA NA
1360 Armenia NA NA NA NA NA NA
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APPENDIX 3: PREDICTED MEANS USING

SPATIAL ANALYSIS OF REML FOR
AGRONOMIC EVALUATIONS

Accession Fusarium_oct2008 Husarium_jul2009 Mildew_oct 2008
1001 1.931 0.967 0.34356
1003 4.954 1.0597 0.00939
1004 2.715 1.0536 0.00565
1005 2.441 1.0581 0.3499
1007 5.13 0.544 -0.00628
1008 2.946 0.9434 0.01499
1009 1.555 1.2233 0.00083
1012 3.067 0.6944 -0.01838
1013 1.715 1.0323 0.33155
1016 0.457 0.5332 0.02112
1017 1.352 1.0245 -0.01093
1018 0.903 0.9333 -0.01542
1019 1.956 0.968 0.00976
1020 0.925 0.9115 0.00131
1024 1.231 0.5467 0.01774
1026 1.844 0.9366 -0.02847
1028 -0.341 0.9092 0.02002
1035 1.705 0.6335 -0.00773
1036 0.608 1.0627 -0.04378
1040 1.808 1.0622 -0.01627
1041 1.433 0.6863 -0.00987
1042 2.042 0.9458 0.01752
1043 0.994 0.9306 -0.00225
1044 1.963 0.5769 0.00243
1045 3.023 0.554 -0.00058
1046 2.794 1.0967 0.00347
1071 2.432 0.696 0.31119
1072 0.595 1.0582 0.49112
1077 2.851 0.9763 0.02929
1095 3.73 0.9199 0.04106
1100 1.498 1.0065 -0.01228
1101 0.672 0.9849 -0.00606
1102 10.284 0.9994 -0.01692
1103 4.464 0.9924 -0.02431
1104 1.787 1.0291 0.00137
1105 6.706 1.0153 0.01743
1106 5.075 0.9977 -0.00024
1107 6.05 0.9984 0.01391
1108 5.609 0.514 0.00004
1110 1.449 0.9828 -0.00404
1111 4.98 1.0677 -0.00182
1112 5.158 0.99 0.00853
1113 3.219 0.9789 -0.00951
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1114 8.463 1.0188 -0.01344
1115 2.631 0.9817 0.00386
1116 5.302 1.0004 0.00715
1117 3.758 1.0457 0.00389
1118 2.237 0.6493 0.01532
1119 3.469 1.0537 0.00624
1120 10.081 1.0247 -0.00333
1121 3.362 0.6358 -0.02994
1122 3.981 1.0286 0.00007
1123 6.222 0.9945 -0.00386
1124 7.085 1.014 0.02711
1125 2.107 0.9848 0.50132
1127 1174 1.0114 -0.00177
1128 3.698 1.0073 0.03328
1129 2.151 0.9948 0.01056
1131 2.531 0.9751 -0.0172
1132 0.718 1.012 0.49753
1133 4.396 1.0142 -0.01214
1134 5.648 1.0179 0.01998
1136 3.046 0.9475 0.00625
1137 2.125 0.9559 0.00114
1138 1.388 0.9415 -0.00584
1139 2.117 0.9552 1.01415
1140 2.742 0.9352 0.02846
1141 4.932 0.9741 -0.00095
1142 6.866 0.9785 -0.02234
1143 2.281 0.9651 -0.00235
1145 1.692 1.0194 0.00513
1148 1 0.9483 0.00831
1151 2.126 0.9747 0.00057
1152 1.669 0.9797 -0.01421
1153 5.204 0.9806 0.00461
1154 1.296 0.9621 0.00382
1155 6.585 0.9789 0.00423
1156 2.158 0.9515 0.01583
1157 2.191 0.9563 0.00617
1158 3.609 0.9567 0.00555
1159 4.603 0.9568 0.0001
1160 6.861 0.9602 0.02

1161 0.778 0.9358 -0.01063
1163 0.779 0.9861 -0.01975
1164 4.818 0.9662 -0.00322
1165 4.576 0.6353 0.65269
1166 4.113 0.9533 0.00608
1167 2.976 0.957 0.04144
1168 1.216 0.9558 0.00469
1169 3.614 0.9581 -0.00918
1170 5.146 0.9388 -0.0016
1171 2.247 0.9498 -0.00928
1172 1.338 1.0341 0.02332
1173 0.362 1.0514 0.5096
1174 0.686 0.9611 -0.00294
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1175 0.542 0.9439 -0.00474
1176 7.209 1.0007 -0.00549
1177 -0.04 -0.0576 0.00063
1179 -0.093 -0.0554 0.02943
1180 6.735 0.9811 -0.00886
1181 0.926 0.4913 0.00093
1183 3.976 0.9956 0.01543
1184 -0.283 -0.0537 -0.01234
1185 -0.364 -0.0637 -0.02136
1187 2.039 0.9926 0.00321
1188 1.874 0.9785 0.00454
1189 2.707 0.9795 0.01496
1190 0.931 0.6485 0.00068
1191 0.612 0.9483 0.00488
1193 3.257 0.975 -0.00877
1194 2.45 0.9809 0.00758
1195 1.774 0.9818 0.00109
1196 1.19 1.0167 -0.00002
1197 2.547 0.9871 0.00052
1198 1.569 0.9754 -0.01001
1199 3.929 0.9836 0.00386
1200 7.396 0.4666 -0.00371
1201 4.065 0.9887 -0.0082
1202 1.874 0.9837 0.01025
1203 -1.382 0.9859 0.99824
1204 1.799 0.9906 0.00411
1205 1.614 0.9833 0.00053
1206 1.438 0.4669 0.98748
1207 1.778 0.9645 1.02122
1209 3.037 0.9622 -0.00632
1210 2.186 0.9885 0.47079
1211 7.795 0.9724 -0.04456
1212 4.454 0.9587 -0.01676
1213 1.945 0.9638 -0.00755
1214 4.599 0.9586 0.00697
1218 3.005 0.9841 -0.00958
1219 3.264 0.9808 -0.03283
1220 2.624 0.9702 -0.01229
1221 1.293 0.9359 0.00507
1228 0.791 0.9608 -0.00049
1230 0.765 0.9736 0.00081
1231 1.157 0.4211 -0.00033
1233 1.784 0.9976 -0.00337
1241 4.641 0.9917 -0.0234
1245 3.307 0.9531 0.00966
1247 0.616 0.4565 -0.00697
1248 1.583 0.9935 0.00113
1249 0.277 0.4784 -0.00471
1250 0.278 0.9712 0.50921
1252 2.798 0.9843 -0.01019
1253 3.545 0.9815 0.01443
1254 0.33 1.0528 -0.0309
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1256 -0.146 -0.0589 0.50631
1258 4.978 0.907 -0.01634
1259 1.375 0.9742 -0.01612
1260 2.978 0.9736 -0.00914
1261 2.326 0.9769 0.01917
1262 1.941 1.0483 0.67552
1263 1.661 0.7019 0.00789
1264 1.891 1.0175 0.00922
1265 2.608 0.4385 0.03449
1266 1.164 1.0987 -0.04287
1289 0.54 0.545 -0.01023
1290 0.493 1.0721 0.02141
1291 0.465 0.5552 0.00509
1292 0.122 0.5129 0.01476
1300 NA 0.5151 0.00515
Floweringdate | Floweringdate | Flowerpresence |Flowerpresence
Accession 2008 2009 0ct2008 jul2009
1001 136.7 137.4 0.0417 1.394
1003 153.3 140.8 0.6178 1.983
1004 153.4 147 1.1026 2.043
1005 149.5 141 0.6889 1.988
1007 144 144.5 0.6027 1.998
1008 148 138.7 0.0875 2.08
1009 154.8 146.4 1.1829 1.947
1012 149.8 146.7 0.433 2.048
1013 148.5 138.3 0.1354 2.034
1016 162.4 144.4 0.504 2.039
1017 146.6 135.3 0.1419 2.071
1018 150.3 139.5 1.0517 2.038
1019 150.9 141.1 0.4128 2.059
1020 143.8 141.8 -0.169 2.036
1024 141.2 139 0.6543 2.029
1026 NA 145.8 0.3499 2.045
1028 150.1 134.9 0.8273 2.019
1035 NA 146 0.5803 2.056
1036 163.2 152.8 0.6276 1.676
1040 151 144.3 0.144 2.032
1041 1515 145.1 0.1944 2.042
1042 150.2 146.7 0.4727 2.039
1043 154.6 147.6 -0.0814 2.012
1044 149.6 142 0.1385 2.046
1045 154.9 146.1 0.1501 2.008
1046 151.2 146.8 0.4447 1.96
1071 134.6 140.6 0.4536 0.803
1072 157.1 151.2 0.0846 1.993
1077 162.2 148.4 -0.0891 1.354
1095 151.9 141.6 -0.0516 2.058
1100 147.6 145.1 0.9302 2.04
1101 149.8 149 -0.0123 2.058
1102 144.6 144.6 0.9328 1.951
1103 153.4 144.8 -0.062 1.987
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1104 153.6 146.9 0.632 1.778
1105 146.2 147.9 -0.1856 1.603
1106 146.4 146.2 -0.1132 1.677
1107 152.4 146.3 -0.0905 1.93
1108 152.7 144 0.8448 1.998
1110 151.9 146.6 0.0465 2

1111 136.2 138.8 0.9349 2.019
1112 147.7 140.7 0.9245 1.655
1113 149.7 138.5 0.6569 2.01
1114 153.7 145.1 -0.0471 1.963
1115 151.9 146 0.3177 2.01
1116 137.7 139 0.3198 2.034
1117 135.1 138.2 0.4742 2.035
1118 151.3 145.9 0.9501 1.996
1119 151.8 147.1 -0.1159 2.055
1120 153.2 146.1 -0.0396 1.97
1121 149.6 142.4 0.6455 1.682
1122 143.7 137.9 0.3783 2.018
1123 150.8 145.6 0.3462 2.037
1124 148.7 142.6 0.4495 1.998
1125 143.9 139.1 0.5623 2.037
1127 144.6 142.7 -0.05 1.954
1128 153.1 146.3 -0.0728 1.988
1129 159 145.6 0.5623 2.023
1131 152 144.7 -0.1001 2

1132 136 139.3 -0.0544 1.995
1133 151.2 142 0.425 1.982
1134 146.5 146.8 0.4235 2.018
1136 153.1 143 0.5768 1.937
1137 152.9 142 0.4821 1.985
1138 139.4 135.2 0.5262 1.929
1139 133.5 136.1 0.5047 1.94
1140 136.8 133.2 0.1175 0.995
1141 143.1 143.2 0.9681 1.985
1142 149 141.1 0.9591 1.958
1143 152.1 146.7 0.891 1.934
1145 148.6 144 0.9211 1.968
1148 145.1 143.1 1.1678 1.993
1151 150.6 145.8 0.5236 1.97
1152 151.7 147.9 0.036 1.536
1153 153.1 142.9 0.543 1.995
1154 152.2 145.5 0.0349 1.956
1155 152.7 147.3 0.4551 1.978
1156 150.5 143.5 0.5905 1.639
1157 151.5 145.4 0.077 1.947
1158 152.3 146.1 0.6693 1.959
1159 153.6 147.9 0.5304 1.936
1160 150.9 143.4 0.5114 1.455
1161 152.2 144.6 0.1076 2.024
1163 150.8 142.7 1.0033 1.97
1164 150.5 141.3 -0.0551 1.973
1165 138.7 135.7 -0.0105 1.024
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1166 154.2 144.5 0.4585 1.934
1167 149 144.1 0.0176 1.936
1168 150.2 141.6 0.0495 2.018
1169 138.3 139 0.0025 1.943
1170 142.3 141.6 -0.0224 1.341
1171 150.2 143 -0.0366 1.929
1172 152.9 146.8 0.4367 2.025
1173 150.7 141.7 -0.0146 1.573
1174 153.7 143.2 -0.1199 2.074
1175 NA 149.3 -0.1106 0.997
1176 151.8 142.9 0.0675 1.949
1177 150.4 145.2 0.4611 1.001
1179 NA 152.3 0.3773 1.687
1180 148.7 141.4 -0.0226 1.988
1181 151.4 141.7 0.4633 2.003
1183 147.4 138.5 0.014 2.035
1184 NA 154.4 0.0301 1.924
1185 NA 154.3 -0.1434 1.536
1187 136.3 138.4 0.0235 1.649
1188 141.4 141.2 -0.0592 1.615
1189 149.5 144.8 -0.0607 1.303
1190 141.6 141.7 0.3954 2.024
1191 150.9 139.9 0.0931 2.004
1193 159.4 148 -0.0328 1.937
1194 147.9 140.2 0.5281 1.916
1195 150.2 141.4 0.5047 1.947
1196 146.8 141.4 -0.0074 1.62
1197 152.5 144 0.0115 1.601
1198 147 141.1 -0.0082 1.994
1199 156 143.2 0.0544 1.993
1200 142.8 138.9 0.5445 1.969
1201 150.5 146.9 0.5139 1.591
1202 137.7 142 -0.0102 1.317
1203 142.2 141.5 1.0763 1.938
1204 146.7 140.6 -0.0123 1.669
1205 141.9 142.5 0.4333 1.941
1206 149.4 141.3 0.1305 1.498
1207 137.2 137.4 0.0061 1.578
1209 154.7 146.5 0.5231 1.621
1210 130.9 135.7 0.0065 1.311
1211 147.3 137.8 0.9589 1.981
1212 153.7 144.7 0.9888 1.945
1213 147.5 137.2 0.042 1.988
1214 148.9 141 0.4384 1.65
1218 147.2 141.3 -0.0223 1.937
1219 158.1 148.9 0.4561 1.408
1220 134.8 141.6 0.4951 1.975
1221 155.8 144.5 0.0122 1.672
1228 149.1 142 0.984 1.974
1230 NA 146.6 0.4699 1.993
1231 151.8 138.4 -0.1317 2.073
1233 152 143.3 0.9389 2.081
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1241 157.4 145.9 -0.1251 2.015
1245 164.1 150.3 0.5754 1.948
1247 163.6 150.8 -0.1526 1.509
1248 162.7 147.6 -0.0673 1.535
1249 163.3 155.1 -0.1502 2.027
1250 147 143.4 0.3975 2.024
1252 162.7 -0.0334 2.015
1253 152.7 146.4 -0.0547 1.737
1254 151.1 142.4 0.4454 2.034
1256 165.7 166.4 0.378 0.717
1258 154.7 146.4 -0.155 2.034
1259 155.1 148.7 0.3338 2.036
1260 150.5 146.7 0.3066 2.051
1261 149.8 145.2 0.3723 2.053
1262 140.9 139.1 0.1954 1.038
1263 148.2 0.8339 2.01
1264 146.7 145.5 0.2319 1.562
1265 152.5 143.7 -0.152 1.516
1266 148.8 146.5 1.1354 2.047
1289 161.3 133.2 -0.0288 1.031
1290 146 140.5 0.4301 1.983
1291 150.1 135.4 0.4576 2.013
1292 165.5 142.5 -0.0676 2.016
1300 NA 147.3 0.3894 1.024
Dmweight DMweight Height | Soilcover Survival Survival
Accession 2008 2009 2008 0ct2008 oct2008 apr2009
1001 691.2 810.2 63.36 7.044 7.811 24.05
1003 853.4 NA 101.12 6.806 6.846 21.09
1004 1410.2 NA 102.36 5.715 6.058 16.86
1005 812.6 759 71.65 5.267 5.45 13.81
1007 1281 625.4 96.21 6.437 6.358 19.54
1008 825.4 NA 73.35 6.2 5.996 20.92
1009 1979.8 NA 100.58 3.344 6.882 28.39
1012 937.6 577.8 93.27 4,98 5.783 12.9
1013 1402.4 767.4 62.67 5.409 5.29 11.93
1016 354.2 NA 45.76 6.02 6.76 28.5
1017 1077.2 834.2 74.88 5.957 5.819 14.26
1018 1415.8 615.4 86.88 6.554 6.376 20.42
1019 1173.4 1513.8 92.9 7.95 7.731 29.37
1020 324.8 NA 55.26 4.566 5.501 24,59
1024 1085.6 NA 64.74 5.352 5.405 17.92
1026 1093 752 87.16 6.259 6.059 22.57
1028 709 667.6 69.48 5.903 6.425 11.59

212



1035 885.4 NA 81.46 6.409 6.829 20.67
1036 363.2 NA 47.74 5.075 6.594 24.05
1040 1970.6 NA 101.6 6.666 6.873 18.24
1041 1156 830.2 90.53 6.75 7.021 22.01
1042 1692.8 NA 99.31 5.972 6.478 14.56
1043 1228.8 667 95.04 6.145 7.476 22.64
1044 2028.4 NA 113.81 6.241 7.736 28.02
1045 1153 NA 96.14 6.214 7.495 23.14
1046 1327.2 NA 124.35 6.309 6.26 19.08
1071 1253.6 559.4 69.68 5.608 6.688 20.25
1072 749.6 NA 60.85 5.32 7.208 20.22
1077 1173.4 339.4 113.04 5.406 6.273 14.66
1095 981.6 NA 70.03 6.071 7.292 24.02
1100 1365.4 NA 98.29 5.85 6.755 16.52
1101 1212 NA 101.81 4.434 5.896 14.22
1102 475.4 NA 77.51 5.464 5.51 6.77
1103 651.8 580.6 92.83 6.061 7.016 21.24
1104 757.6 656.2 106.67 5.835 5.636 13.82
1105 738 NA 102.86 4.876 5.048 8.58
1106 616.4 NA 91.79 4.538 5.244 8.71
1107 1353.8 NA 87.34 5.756 6.855 20.08
1108 293.8 NA 84.54 5.241 5.94 9.47
1110 1696 420.4 90.73 4.441 5.577 19.1
1111 390.6 NA 72.58 5.964 4.398 13.35
1112 531.8 NA 84.14 4.584 4.194 13.72
1113 1471.2 478.4 91.74 6.657 6.259 16.58
1114 NA NA 82.97 4.479 3.752 10.03
1115 1076 NA 108.63 7.244 6.883 21.25
1116 398.2 NA 62.73 5.039 4.333 10.85
1117 774.6 NA 66.04 5.799 5.126 10.28
1118 1579.2 441.4 85.69 5.503 6.633 15.36
1119 317 NA 90.15 5.196 4.684 9.58
1120 810.4 NA 98.36 5.481 6.434 15.36
1121 1196.8 NA 85.63 5.767 6.183 14.37
1122 790.8 NA 76.99 5.746 6.142 16.03
1123 797.8 419.8 68.28 5.078 5.336 15.54
1124 200.4 NA 75.17 4.023 5.255 10.89
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1125 928 NA 77.81 5.663 7.073 19.18
1127 483.2 486.2 100.9 5.028 4.995 12.81
1128 1531.8 NA 82.94 4.818 4.643 12.08
1129 840.4 NA 82.12 2.995 2.112 8.59
1131 1200.6 NA 87.04 4.945 5.232 16.47
1132 850 NA 74.8 5.432 5.478 13.24
1133 1066.6 NA 98.75 5.473 6.032 18.35
1134 398 NA 95.23 3.912 3.91 9.16
1136 821.8 NA 77.04 5.994 6.394 17.62
1137 310.6 NA 83.07 4.765 4.496 16.71
1138 498 NA 69.52 6.063 6.195 17.96
1139 673 NA 59.41 6.181 6.242 19.35
1140 474 525.4 53.4 5.695 6.455 13.8
1141 211.2 NA 80.83 6.028 6.254 13.74
1142 830.4 NA 72.86 5.024 4.752 11.25
1143 725.4 NA 87.26 6.076 6.203 21.96
1145 518.4 NA 88.99 5.533 6.079 19.31
1148 925.6 NA 91.54 5.787 6.374 20.57
1151 1210 NA 104.65 5.545 5.532 141
1152 766.8 NA 98.91 5.203 5.897 11.65
1153 801.2 NA 82.64 6.627 6.952 13.42
1154 792.4 NA 95.91 5.999 5.792 16.32
1155 371.4 NA 108.47 6.722 6.396 15.37
1156 1324.4 961.6 97.82 5.388 5.896 15.67
1157 1007.6 358 104.61 4.084 5.159 12.36
1158 935.8 NA 101.11 5.283 5.063 17.35
1159 732.4 NA 94.31 4.953 5.97 18.86
1160 591 NA 92.18 5.338 5.276 15.08
1161 1356.6 NA 89.16 5.652 5.913 21.08
1163 1147.8 615.2 85.15 5.19 5.757 12.5
1164 715.8 NA 89.86 6.048 5.664 15.54
1165 386 736.2 59.72 7.114 7.041 22.42
1166 661.4 NA 98.33 5.296 5.794 13.99
1167 1114 NA 93.6 55 5.673 20.53
1168 1417.2 NA 89.31 4.999 7.288 23.83
1169 502.6 969.8 68.22 6.051 6.262 20.61
1170 1040.4 NA 85.31 6.176 5.866 19.46
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1171 1427.4 895.6 92.32 5.235 6.31 13.83
1172 1004.4 NA 87.37 5.65 7.009 22.51
1173 1049.4 NA 94.6 6.279 7.033 19.92
1174 724.8 NA 82.4 6.43 7.035 17.63
1175 1267.8 NA 102.39 4.961 5.829 18.31
1176 548.2 NA 89.63 5.321 5.851 20.47
1177 684 NA 7111 5.713 4.981 21.26
1179 707.8 92.4 34.9 4.708 6.694 20.9
1180 509.4 NA 71.67 5.84 6.126 20.89
1181 371.6 NA 93.8 6.094 6.758 22.46
1183 498.8 NA 74.07 5.21 5.742 17.97
1184 482.8 NA 54.66 2.814 3.215 14.39
1185 1166.6 NA 39.88 5.559 7.622 24.08
1187 839 NA 82.57 6.346 6.069 21.57
1188 535.6 NA 77.98 6.31 5.699 19.9
1189 1351.4 NA 92.66 6.086 4.938 11.26
1190 675 NA 86.98 6.105 5.756 15.54
1191 945.2 NA 93.39 5.925 5.599 18.26
1193 844 NA 89.33 5.957 6.73 22.16
1194 387.8 NA 79.45 5.66 5.997 21.26
1195 844.6 NA 99.69 7.081 6.176 20.76
1196 765.4 NA 79.76 6.263 6.274 24.97
1197 1042.2 1032.8 94.61 5.826 5.791 21.63
1198 31 NA 70.65 5.739 5.31 18.79
1199 1261.2 611.6 101.64 5.643 5.441 17.84
1200 1004.6 382 76.43 5.528 5.677 19.91
1201 1213.6 NA 108.79 6.778 6.345 22.17
1202 739.6 NA 91.45 6.41 5.813 15.76
1203 330.4 NA 71.64 6.394 5.224 27.22
1204 238.8 NA 61.68 6.91 6.953 16.94
1205 444.8 NA 86.48 6.058 5.917 12.37
1206 1203.6 NA 76.75 6.598 6.925 20.45
1207 465.4 NA 66.71 6.387 6.791 13.88
1209 1171.6 NA 109.15 5.643 6.577 10.3
1210 1041.4 632.2 64.09 7.278 6.481 18.51
1211 1200 605 83.83 5.804 5.6 16.28
1212 774.4 NA 87.71 4.826 6.151 14.07
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1213 471.2 517.4 88.93 6.507 7.187 25.01
1214 570.6 NA 84.1 5.61 5.164 12.78
1218 300.2 NA 70.21 4.808 5.395 8.15
1219 812 NA 107.55 4.608 6.046 14.74
1220 873.8 512.6 83.27 4.576 4.478 14.23
1221 899.8 NA 86.96 4.53 4.639 17.44
1228 1121.6 NA 79.78 6.456 6.944 27.1
1230 972.4 658.2 85.91 7.995 7.921 22.85
1231 1001.8 NA 76.89 6.149 6.503 23.38
1233 143 NA 73.16 5.304 5.854 13.57
1241 734.4 340 91.61 6.083 6.319 15.29
1245 745.2 336.2 83.59 5.34 5.163 17.24
1247 1110.4 NA 81.39 5.076 5.261 16.03
1248 1035 NA 108.89 6.582 6.156 25.55
1249 1021.2 NA 100.16 4.829 6.434 22.14
1250 1096 NA 79.53 5.251 6.868 20.39
1252 1057.2 NA 104.86 5.67 6.239 18.66
1253 897.4 581 92.96 4.608 5.079 16.73
1254 862.4 NA 72.51 5.752 7.331 20.48
1256 880.2 217 76.45 2.613 6.899 24.78
1258 1018.2 NA 98.14 5.494 5.899 10.9
1259 605.2 405 93.35 5.312 5.142 14.42
1260 1352 642.4 106.56 5.33 5.338 14.37
1261 863 605.6 82.47 6.354 6.33 19.89
1262 1489 575.6 72.08 6.636 7.05 20.41
1263 1208.4 NA 89 6.127 6.45 20.62
1264 1439.6 716.8 92.71 6.097 6.768 18.94
1265 1028.4 NA 75.28 5.343 6.434 17.7
1266 2070.4 949.8 112.3 6.66 7.619 18.06
1289 218.4 NA 52.11 4.975 6.53 26.56
1290 778.6 923.6 80.66 5.287 5.957 22.65
1291 740.8 NA 73.39 6.185 6.134 20.17
1292 1043.4 NA 77.81 6.567 6.61 22.75
1300 NA 154.4 NA 4.162 6.472 19.74
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Regrowth

Homogeneity

Score Score Score Score
Accession |apr2008 |jun2008 | apr2009 |jun2010 | jul2009 2008
1001 5.219 6.571 5.731 5 4.001 4.405
1003 9.084 7.624 4.354 3.5 6.288 0.395
1004 7.496 7.59 3.435 3 4.823 2.116
1005 7.328 7.002 3.858 3 5.321 4.345
1007 10.239 9.14 4.336 3.5 5.573 1.954
1008 8.351 6.625 4.654 4 5.967 4.977
1009 9.42 9.121 4.598 5 4.61 2.291
1012 7.805 8.602 2.35 2.667 5.128 0.879
1013 7.863 7.088 3.965 3.333 4.74 2.092
1016 4.414 5.408 3.485 55 3.085 1.007
1017 7.441 6.471 4.189 3.667 5.349 2.148
1018 7.237 7.087 5.286 3 6.238 3.277
1019 9.099 8.423 6.332 6.333 5.523 1.05
1020 4.655 4.85 3.052 3.5 4.681 1.439
1024 8.217 6.694 4.876 4.5 5.34 1.906
1026 6.016 6.724 5.216 4 6.331 2.392
1028 5.94 5.502 5.005 2.5 5.356 1.729
1035 4.745 6.865 5.434 5 6.479 3.473
1036 4.034 | 4.596 3.226 35 3.255 1.107
1040 9.462 8.177 5471 5 6.309 3.807
1041 7.734 7.894 4.918 5 6.437 1.372
1042 10.064 | 8.701 | 4.369 2 6.199 1.324
1043 9.036 8.556 4.765 4.5 6.049 0.662
1044 9.181 9.19 6.507 6 6.796 -0.357
1045 8.612 6.627 4.738 4.5 5.548 1.923
1046 8.666 8.57 4.774 4 5.98 2.046
1071 8.152 7.26 3.926 4.667 3.391 2.583
1072 6.667 5.628 2.303 3.5 2.555 2.307
1077 6.489 7.737 3.479 2.5 3.696 0.174
1095 4.065 4.974 5.118 3.5 5.847 3.563
1100 6.754 7.288 4.178 15 4.931 3.284
1101 6.518 5.553 2.932 2.5 5.495 2.105
1102 7.121 5.086 3.448 2 5.793 6.257
1103 7.186 6.535 4.6 4.5 4.587 2.674
1104 7.784 9.311 4.038 3 5.331 1.581
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1105 7.033 6.263 3.585 15 3.753 3.458
1106 7.008 6.074 3.494 2 5.697 3.552
1107 6.693 7.476 4.73 3 4.373 1.073
1108 7.515 5.705 3.351 3 4971 2.65
1110 5.902 7.671 2.791 3 4.731 1.899
1111 7.274 6.342 4.599 2.5 5.361 6.92
1112 6.528 5.478 3.562 2.5 3.427 1.074
1113 6.453 6.656 4.529 3.333 5.979 3.354
1114 6.912 5.601 3.538 2.5 4.369 2.876
1115 7.5 8.18 6.255 5.333 6.523 0.657
1116 6.845 4.891 3.162 1.667 4.06 3.952
1117 6.667 6.823 3.998 2.5 4.736 2.9

1118 6.772 6.413 4.545 2 6.629 2.628
1119 6.621 8.045 3.676 2 4.688 0.907
1120 6.082 5.735 3.723 2 4.962 3.092
1121 6.033 5.727 3.791 2.333 3.676 0.804
1122 5.935 4.863 4.444 2.5 5.034 2.238
1123 6.349 5.569 3.476 2 4.199 3.39
1124 7.256 5.769 3.067 2.5 3.743 3.929
1125 8.584 6.91 4.226 3 6.082 1.946
1127 7.36 7.865 3.894 3.5 5.097 3.353
1128 7.707 6.711 2.469 2 5.156 3.742
1129 5.779 5.053 2.406 1 3.5 1.759
1131 4.942 5.059 3.872 3 5.902 3.974
1132 8.309 7.686 3.152 2.5 4.118 2.54
1133 8.467 8.217 4.853 3 5.871 2.23
1134 7.822 7.592 3.092 1 4.425 2.747
1136 5.995 6.525 4.47 2 4.832 1.503
1137 3.441 6.102 4.165 3.5 6.279 1.533
1138 5.296 4.852 5.403 3.5 5.366 3.876
1139 4.542 4.996 4.95 3.5 3.836 1.569
1140 5.772 5.403 4.013 4 2.211 3.482
1141 7.758 7.75 4.163 3 5.697 2.642
1142 7.678 6.412 4.251 15 5.217 0.651
1143 6.09 6.726 4.187 2.5 6.074 2.104
1145 8.37 8.633 4.976 3.5 6.078 3.675
1148 5.832 6.789 5.015 4.5 6.722 1.974
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1151 7 6.889 3.897 2.5 4.792 1.953
1152 4.873 7.477 3.257 2.5 4.634 2.339
1153 4.281 7.144 4.075 4 5.172 1.396
1154 5.54 7.489 4.297 3.5 6.017 4.117
1155 6.552 8.951 4.478 4 5.718 2.526
1156 5.848 6.815 4.538 4 5.196 3.492
1157 5.339 6.738 3.637 3.333 4.93 2.526
1158 6.345 7.667 3.866 4 5.46 1.655
1159 5.997 7.171 4.221 4 4.746 2.403
1160 6.419 6.16 3.986 5 4.922 4.708
1161 5.908 6.523 4.652 4.667 5.58 2.182
1163 6.354 7.302 4.401 2 3.72 2.973
1164 6.072 7.668 4.13 3 5.777 3.768
1165 4.789 4.001 5.185 5.333 3.469 4.016
1166 6.249 7.083 3.98 3 4.626 3.022
1167 6.056 7.167 4.602 3.5 6.057 1.556
1168 5.709 6.471 4.429 3.5 4.551 2.039
1169 7.016 5.08 3.88 4 5.257 2.571
1170 6.999 6.7 4.337 2.5 4.329 3.944
1171 7.859 NA 3.807 2 5.419 -0.108
1172 5.002 8.107 5.055 3.5 5.6 0.784
1173 4.958 7.932 5.969 4.5 5.26 2.785
1174 6.196 7.369 4.429 5.667 5.272 3.028
1175 4.931 7.853 3.048 3.5 3.744 0.841
1176 3.679 6.739 3.806 3.5 4.918 1.536
1177 4.887 6.486 3.009 3.667 3.406 1.938
1179 5.211 4.296 1.519 3.5 2.075 0.642
1180 5.804 7.479 4.431 3.5 5.115 6.075
1181 6.032 7.27 5.091 4 6.517 1.919
1183 4.724 5.28 3.925 3.667 5.334 4.585
1184 2.97 5.691 2.208 3 1.549 2.779
1185 5.626 4.185 2.186 3.5 2.092 2.342
1187 6.109 8.05 4.604 2 4.981 3.595
1188 6.732 7.862 4.562 3 3.658 6.51
1189 6.65 7.654 3.652 15 5.154 3.136
1190 6.054 7.906 4.163 3.667 5.804 4.26
1191 6.389 8.213 5.075 5 5.172 3.356
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1193 4.485 8.59 4.16 3.5 5.287 1.269
1194 4.787 6.978 4.51 4 5.419 3.299
1195 6.035 7.45 6.419 4.5 6.392 4.346
1196 8.049 7.837 4.784 5 5.596 3.54
1197 7.566 7.872 3.977 3.5 5.037 2.828
1198 6.421 4.6 4.164 3 5.713 1.383
1199 6.392 7.686 3.686 2.667 5.171 0.994
1200 5.783 5.438 5.373 4.5 5.617 4.984
1201 6.124 6.899 4.194 3 5.921 3.061
1202 7.169 9.517 3.711 2 4.597 2.363
1203 7.321 8.553 4.782 7 5.389 2.566
1204 6.865 4.57 4.422 4.5 5.43 3.681
1205 7.227 8.798 4.096 2 4.482 2.512
1206 6.209 7.366 5.072 3.5 4.004 3.261
1207 7.023 8.377 3.997 3 3.957 1.244
1209 6.733 8.107 3.211 2 4.036 1.834
1210 6.43 7.356 4.917 4.5 4.656 3.005
1211 7.263 6.707 3.913 3.5 5.09 NA

1212 5.998 6.967 3.695 3 5.826 2.883
1213 6.403 6.835 5.834 4.667 6.897 4.35
1214 5.462 6.069 3.737 2.333 4.525 4.145
1218 6.965 6.552 3.112 2.5 3.807 6.199
1219 6.05 8.567 3.488 3 3.469 5.646
1220 7.14 7.585 2.559 15 4.587 2.77
1221 5.019 7.594 3.107 2 4.625 2.094
1228 6.054 6.76 3.887 4 4.989 1.333
1230 7.407 7.341 6.705 4.667 6.745 2.024
1231 5.291 7.488 5.603 4.5 5.811 3.912
1233 2.956 5.514 3.836 4 6.37 3.366
1241 2.333 7.102 3.327 2 5.722 1.83
1245 3.534 6.52 3.652 1.5 3.96 1.558
1247 5.156 6.399 2.735 3 3.971 0.511
1248 3.241 8.054 4.337 2.5 5.233 0.348
1249 2.014 8.35 2.693 3 5.312 1.151
1250 3.56 6.436 2.985 4 4.061 2.713
1252 5.613 7.882 3.126 3.5 4.293 2.216
1253 4.848 7.151 3.512 2.667 4.544 2.39
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1254 6.44 4.66 3.752 55 5.127 2.528
1256 5.942 6.017 1.517 3 1.392 1.882
1258 5.076 7.522 4.002 3 5.248 3.16
1259 4.651 7.221 3.799 2.667 5.623 2.855
1260 6.993 7.727 3.819 3.333 5.286 NA

1261 5.47 6.277 4.008 3.5 6.484 3.562
1262 7.504 7.167 4.384 5.667 3.346 2.365
1263 7.944 1.772 4.536 5 5.626 1.683
1264 7.961 7.87 4.244 3.333 4.36 0.205
1265 6.055 6.442 4.695 4 4.482 1.821
1266 9.383 9.32 5.883 4.667 4.564 0.584
1289 4.681 4.5 3.987 6.5 1.65 1.361
1290 4.761 7.739 6.112 55 6.021 3.147
1291 4.758 7.791 5.745 5.5 5.596 2.239
1292 4.323 7.121 3.763 4 5.605 0.995
1300 4.44 NA 2.744 4 3.119 NA
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APPENDIX 4: PREDICTED MEANS OF
SELECTED ACCESSIONS (CHAPTER 2) USING
REML ANALYSIS FOR MORPHOLOGICAL

EVALUATIONS
Leaf
number
Leaf per Inflorescence
Habit length | Inflorescence stem number per
Accession |Habit 2008 2009 2009 length 2009 2009 stem
1001 3.208 3.111 18.22 9.11 11 8.333
1005 NA 4 15.83 8.28 11 7
1007 3.526 3.889 17 11 12.56 8.111
1012 3.297 3.889 15.72 13.67 11.11 6.667
1013 3.022 3.961 14.3 7.06 10.03 4.937
1017 3.421 3.367 14.36 8.96 9.68 6.542
1018 NA 3.556 16.44 9.33 11.11 6.444
1019 NA 3.778 16.78 11.28 10.56 7.222
1026 2.887 3.778 16.44 10.28 11.89 6.889
1028 2.891 3.778 14.94 9.28 10.67 8.556
1041 3.25 3.556 15.28 12.83 9.89 6.333
1043 NA 3.556 18.83 12.61 13.22 9.889
1071 2.806 3.367 15.45 8.92 9.41 5.819
1077 3.516 3.667 16.39 13.11 11 8.222
1103 3.274 3.556 15.67 10.78 11.89 9.333
1104 3.683 3.534 16.7 12.13 12.52 9.375
1110 3.243 4 17.83 11.78 10.44 6.778
1113 3.306 3.778 16.56 10.5 11 8.222
1118 3.336 3.778 17.44 9 10.11 7.444
1123 2.832 3.556 14.61 9.51 9.79 6.507
1127 NA 3.556 15.33 10.66 11.47 7.972
1140 2.797 2.933 13.19 6.82 6.97 5.916
1156 2.794 3.556 15.89 12.28 11.78 8.889
1157 3.462 3.444 15.17 10.79 9.85 7.097
1163 NA 3.303 14.83 10.14 10.27 7.494
1165 3.113 3.556 15.39 8.83 10.44 8.778
1169 2.269 3.444 16 11.72 9.56 6.667
1171 3.426 3.383 14.18 11.47 11.12 8.341
1179 1.873 1 13.22 8.67 7.67 5.111
1197 NA 3.556 16.39 11.11 10.33 7.444
1199 3.581 3.333 17.17 11.65 10.93 7.793
1200 2.798 3.667 16.39 9.22 10.11 8
1210 3.002 3.444 14.28 11.33 9.56 7.222
1211 NA 3.222 14.11 9.22 10.6 6.972
1213 2.29 3.444 17.17 10.94 10.11 7.333
1220 3.551 3.778 15.67 12.33 10.89 9.556
1230 2.668 3.556 16.22 9.44 12.56 8.667
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1241 2.859 3.933 16.94 11.14 9.52 6.454
1245 3.409 3 14 10.94 14.22 14
1253 3.384 3.778 17.72 11.6 11.47 8.597
1256 2.942 2.333 18.56 14.07 10.64 10.749
1259 3.377 4 16.83 8.78 12.1 8.472
1260 NA 3.667 18.83 11.39 11.67 7.667
1261 3.382 3.933 15.78 10.65 11.3 7.749
1262 3.239 3.333 15.56 7.17 9.78 7.444
1264 2.843 3.367 16.57 12.38 11.35 7.459
1266 3.507 3.778 16.56 12.33 10.67 6.556
1290 3.307 3.766 15.19 10.82 9.8 7.416
Ratio Stem
Leaflet leaflet number
number | length Stem Stem per Stem
per leaf | leaflet thickness | thickness plant length
Accession 2009 width 2008 2009 2009 2009
1001 27.11 3.675 5.376 3.167 24.56 75.89
1005 27 4.032 2.799 3.667 26.67 76.11
1007 18.67 3.596 4.217 3.111 18.67 95.89
1012 22.22 3.945 4.159 3.611 20 102
1013 28.14 3.773 4.735 3.013 28 79.67
1017 23.5 3.622 4.437 3.141 30.75 87.75
1018 23.56 3.568 5.345 4.278 23.89 96.89
1019 21.22 3.514 3.186 3.778 34.33 83.56
1026 22.67 3.461 7.209 3.778 22.56 98
1028 28 3.812 3.376 3.833 28.78 91.78
1041 22.11 3.266 6.135 3.111 24.44 92
1043 22.11 3.64 3.04 4.222 17.11 102.89
1071 25.33 3.958 4.488 2.891 27.73 75.94
1077 23.78 3.191 4.423 3.167 17.56 99.78
1103 19.56 2.954 3.352 3.111 17.33 89.33
1104 19.58 2.771 4.645 3.35 21 94.33
1110 18.89 3.36 NA 2.778 17.78 78.33
1113 24.44 3.176 5.639 3.722 26.11 85.67
1118 20.89 3.468 4.525 3.333 27.67 95.11
1123 20.33 3.645 3.676 2.547 21.43 76.94
1127 21.33 3.082 3.751 2.989 20.13 89.85
1140 21 3.442 3.67 2.384 47.66 61.5
1156 22.33 3.314 3.547 3.389 26.89 90.33
1157 21 3.392 5.017 3.052 16.63 85.35
1163 24.14 4.19 4.678 3.353 22.15 90.25
1165 23.78 3.424 3.776 3.222 26.89 74.44
1169 24.22 2.715 4.82 3.5 18.89 80.22
1171 22 3.193 3.62 3.061 22.5 82.86
1179 24.56 3.517 4.189 1.778 46.11 59.33
1197 23.67 3.256 4.245 3.333 23 87.44
1199 24.67 3.5655 5.015 3.404 23.14 88.65
1200 23.89 3.271 4.2 3.111 26 80.89
1210 24.22 3.616 6.012 3.222 29.67 81.11
1211 25.67 3.803 NA 3.239 27.25 82.72
1213 22 2.803 3.603 3.667 24.11 83.89
1220 19.67 2.944 4.237 3.444 18.44 91
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1230 20 3.203 4.698 3.556 27.22 95.56
1241 20 4.018 4.406 3.043 29.19 91.36
1245 23.67 3.903 3.99 3.167 16.44 80.44
1253 20.33 3.261 5.524 3.364 21.5 94.1
1256 20.11 3.263 3.296 2.384 18.33 86.5
1259 20.33 3.49 4.295 2.864 16.13 94.85
1260 19.22 3.416 NA 3.222 17.44 89.56
1261 21.33 3.388 5.003 3.217 21.99 92
1262 27.89 3.712 4,963 3.056 31.22 77.44
1264 20.33 3.483 5.434 3.516 20.5 94.58
1266 23.44 3.341 6.405 3.444 28.89 104.44
1290 22.66 3.216 3.181 3.467 19.16 102.5
Dominant | Dominant | Dominant | Dominant | Dominant
flower flower stem stem leaf
colour colour colour colour colour
Accession 2008 2009 2008 2009 2008
1001 4,981 3.152 1.431 2.111 5.198
1005 5.044 2.306 0.932 2 5.461
1007 3 2.163 2.012 2.444 7.014
1012 5.999 1.701 2.189 4111 5.134
1013 4,448 3.166 1.813 1.143 6.059
1017 5.029 2.227 1.892 3.25 6.189
1018 5.321 2.334 1.073 2 4,621
1019 5 1.531 1.021 3.111 7.159
1026 3 2.163 0.805 2.111 5.995
1028 5.001 2.662 0.778 1.333 4,559
1041 5.131 1.974 2.371 1.444 6.768
1043 3.428 0.924 1.007 2.556 6.701
1071 5.624 2.141 1.511 4.25 5.407
1077 3.998 1.692 2.28 2.778 4,232
1103 5 1.571 4,169 3.667 5.777
1104 4,793 2.807 0.199 3.5 7.132
1110 6.001 1.725 0.81 3 6.246
1113 4,844 1.174 1.135 1.111 5.682
1118 4,369 1.744 1.747 2.333 5.232
1123 4,963 1.543 1.019 2.667 5.556
1127 5.834 2.518 1.163 2.778 5.249
1140 4,972 1.915 1.954 1.667 3.651
1156 3.974 2.281 2.094 3.667 5.812
1157 4517 1.103 2.206 3.667 5.955
1163 4,792 1.875 1.112 2 5.347
1165 4,503 2.592 2.243 4111 5.819
1169 4,258 2.387 2.797 4.333 6.356
1171 5.892 2.213 3.686 4.625 5.959
1179 6.219 3.067 2.915 7.333 6.208
1197 5.001 1.79 1.101 5.111 7.164
1199 5.015 2.439 2.078 4,444 6.747
1200 4 1.97 1.242 1.222 6.157
1210 5.12 2.316 2.148 2.556 5.826
1211 NA 1.457 NA 2.667 NA
1213 3 1.594 7.282 3.444 6.888
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1220 2.825 1.789 1.888 2.111 4.915
1230 5.002 1421 1.216 1111 5.948
1241 4.03 2.385 0.742 1 6.252
1245 3.625 1.102 2.516 6.444 5.169
1253 6.014 1.817 2.085 2.667 7.257
1256 7.131 3.122 1.633 3.111 3.098
1259 3.817 1.776 1.933 4.556 5.357
1260 NA 2.083 NA 3.444 NA

1261 5.229 2.063 2.14 2.167 7.04
1262 5.604 2.682 1.947 1.667 5.566
1264 2.954 1.673 2.363 2.917 7.125
1266 4.656 1.711 2.485 1.667 5.775
1290 6 1.868 0.801 3 4.989
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APPENDIX 5: PREDICTED MEANS USING
REML ANALYSIS FOR SEED MORPHOMETRIC
EVALUATIONS ON 75 SELECTED ACCESSIONS
FOR SEED PRODUCTION

Width/ Shape

accession |Area cm? llength Width Length |Shape change
1001 0.26391 | 7.06942 |5.18896 | 0.736432 | 0.674797 | 0.0983425
1003 0.271567 | 7.37228 [4.94732| 0.679187 |0.722507 | 0.0592457
1005 0.306899 | 7.73557 | 5.5964 | 0.727519 |0.667484 | 0.0924039
1007 0.251776 | 7.42821 |4.77592 | 0.652242 | 0.688853 | 0.0981249
1008 0.260096 | 6.89639 |5.27444 | 0.766877 |0.717072| 0.0432008
1013 0.290657 | 7.95903 |5.30624 | 0.674345 |0.632999| 0.155286
1018 0.23526 | 6.93029 |4.80774| 0.709092 | 0.725097 | 0.0943902
1019 0.281113 | 7.24803 [5.18818 | 0.720466 |0.759054 | 0.0424073
1040 0.241491 | 6.68913 |4.76074 | 0.713877 |0.772286| 0.0299226
1042 0.243874 | 6.82716 [4.80214 | 0.706656 |0.747907 | 0.0319968
1043 0.238381 | 6.57846 | 4.8482 | 0.741154 |0.766526| 0.0315002
1044 0.212047 | 6.70385 |4.48179 | 0.684008 |0.715131| 0.115602
1045 0.234394 | 6.82834 [4.72315| 0.697862 |0.719176| 0.0654414
1046 0.231283 | 6.72548 |4.80516 | 0.71723 |0.710763| 0.0476673
1071 0.295049 | 7.51286 |5.44325 | 0.728389 |0.682475| 0.0897499
1077 0.218811 | 6.34393 [4.63955| 0.73312 |0.759848| 0.0279334
1100 0.283661 | 7.44163 [5.20549 | 0.702215 |0.719408 | 0.0500119
1102 0.236782 | 6.66183 |4.82863 | 0.730885 |0.755499| 0.052859
1103 0.24738 | 6.84487 |4.80645| 0.704911 | 0.7571 0.0316014
1104 0.239109 | 6.70266 | 4.6939 | 0.701691 | 0.76582 | 0.0285947
1105 0.285151 | 7.58681 |5.17994 | 0.690007 |0.717554 | 0.0640278
1106 0.260895 | 7.06413 [4.93785 | 0.700294 |0.752486| 0.0294902
1108 0.262989 | 7.25707 |4.91962 | 0.678925 |0.727583| 0.0411607
1110 0.248008 | 6.54998 |5.13208 | 0.784683 |0.774884 | 0.0281445
1111 0.271193 | 7.21039 [5.12411 | 0.712259 | 0.73363 | 0.0534151
1112 0.223557 | 6.35884 | 4.67985 | 0.738564 |0.774986| 0.0260534
1113 0.275602 | 7.29076 [5.03246 | 0.693943 |0.751782| 0.0271642
1114 0.260652 | 7.16579 |4.88311 | 0.686862 | 0.73502 | 0.0503056
1115 0.271144 | 7.13679 |5.14161 | 0.723741 |0.739663| 0.0549018
1116 0.192542 | 5.96925 |4.42049 | 0.743431 |0.749764| 0.036481
1117 0.247463 | 7.13114 [5.05508 | 0.718085 |0.634241| 0.180241
1118 0.239396 | 6.86904 |4.71496 | 0.689253 |0.727011| 0.0404814
1119 0.258278 | 7.24086 |4.90505 | 0.680712 |0.701824| 0.0558037
1120 0.249229 | 7.11024 [4.79625| 0.6801 |0.717348| 0.0673227
1121 0.300678 | 7.56144 |5.22551 | 0.692669 |0.744966 | 0.0342042
1123 0.306111 | 7.61105 |5.55886 | 0.733761 | 0.72575 | 0.0353667
1127 0.230296 | 6.84295 |4.60224 | 0.678656 |0.731288| 0.0610678
1128 0.254463 | 6.86035 |4.98689 | 0.731507 |0.765482| 0.0289267
1132 0.371483 | 8.47852 |6.11313| 0.723883 |0.655053| 0.120872
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1133 0.291018 | 7.45562 |5.21069 | 0.701812 | 0.753291 0.027495
1134 0.277231 | 7.14483 | 5.197 | 0.730831 |0.771985| 0.0258462
1141 0.255425 | 7.06283 | 4.85522 | 0.689938 | 0.746615| 0.0250277
1142 0.243261 | 6.84129 [4.82538 | 0.706531 | 0.724259| 0.0319645
1145 0.28761 7.87534 [5.10535| 0.658791 | 0.698696 | 0.0894332
1155 0.203116 | 6.2512 [4.33293| 0.695353 | 0.762585| 0.0283768
1156 0.210173 | 6.31927 |4.45676| 0.707471 |0.781511| 0.0277158
1163 0.232327 | 6.44621 |4.79943 | 0.745546 |0.771541| 0.0231336
1164 0.227198 | 6.47549 [4.60926 | 0.713683 | 0.774902| 0.0264288
1169 0.230385 | 6.61318 [4.69504 | 0.713678 | 0.74922 0.0357552
1170 0.216382 6.3358 |4.56708 | 0.724208 | 0.770625| 0.0321687
1171 0.277362 | 7.32335 |5.06971 | 0.695558 | 0.727523 | 0.0469073
1187 0.262468 | 6.97196 |5.01063 | 0.721264 |0.753986 | 0.0333018
1188 0.24282 6.94248 |4.83343 | 0.697978 | 0.706522| 0.0626888
1189 0.295649 | 7.52924 |5.29587 | 0.704963 | 0.738398 | 0.0289006
1190 0.275297 7.2017 |5.11158| 0.712639 |0.739267| 0.0419207
1196 0.233428 | 6.65024 |4.77717| 0.71984 |0.742255| 0.0345213
1197 0.226003 | 6.63021 |4.65281 | 0.704045 | 0.744699 | 0.0377088
1198 0.271241 | 7.12701 [5.03964 | 0.711418 | 0.753741| 0.0407154
1199 0.261679 | 6.96005 |5.02151 | 0.722707 | 0.76545 0.0267149
1200 0.235938 | 6.64306 | 4.80294 | 0.725667 |0.745597 0.031406
1201 0.233769 | 6.56214 | 4.7967 | 0.734974 |0.765503 | 0.0302405
1202 0.244024 | 6.82807 |4.84549 | 0.712015 |0.731473| 0.0445491
1204 0.234977 | 6.69696 [4.75886 | 0.71204 | 0.74234 0.0382935
1205 0.273248 | 7.06079 | 5.0839 | 0.721628 | 0.767586 | 0.0237572
1207 0.280294 | 7.11346 |5.57466 | 0.785498 | 0.67264 0.121561
1209 0.242301 | 6.58291 |4.87285| 0.741256 |0.786933| 0.0183441
1210 0.265379 | 7.01842 [5.09058 | 0.72797 |0.706511| 0.0696444
1211 0.267163 | 6.98118 [5.20486 | 0.749172 | 0.756338 | 0.0318914
1212 0.215376 | 6.13296 [4.71451| 0.771876 | 0.784941| 0.0258487
1213 0.244707 6.6845 |4.85314| 0.729025 | 0.780472| 0.0241125
1214 0.21938 6.3787 |4.59478| 0.721382 |0.775215| 0.0332751
1218 0.250492 | 7.04098 [4.94096 | 0.705645 | 0.659208 0.101487
1220 0.246654 | 6.82463 [4.81939| 0.708509 |0.772401| 0.0251096
1230 0.232443 | 6.61811 [4.68176| 0.713017 | 0.767864 | 0.0303004
1260 0.260497 | 7.03132 | 4.88663 | 0.699361 | 0.753935 0.026373
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Abstract

The Onobrychis genus comprises a few agronomically important forage legume species, with
sainfoin (Onobrychis viciifolia) being the most widespread. O. viciifolia has a long history
of traditional culture worldwide, but its use has declined in western countries over the last
decades. It suffers from low productivity and is more difficult to maintain than other legumes
but is known to have valuable characteristics such as palatability and drought tolerance. Recent
studies suggest that it has several other highly beneficial properties due to its unique tannin
and polyphenol composition. Condensed tannins present in Onobrychis species have been
shown to confer anthelmintic properties, increase protein utilization and prevent bloating;
they may also have the potential to reduce greenhouse gas emissions. Positive effects on wild-
life and honey production could also be advantageous in the context of sustainable farming.
Modern breeding programmes have not been a priority, leading to a lack of genetic knowledge
in comparison to extensively used forage legumes. It is expected that potential for O. viciifolia
improvements could be achieved by rigorous characterization of the available germplasm and
utilization of characters derived from close relatives of the genus. Breeding priorities for
the future would include enhanced germination and improved early establishment, allied to
the best anthelmintic properties observed in some varieties.

Keywords:
sustainable agriculture; tannin protein utilization

Introduction

Sainfoin (Onobrychis viciifolia) is an excellent forage
legume, which was grown in Europe before the wide-
spread use of commercial fertilizers. In many parts of
Europe, the cultivation of forage legumes has decreased,
especially in the 1980s, when the impact of support pay-
ments from the Common Agricultural Policy (CAP) was to
favour intensive production. Following CAP reforms in
2005, a single farm payment was introduced, which is

* Corresponding author. E-mail: lydia.smith@niab.com

anthelmintic properties; forage legume; greenhouse gas emissions; Onobrychis viciifolia (sainfoin);

uncoupled from production volumes but linked to
environmental, food safety and animal welfare standards.
The new policy aims to make European Union (EU)
farmers more competitive. Higher levels of inorganic
nitrogen fertilizers suit high-yielding grass Trifolium sp.
mixtures. This trend is now changing, and pressure
to reduce energy consumption and environmental pol-
lution and to improve agricultural sustainability is driving
lower input agronomy. The cost of inputs, especially
nitrogen and phosphate, has more than doubled in the
past 5 years, and farmers are reconsidering the use of
forage legumes, which are better suited to low input
regimes. Forage legumes have been shown to increase
the efficiency of nitrogen use and reduced nitrogen
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transit from the soil. Moreover, global warming is pro-
jected to increase the yield of forage legumes, relative
to grasses, due to a combination of their relative
responses to heat, light and nutrient sequestration
(Haynes, 1980; Clarke et al., 2000).

The Onobrychis genus belongs to the Fabaceae family
and Hedysareae tribe. It is widespread in temperate
zones of North America, Europe and Middle East. O.
viciifolia is of significant agricultural use as a perennial
forage and fodder legume. O. viciifolia tolerates drought,
cold and low nutrient status. These properties make it
very popular on Middle East plateaus and some areas
of Spain, Italy and Eastern Europe. In Europe, cultivation
of O. viciifolia has also suffered from increased compe-
tition from higher yielding forages (mostly Medicago
sativa and Trifolium sp.).

Recent research works have highlighted several
additional beneficial properties of O. viciifolia for live-
stock, and this is mainly due to the nature of its particular
secondary metabolites. Furthermore, it is known to
enhance diversity and stability of agroecosystems, repre-
senting a valuable pollen and nectar source for honey pro-
duction. O. viciifolia and related species would benefit
from characterization and development to fully exploit
these properties. Rigorous taxonomic characterization is
limited and sometimes contradictory. Very little has been
done in terms of either molecular genetics or cytological
characterization, which is crucial to initiate modern breed-
ing programmes. Realization of the potential of O. viciifolia
is limited by a number of issues including low productivity,
erratic establishment and variability in the presence of
beneficial phytochemicals in different genetic lines.

Taxonomy

O. viciifolia belongs to the genus Onobrychis, which
belongs to the tribe Hedysareae of the subfamily
Papilionoideae of the Fabaceae family (previously
Leguminosae). Many contradictions are found in the
taxonomy of Onobrychis, mostly due to the different
approaches in species delimitation, resulting in a varying
number of recognized species (Emre et al., 2007). Yildiz
et al. (1999) suggested that the genus Onobrychis com-
prises about 170 species, based on fruit morphology.
They are classified into two subgenera, Sisyrosema and
Onobrychis, and eight sections. Guner et al. (2000) esti-
mated that there are 54 species of Onobrychis divided
into five sections. Sirjaev (1925) produced a useful classi-
fication, which is presented in Table 1. O. viciifolia is the
most widespread species (Celiktas et al., 2006) for which
several synonyms are used in the literature: Hedysarum
onobrychis L., Onobrychis sativa Lam., Onobrychis viciae-
Jolia Scop. and O. viciifolia Scop. Sinchez-Yélamo (20006)
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Table 1. Classification of the Onobrychis genus adapted
from Sirjaev (1925)

Sections under each subgenus of Onobrychis

Euonobrychis = Onobrychis Sisyrosemae
Dendrobrychis Anthyllium
Lophobrychis Afghanicae
Hemicyclobrychis Heliobrychis

Eubrychis = Onobrychis Hymenobrychis

characterized a subset of the genus using isozyme
methods; section Eubrychis was clustered in a main
group, while taxa in the subsections Hispanicae, Brachy-
semiae and Macropterae appear differentiated from the
subsection Vulgatae. Using a classification based on
seed protein profiles, Emre et al. (2007) showed species
of sections Lophobrychis, Onobrychis and Hymenobry-
chis clustered together. More recently, Ahangarian et al.
(2007) noted that subgenus Sisyrosemae seems to be
derived from subgenus Onobrychis based on intervening
transcribed sequences of the nuclear ribosomal DNA.

Botanical description of O. viciifolia

O. viciifolia is an erect or suberect plant, from 40 to
100cm in height (Frame et al., 1998). Many hollow
stems, arising from basal buds, form a branched crown.
Each stem has pinnate leaves formed with 10-28 leaflets
grouped in pairs on long petioles and with a terminal
leaflet. The stipules are broad and finely pointed. The
inflorescences develop on axillary tillers with about 80
pinkish red, or rarely white, melliferous flowers (Fig. 1).
Each flower can produce a kidney-shaped seed con-
tained in a brown pod. The fruit is either spiny or spine-
less. The degree of spininess is characteristic for different
lines and is genetically determined (Thomson, 1951b).
The size of the true seeds is variable from 2.5 to
4.5mm long, 2 to 3.5mm broad and 1.5 to 2mm thick
(Fig. 2). Unmilled seed and milled seed weigh appro-
ximately 24 and 15g/1000 numbers, respectively. The
fruit colour is mainly determined by the ripeness at
harvesting time. A deep taproot with a few main branches
and numerous fine lateral roots forms the root system.

O. viciifolia is divided into two agricultural types. The
‘common’ type (O. sativa var. communis Ahlefed) is
from central Europe and remains prostrate in the year
of sowing. It is also named single-cut O. viciifolia
because regrowth after the first spring cut is only vegeta-
tive. The giant type or double-cut O. viciifolia (O. sativa
var. bifera Hort.) is from the Middle East and reflowers
after being cut (Badoux, 1965). The giant type has pro-
portionally less stem per plant, longer stems and more
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Fig. 1. Onobrychis viciifolia. (with kind permission from
K. Stueber at http://www.biolib.de/) (A colour version of this
figure can be found online at journals.cambridge.org/pgr).

internodes per stem. It also has more leaflets per leaf than
the common type (Thomson, 1951a). Otherwise, they are
very similar with respect to seed weight, colour and spi-
niness of the unmilled fruit (Thomson, 1951b). Negri and
Cenci (1988) characterized 20 populations of O. viciifolia
from central Italy and noted morphological differences
according to altitude. High altitude led to populations
with reduced dimensions; leaflets had a round shape,
prostrate growth habit and shorter peduncle of inflores-
cence but a greater length of inflorescence.

Cytological aspects

O. viciifolia is reported to be either a diploid or
a tetraploid species with respectively 2n = 2x= 14
and 2n = 4x = 28 chromosomes (Frame et al., 1998).
However, Abou-El-Enain (2002) discusses the occurrence
of series of 2n =122 27, 28 and 29 chromosomes

C. H. Carbonero et al.

(2n =3x+ 1, 4x-1, 4x and 4x 4+ 1), which demonstrates
the role of aneuploid alteration from the chromosome
number based on multiples of x =7 in the evolution of
this species. Most literature, though, only refers to the
tetraploid type (Negri et al., 1987; Kidambi et al., 1990,
Tamas, 2000), with an average chromosome length of
3.39 wm. A recent study has confirmed that diploid types
exist but are very rare (Hayot et al., unpublished) (Fig. 3).

Breeding system

O. viciifolia is an outbreeding insect-pollinated species.
A range of insect species successfully pollinate flowers,
but the most important are Apis mellifera (honey bee),
Bombus sp. (bumble bees) and, to a lesser extent, Osmia
(solitary). Although it is possible to self-pollinate sainfoin
plants under controlled conditions, resultant plants lack
vigour and produce few if any viable seeds (Beat Boller,
pers. commun.). Onobrychis along with many other
members of the Fabaceae is considered to be an obligate
insect-pollinated species (Hanley et al., 2008).

History of cultivation

O. viciifolia has been cultivated for hundreds of years in
many parts of the world, including Asia, Europe and

Fig. 2. Onobrychis viciifolia seed variability: 1208, 1292,
1257 and 1126 correspond to different accessions collected
at the National Institute of Agricultural Botany, Cambridge UK
CB3O0LE (A colour version of this figure can be found online at
journals.cambridge.org/pgr).
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Fig. 3. Metaphasic O. viciifolia meristematic root cell, (a)
diploid with 2n=2x=14 and (b) tetraploid with
2n=4x=28.

North America (Frame et al., 1998). One in seven fields in
southern England were covered in pink flowers until the
mid 1940s. Cotswold Seeds Ltd. hold English covenants
from the 1800s, stating that tenant farmers were required
to grow O. viciifolia to maintain soil fertility. Farmers
considered it as the ‘best cog in the farming wheel’ for
sustainable farming, improving soil fertility of poor
chalky soils covering parts of southern England.
A once-popular rotation in Hampshire in the 1830s
consisted of a 4-year O. viciifolia ley followed by
wheat, turnips and spring barley.

O. viciifolia is native to South Central Asia and was
introduced into central Europe in the 15th century
(Burton and Curley, 1968). Tt was first cultivated in
Southern France in 1582, following which it spread
across Europe (Piper, 1924) and into North America by
1786. It was being cultivated in the UK by the mid 17th
century (Hartlib, 1652) and gained popularity in many
areas of Britain where it was used to feed the heavy
horses, and the aftermath (leafy stubble) was used for
grazing lambs (Koivisto and Lane, 2001). Today, it is
still popular in Eastern Europe, Italy, Spain, Iran and,
especially, Turkey where about 94,000 ha were grown
in 2001 (Eken et al., 2004). Elsewhere, over the last
40 years, O. viciifolia has experienced a constant decline
in Europe (Borreani et al., 2003). It is recorded that
more than 150 tonnes of seeds were sold every year in
the late 1950s in the UK, enough for 2500ha (Hill,
1997). In the late 1970s, only approximately 150ha
were cropped. Today, O. viciifolia has become rare in
the UK, and this is due, in part, to its poor response to
the changing requirements and circumstance of British
agriculture (Hutchinson, 1965). Rochon et al. (2004)
pointed out that the decline of forage legumes in
Europe has been due to the farmers support payments
towards intensive production using cheap inorganic ferti-
lizers since the early 1970s, together with the expansion
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and dominance of autumn cereal cropping from the
1960s (Hill, 1997). In Italy, Borreani et al. (2003) noted
that structural changes, allied to the gradual disappear-
ance of livestock farms in hilly areas, may have contribu-
ted, especially the reduction in draught horses (Newman,
1997), for which it was a major feed. Finally, agronomic
limitations have contributed to its decline, including
low vyield, low persistence and poor regrowth after
the first cut, compared with M. sativa (Sims et al., 1968;
Borreani et al., 2003).

Agronomy
Climate and soil requirements

O. viciifolia grows in a wide range of climatic
conditions in Europe, North America, Asia, Australia
and New Zealand, in neutral and alkaline soils of pH 6
or above, in dryland and irrigated areas. In the UK, it
has always been linked with calcareous chalky or lime-
stone soil (Frame et al., 1998) and is intolerant of water
logging (Sheldrick et al., 1987). Only a thin and patchy
sward grew on clay soil at pH 6 with failures on alluvial
sand at or below pH 5 in the Thames Valley (Bland,
1971). Doyle et al. (1984) estimated that O. viciifolia
could potentially be grown on 950,000 ha in England
and Wales, where the soil is sufficiently alkaline. Meyer
and Badaruddin (2001) compared the frost tolerance of
young seedlings of several legume species; O. viciifolia
seedlings were more resistant than M. sativa and most
of the Trifolium species. Only Trifolium hybridum
seedlings were more resistant. Although there is little
published data, there is considerable observational evidence
that O. viciifolia is tolerant of relatively high temperatures;
in 2009 and 2010, it was grown in small plots in northern
Greece and southern Spain, where temperatures of >32°C
were often recorded (Ioannis Hadjigeorgiou, pers.
commun., Agricultural University of Athens).

Sowing and weed control

O. viciifolia seeds are sold in two forms, ‘unmilled’ fruit
containing a singe seed and cleaned, ‘milled seed’
(Thomson, 1951b). Authors disagree as to which perform
better in terms of germination (Wiesner ef al., 1968;
Chen, 1992). In the UK, O. viciifolia is normally drilled
between April and July when the soil is warm enough
for rapid germination and when there is sufficient
moisture. A seed rate of 7kg/ha and a row spacing
of 60cm are recommended for seed production (or
40kg/ha X 15cm for hay production) (Goplen et al.,
1991). An optimal plant density of 100 plants/m?
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produced the maximum vyield of 62.5kg/ha in a green-
house study (Sheehy er al., 1984).

O. viciifolia is usually considered to be a non-aggres-
sive crop with slow regrowth after cutting; therefore,
weed competition needs to be minimized at establish-
ment; in a study by Moyer (1985), weeds formed 98%
of the biomass in the absence of herbicides during the
first year. Establishment is improved by drilling in combi-
nation with Festuca pratensis or Phleum pratense or by
undersowing with spring barley. A mixture with Lotus
corniculatus was also effective (Cooper, 1972). A small
range of herbicides can be used including [4-(2-methyl-
4-chlorophenoxy) acetic acid)] for broad leaves weeds
and [4-(2-methyl-4-chlorophenoxy) butyric acid] at the
first trifoliate stage. Carbetamide [(R)-1-(ethylcarbamoyl)
ethylcarbanilate] maintains swards during the winter
(Sheldrick and Thomson, 1982; Frame et al., 1998). In
addition to aiding establishment, grass and O. viciifolia
mixtures yield more than each component separately
(Dubbs, 1968; Frame et al., 1998; Koivisto and Lane,
2001). Liu ef al. (2006) recommended a rate of 2:1 of
O. viciifolia to F. pratensis.

Symbioses

Symbiotic interactions occur between Gram-negative
Rhizobiaceae and legume plant roots. In the resultant
nodules, differentiated bacteroides use a nitrogenase
enzyme complex to reduce atmospheric nitrogen to
ammonia, which is subsequently converted to amino
acids in the plant. In return, the rhizobia receive products
of photosynthesis. The interaction shows a degree of
specificity and is dependent upon a reciprocal molecular
dialogue between the host plant and the rhizobia (Sprent,
2003). Bacteria from the genera Mesorbizobium, Rhizo-
bium and Bradyrbizobium all interact with Onobrychis
(Baimiev et al., 2007). Unlike some leguminous species,
O. viciifolia can be cross-inoculated by Rbizobium
species from several other host plant species, including
Hedysarum sp., Coranilla sp., Dalea purpurea, Dalea
candida, Astragalus alpinus, Oxytropis maydelliana
and  Oxytropis arctobia. (Burton and Curley, 1968,
Prévost et al., 1987).

Onobrychis forms arbuscular mycorrhizas (AM), which
is a symbiosis between plant roots and fungi. It is one of
the most widespread symbiotic associations found in
plants and, unlike nodulation, is relatively non-specific,
highly compatible and long lasting. The endophytes are
primarily from the genus Glomus; they access carbon
products from photosynthesis, while the fungus increases
sequestration of mineral nutrients, especially phosphate
from the soil through the extensive mycelium (Barea
and Azcon-Aguilar, 1983; Harrison, 1998). AM can also
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improve nitrogen fixation, through phosphate supply
and uptake from the soil (Barea et al., 1987).

Nitrogen fixation and fertilization

Overall, nitrogen fixation rates of O. viciifolia have been
measured to be within the range of other forage legumes
(Liu, 2006). The rate of nitrogen fixation in O. viciifolia
nodules has been described as ‘sometimes insufficient’,
and nitrogen deficiency symptoms can be seen in inocu-
lated plants (Burton and Curley, 1968; Sims et al., 1968).
This may be associated with energy supply; O. viciifolia
required gross photosynthesis of 258kg carbohydrate/
ha/d compared with 234kg carbohydrate/ha/d for
M. sativa (Sheehy and Popple, 1981).

In comparison to other legumes, the nitrogen fixation
rate of O. viciifolia has been measured in terms of both
the amount of nitrogen fixed and expressed in terms of
resultant increase in yield. For O. viciifolia, the rate in
most situations was between 130 and 160kg/ha, com-
pared with 140 and 210 kg/ha for M. sativa; this resulted
in an increase in yield of 17 and 25%, respectively
(Provorov and Tikhonovich, 2003). Upper limits in a
nitrogen-free situation were higher, at 270 and 550 kg/ha.
However, these data should be viewed with caution,
since neither the O. viciifolia variety, nor the rhizobial
identity was specified. In another study by Prévost et al.
(1897), 47 different rhizobial strains were assessed with
a good cultivar, Melrose, in a nitrogen-free, pot exper-
iment. The impact of the resultant symbiosis varied
from ‘ineffective’ in terms of growth response to ‘high’.
Numerically, the range was from 8 to 140 mg total nitro-
gen/pot. The authors concluded that plant growth is
dependent on an effective symbiosis, but that several
strains of rhizobia were unable to meet nitrogen require-
ments. They further noted that under their experimental
conditions, all inoculated plants showed symptoms of
nitrogen deficiency at early growth stages, but that with
‘effective’ strains, these symptoms disappeared with time.

In general, nitrate fertilization is known to reduce
nodulation and nitrogen fixation rates of legumes
(Hartwig and Nosberger, 1996). However, low levels
of inorganic nitrogen stimulate nitrogen fixation in
O. viciifolia, with consequent biomass production
increasing by 20-30% (Koter, 1965; Sims et al., 1968,
1975). This yield relationship was not, however, observed
with more fertile soil conditions and may be variety
dependent. Badoux (1965) reported a 4% reduction
after a 90 kg/ha/year treatment with giant O. viciifolia.
Bland (1971 reported that O. viciifolia responded well
to farmyard manure, phosphate and potash; Sheehy
et al. (1984) noted that O. viciifolia required more P,Os
and NOj; than M. sativa but less K,O and CaCOs.
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A number of other studies are somewhat contradictory in
terms of absolute amounts, probably due to differences
in soil fertility, but generally agree that moderate phos-
phate and potash, together with low levels of nitrogen,
increase productivity and stand persistence (Meyer,
1975; Shan et al., 1991; Tufenkci et al., 2006). In an exten-
sion of the study of comparative rhizobial effectiveness,
Prévost et al. (1897) considered the effectiveness of the
best strains in the presence of low levels of NO3;—N.
They found that at early stages of growth, even the best
rhizobial strains had no significant effect on shoot or
root dry matter, but at later growth stages, up to 68% of
nitrogen in the plant was derived from fixation, and
that at harvest, yield was significantly higher than both
controls and less-effective strains. In conclusion, it
seems likely that O. viciifolia is dependent on some
mineral nitrogen at early growth stages, regardless of
rhizobial identity. Later growth stages will significantly
benefit from an effective symbiosis.

Forage and fodder characteristics

O. viciifolia in the UK is traditionally used as a hay crop,
although it can be cut for silage (Bland, 1971; Sheldrick
et al., 1987). The leafy ‘stubble’ can be used for light
grazing, but only in the late autumn, to allow the crop
time to replenish root reserves (Sheldrick et al., 1987).
Depending upon the growing conditions, O. viciifolia
will yield between 7 and 15 tonnes/ha dry matter,
which was ¢. 20% lower than M. sativa. This was due
to a lower leaf area index, a more prostrate canopy struc-
ture and less efficient nitrogen fixation (Frame et al.,
1998). Regrowth is slow, and it is important to allow
enough time to replenish root reserves to maintain its
persistence and longevity.

Seed production

O. viciifolia is generally regarded as an outbreeding
species, with a self-incompatibility system (Tasei, 1984).
Negri et al. (1987) suggests that the system may not be
strict, and that self-fertilization can occur; however,
recent studies in Switzerland showed that selfing rates
are very low (Beat Boller, pers. commun.). Honey bees
(A. mellifera) and leafcutting bees (Megachile rotundata)
are efficient pollinators (Goplen et al., 1991). During
peak bloom in June—July, which takes about 60d, it is
recommended that optimal seed yield requires two to
three colonies of honey bees or 20,000 leafcutting bees
per hectare. Authors do not, however, agree on the opti-
mal requirement for pollinators; it has been suggested
that 20 hives were not sufficient for bee saturation on
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2.4ha (Dubbs, 1968). O. viciifolia produces seeds on
an inflorescence consisting of 5-80 flowers, each of
which can produce one seed, although seed set rarely
exceeds 55%. A plant may produce 5-40 tillers, each
with 3-5 inflorescences. The number of flowers per
inflorescence, inflorescences per tiller and tillers per
plant are a function of interrelated environmental
and genetic factors (Carleton and Wiesner, 1968). Seed
size is inversely proportional to the number of seeds
per head (Carleton and Wiesner, 1968). Seed vyield per
hectare is generally 500-900kg of clean seeds, but
yields of 1100kg/ha have been obtained with some
cultivars in Canada (Goplen et al., 1991). Seed longevity
is maximized by storing them in the unmilled state
(Thomson, 1952).

Pest and diseases

O. viciifolia is relatively free from serious pest and
disease problems compared with other legumes
(Goplen et al., 1991). In the UK, root, crown and stem
rot caused by Sclerotinia trifoliorum occurs (Hughes,
1949), but crown and root rot caused mainly by Fusar-
ium solani is probably the most important factor affecting
longevity. Wilt caused by Verticillium can also be a pro-
blem in the UK and Germany. Stem and leaf diseases
include leaf spot (Ramularia onobrychidis and Septoria
orobina), ring spot (Pleospora berbarum), leaf and stem
spot (Ascochyta onobrychidis), rust (Uromyces onobrychi-
dis), chocolate spot (Botrytis conerea) and powdery
mildew (Erysiphe polygoni). Powdery blight (Ascochyta
Jfabae) has been reported in Iran and Turkey.
Root-feeding insects can make establishment of new
stands difficult and reduce the longevity of established
stands. Adult Sitona scissifrons weevils become active
in the field in June and eat the edges of the leaves leaving
characteristic notches along the leaves. This damage
could be disastrous at the seedling stage in the field
(Wallace, 1968). Their larvae feed on the roots, and this
reduces the persistence of O. viciifolia plants because
pathogens invade the root scars (Morrill et al., 1998).
Other members of Sitona (S. lineata, S. calloso and
S. crinita) have damaged O. viciifolia in Europe (Wallace,
1968). Larvae of a clearwing moth, Sesia chalcidiformis,
feed also with roots of O. viciifolia in Europe (Wallace,
1968). Some other insect species can damage the stems
and leaves of O. viciifolia, but most of them cause only
minor damage. These include sugarbeet webworm
(Loxostege similalis and L. sticticalis) and larvae of
Colias eurytheme, C. edusa, C. hyale, Phytonomus farino-
sus and Hypera trilineata (Wallace, 1968). Sucking insects
damage the stems, leaves and in some case the develop-
ing seeds, especially the potato leathopper (Empoasca
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Jabae). Lygus elisus, L. besperus and Adelphocoris lineolatus
feed on buds, flowers and seeds (Morrill et al., 1998).

A number of insect species damage seed production in
Europe. The O. viciifolia midge (Contarinia onobrychi-
dis) is a serious pest in some parts of Europe, particularly
in England. The larvae form galls in the flower heads, and
the seeds fail to develop (Wallace, 1968). Eurytoma ono-
brychidis, the O. viciifolia seed chalcid, is also a serious
pest in some areas of Europe (Wallace, 1968). Other
insects can also damage seed production in Europe but
are less aggressive; these include Perrisia onobrychidis,
Apion  pisi, Odontothrips intermedius, Otiorbynchus
ligustici and Melanotus erythropus. Seed production in
the USA is decreased by a bruchid, Bruchidius unicolor,
and Bruchophagous spp., a seed-infesting insect. The
root-knot nematode (Meloidogyne spp.) and the stem
and bulb nematode (Ditylenchus dipsaci) have both
been found on O. viciifolia in the USA (Mathre, 1968).

Beneficial aspects
Food source for bees and other pollinators

The decline in wild and managed pollinators in the UK,
Europe, the USA and parts of Asia has been widely
reported (Biesmeijer er al., 2006; Cox-Foster et al.,
2007; Williams and Osborne, 2009; Potts et al., 2010).
A single definitive cause has not been identified, but
the consensus among many bee keepers is that several
factors are involved, with nutrition being one of
them (MAAREC, 2006; Van Engelsdorp et al., 2007). The
agricultural trend towards monoculture may exacerbate
pollinator decline because pollen derived from a single
source can compromise nutrition and health (Hendrikx
et al., 2009; Aston et al., 2009). O. viciifolia flowers
are a rich source of pollen and nectar, attracting ten
times more bees than Trifolium repens (Rosov, 1952;
McGregor, 1976; Kells, 2001) and are visited by managed
and indigenous pollinator insect species, including Apis,
Bombus and Osmia (Horne, 1995; Clement et al., 2000,
Howes, 2007; USDA SARE, 2007; Westphal et al., 2008;
Taki et al, 2009). Rozen et al. (2010) noted that
O. viciifolia is the sole pollen source for Osmia avosetta
bees in Turkey, which build elaborate colourful nests
from its pink petals. In the UK, O. viciifolia starts flower-
ing in May and continues for about 60d. The crops can
be cut to give 2-3 flowering periods, which continue
until early September. They could thus provide a good
source of pollen and nectar for over-wintering bees
(Manning, 2001; Tasei and Aupinel, 2008; Manning,
2006; Eischen et al., 2009). Recent research by Syngenta
(2008) recommended the general sowing of O. viciifolia
to enable bees to lay down food reserves for the winter.
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It has been estimated that O. viciifolia yields up to
400 kg/ha of honey (Howes, 2007).

Animal feed and nutritional benefits

As long ago as the 16th century, Olivier de Serres
described a forage called sainfoin in France and herba
medica in Italy and referred to ‘the inordinate praise
the plant has been given, for its medical virtues and for
fattening the livestock that graze on it...” (http://en.
wikipedia.org/wiki/Sainfoin). It is attractive to both
wild and domesticated animals, including elk, deer,
sheep, goats, cattle and horses (http://plants.usda.gov/
plantguide/doc/pg_onvi.doc). The Greek term Onobrychis
signifies that it is ‘keenly eaten by donkeys’ (http://www.
pedigreequery.com/sainfoin).

The voluntary intake of O. viciifolia by sheep and
cattle is 20—24% higher than for grasses and 10-29%
higher than for red clover or M. sativa (Waghorn et al.,
1990; Karnezos et al., 1994). As a result, O. viciifolia sup-
ports high growth rates in young ruminants (Thomson
et al., 1971; Parker and Moss, 1981; Marten et al., 1987;
Hart and Sahlu, 1993). Ruminants can safely consume
large amounts because it does not cause bloat, which
can occur when forages such as Trifolium sp., M. sativa
or young grass are fermented rapidly in the rumen,
thus generating a stable foam that traps the fermentation
gases (McMahon et al., 2000; Waghorn and McNabb,
2003). The expanding rumen puts pressure on vital
organs, and this can be fatal if not tackled in time.

It is a well-established fact that tannins are the active
compounds that prevent bloating; stands of O. viciifolia,
Lotus or mixtures containing these crops and wild species
such as dock (Rumex obtusifolius) (Li et al., 1996) con-
tain suitable proportions of the tannins. O. viciifolia—M.
sativa mixtures have also proved bloat-safe (McMahon
et al., 2000; Mueller-Harvey, 2009; Wang et al., 2000).
This bioactivity of tannins (Fig. 4) is attributed to their
capacity to inhibit the growth of Streptococcus bovis, a
rumen bacterium that produces dextran-slime, and their
ability to destabilize the proteinaceous foam in the
rumen (Jones et al., 1994; Waghorn and McNabb,
2003). Relatively low tannin concentrations in plants are
sufficient to remove the danger of bloating following
ingestion (1-5mg tannins/g dry matter) (Li et al., 1996).

Nutritive value

Animals fed on O. viciifolia make large body weight
gains, >400g/d for goats and lambs, and the literature
relating to ruminants has been summarized by Waghorn
(2008). In trials, there were a range of responses to
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Fig. 4. Onobrychis viciifolia tannins.

material, and this is undoubtedly complicated by varie-
tal differences. For tannin-containing legumes and
tannin-free M. sativa, T. repens and pasture, three
trials recorded 19-24% higher daily lamb and cow
gains on O. viciifolia than M. sativa, while two trials
recorded 3% lower lamb gains on O. viciifolia than
T. repens. Comparing sheep responses to O. viciifolia,
white clover and lucerne, Waghorn et al. (1990) calcu-
lated that O. viciifolia tannins caused from 19 to 124%
more nitrogen to be retained and from 17 to 56% more
nitrogen to be digested in the small intestine. This
is due to a more efficient utilization of the metaboli-
zable energy and protein in O. viciifolia (Thomson,
1982; Hart and Sahlu, 1993; Mueller-Harvey, 2009).
As a result, ruminants retained between 2.6 and 4.8 g/d
more nitrogen from O. viciifolia (if harvested early)
than 7. repens or M. sativa (Egan & Ulyatt, 1980).
John and Lancashire (1981) also found that live
weight gains by sheep revealed the following relative
feeding wvalues: white clover (100), O. viciifolia
(97), Lotus pedunculatus (87), lucerne (78) and
Trifolium pratense (78). A similar trend was found for
young goats grazing on O. viciifolia or M. sativa
(Hart and Sahlu, 1993). Some of these benefits were
observed despite the fact that the crude protein (CP)
content of O. viciifolia was less than that of M. sativa.
Scharenberg et al. (2007) measured 10-21% higher
plasma levels (P < 0.001) of essential amino acids
when feeding O. viciifolia, which has previously been
noted for L. corniculatus tannins (Waghorn, 2008).
In addition, the organic matter and nitrogen had from
6 to 7% higher levels of digestibility when wethers
were fed with ensiled O. viciifolia—M. sativa mixtures
compared with M. sativa (Wang et al., 2007). The optimal

77

O. viciifolia:M. sativa ratio for ensiling and ruminal fer-
mentation was found to be 4:6. These benefits have
been found in both fresh and conserved O. viciifolia
(Waghorn et al., 1990; Hill, 1997). O. viciifolia silage
has up to 50% less soluble non-protein nitrogen and
53% less free amino acid contents than M. sativa silage
(Albrecht and Muck, 1991). Ruminants make inefficient
use of nitrogen from grass and M. sativa silages for
milk and meat synthesis (Tamminga, 1992; Givens and
Rulquin, 2004). In the absence of tannins, nitrogen frac-
tions can be extensively hydrolysed during ensilage and
are subsequently rapidly degraded in the rumen. To
achieve the average milk yield of UK dairy cows
(5800 kg/lactation), a cow needs to consume at least
160kg nitrogen annually. Of this, 70% or more
(>110kg nitrogen) is excreted in faeces and urine. How-
ever, plant tannins reduce the degradation of proteins
during fermentation in the silo or rumen, and this
enables ruminants to benefit from a better amino acid
supply. Tannins exert this protective effect by binding
to plant proteins; the resulting complex is less liable to
microbial degradation; this process has been described
as ‘rumen-escape protein’ (Mueller-Harvey, 2006).

Most binding by tannins takes place at the isoelectric
point of the protein (Jones and Mangan, 1977). In the
case of rubisco, which is the major protein in green
plants, complex formation is favoured at a ruminal
pH of ¢. 5.6-6.8. The pH in the digestive organs post-
ruminally ranges from <3 (abomasum) to c¢. 8 in the
lower intestines. At these low or high pH values,
tannin—protein complexes are easily dissociated, and
protein becomes available for enzymatic hydrolysis
(Jones and Mangan, 1977). Therefore, when less of
the protein is digested in the rumen, more can be
hydrolysed postruminally into amino acids, which are
then available to the animal via absorption from the
intestines (Scharenbergy et al., 2007; Waghorn, 2008).
Enhanced amino acid absorption has also been
demonstrated for other tanniferous species such as
L. corniculatus (Waghorn, 2008). Absorption of essen-
tial amino acids increased by 62%, while milk, meat
and wool yields, ovulation rate and lambing percentage
all increased by 10-15% (Waghorn et al., 1990; Min
et al., 2003; Waghorn, 2008). Grabber et al. (2002)
estimated that if M. sativa contained these types of tan-
nins, it could save $300 million in the USA. The EU
‘LEGGRAZE’ project has already demonstrated that the
use of O. viciifolia and L. corniculatus significantly
increased CP intakes (g/d) compared with 7. repens,
T. incarnatum and T. ambiguum, but not compared with
M. sativa; sheep performance (live weight gains) paralleled
these results (Molle et al., 2008).

Unlike other tannin-containing species, the tannin-
filled cells in O. viciifolia are evenly distributed
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throughout the plant in all organs except the roots (Lees
et al., 1993). The effects of tannins on protein solubil-
ization and degradation appear to be highly localized in
plant tissues (Min et al., 2000); therefore, this even distri-
bution may facilitate a rapid reaction between plant pro-
teins and tannins during mastication and fermentation
in the rumen or silo. Furthermore, O. viciifolia has low
levels of endogenous plant proteases, which are less
than half that of M. sativa (Kingston-Smith et al., 2003).
These enzymes are involved in the early stages of protein
degradation in the rumen (autolysis), thus potentially
contributing to the rumen escape mechanism. Recent
research within the EU ‘Healthy Hay’ project demon-
strated that O. viciifolia has considerable peroxidase
activity (Ahmad et al., 2010), which may contribute to
the formation of covalent tannin—protein links during
drying or ensiling, further reducing ruminal protein
degradation.

It is important, however, to recognize that there are
some less favourable reports about the nutritive value
of O. viciifolia, which showed that it did not affect nitro-
gen retention or amino-acid absorption (Fraser et al.,
2000; Bermingham et al., 2001; Scharenberg et al.,
2008). By using polyethylene glycol, which has a strong
affinity for tannins, it is possible to ascertain whether tan-
nins modify the protein digestion process. Parker and
Moss (1981) and Karnezos et al. (1994) did not find any
differences between O. viciifolia and M. sativa, whether
grazed or fed as hay, in terms of weight gain of heifers
or lambs. In another study, Aufrere et al. (2008) did not
find any difference in terms of nitrogen utilization by
sheep between fresh O. viciifolia and M. sativa. Although
lambs retained the same amount of nitrogen from
O. viciifolia and M. sativa silages (Fraser et al., 2000),
the CP content of O. viciifolia was lower than that of
M. sativa at 121 and 183 g protein/kg dry matter,
respectively.

Potential environmental benefits

Rising costs of nitrogen fertilizers is driving a trend
towards more sustainable farming methods; a home-
grown protein source is therefore becoming more
important (Pecetti et al., 2009). Furthermore, nitrogen
balance studies consistently show that O. viciifolia
reduces urinary nitrogen and increase faecal nitrogen
excretions (Aufrere et al., 2008; Mueller-Harvey, 2009;
Theodoridou et al., 2010). Once urinary nitrogen is in
the environment, it is rapidly converted to N,O, a
potent greenhouse gas (Tamminga et al., 2007). Conver-
sely, faecal nitrogen is an environmentally safer form
(Grabber et al., 2002). Studies have also indicated that
tannins decreased methane production (g/kg dry matter
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intake) in vivo in sheep and goats by between 20 and
55% (Tamminga et al., 2007; Waghorn, 2008). In addition,
evidence has been presented that O. viciifolia can also
reduce the shedding of Escherichia coli O157:H7 in
cattle faeces (Berard et al., 2009). This is a particular pro-
blem during the spring thaw in Canada, when manure
mixes with the snowmelt and contaminates the environ-
ment in the run-off from the frozen soil.

Biohydrogenation for improved milk and meat
composition

Methane production and biohydrogenation are closely
linked as both the processes remove hydrogen from the
rumen fermentation system (Tamminga et al., 2007).
However, biohydrogenation destroys potentially valuable
plant compounds such as polyunsaturated fatty acids
(PUFAs), which are beneficial to human health if they
can be transferred from the plant into meat or milk
(Givens and Shingfield, 2004; Tamminga et al., 2007).
Biohydrogenation converts PUFAs into the less desirable
saturated fatty acids.

Anti-parasitic properties

Gastrointestinal nematodes are a major, worldwide threat
to animal welfare and production (Hoste et al., 2000).
Nematode resistance against all three classes of anthel-
mintic drugs is developing rapidly across the world, chal-
lenging conventional drug treatments and threatening
areas of livestock farming. FAO guidelines strongly rec-
ommend that combined strategies should be developed
to deal with this problem (FAO, 2004). Annual ruminant
production losses due to parasitic nematodes cost
millions of dollars (>US$ 300m in USA in 1995; ~AU$
220m in Australia; ~US$ 26 m in Kenya) (FAO, 2004;
Waller, 2006). Alternative sustainable solutions are now
urgently required to replace these drugs. Tannins rep-
resent an untapped, natural resource of biologically
active compounds. They can modulate nematode biology
at key life cycle stages. O. viciifolia and other tannin-con-
taining forage legumes have potential for reducing worm
burdens in ruminants (Waghorn, 2008). Both dried and
ensiled O. viciifolia lowered faecal egg counts from
lambs that were infected with Haemonchus contortus
nematodes (Hiring et al., 2008) and Trichostrongylus
colubriformis (Rios-de Alvarez et al., 2008). Similar
results were obtained with goats infected with H. contor-
tus, Teladorsagia circumcincta and T. colubriformis
(Paolini et al., 2005). In addition, enhanced immune
cell development was observed in the intestinal tissue
from sheep after feeding O. viciifolia (Rios-de Alvarez
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et al., 2008). Regular feeding of O. viciifolia hay to graz-
ing lambs and goats could, therefore, be used to improve
host resilience and thus lower pasture contamination.
The anthelmintic bioactivity of O. viciifolia is maintained
in hay or silage (Ojeda-Robertos et al., 2010), thus
providing an early spring resource around parturition
when host immunity of mother and newborn is low.

Phytochemical basis for nutritional and veterinary
benefits

The phytochemical composition of O. viciifolia has been
investigated for over 35 years (Bate-Smith, 1975; Dewick,
1977; Ingham, 1978; Russell et al., 1984; Koupai-Abyazani
et al., 1992, 1993a,b; Lu et al., 2000; Marais et al., 2000;
Regos et al., 2009). While most research indicated that
the L. pedunculatus and O. viciifolia tannin structures
were similar in terms of procyanidin to prodelphinidin
ratios (Fig. 4) (Czochanska et al., 1980; Marais et al.,
2000; Hedqvist et al., 2000), other reports suggested
that O. viciifolia tannins were unusual, difficult to
extract (Bate-Smith, 1975), with very high molecular
weights (Jones et al., 1976) and capacities for binding pro-
teins (Jones et al., 1976; McAllister et al., 2005). An optimal
tannin concentration has yet to be defined for O. viciifolia.
Studies on Lotus species showed that dietary tannin
concentrations below 5% (on a dry matter basis) would
benefit ruminant production, while higher levels inhibited
protein and carbohydrate digestions (Barry and McNabb,
1999; McMahon et al., 2000; Min et al., 2003). Conversely,
O. viciifolia containing up to 8% tannins had a high
nutritive value for sheep (Waghorn and McNabb, 2003).

Recent research in the EU ‘Healthy Hay project
revealed that the tannin composition in the National
Institute of Agricultural Botany O. viciifolia germplasm
collection showed considerable variation (Stringano
et al., 2010), varying by more than fourfold. The average
number of flavanol units per tannin polymer (i.e. mean
degree of polymerization) varied sevenfold, prodelphini-
din tannin constituents ranged from 53 to 95% and flava-
nol trans:cis ratios ranged from 12:88 to 34:66. The
protein-binding strengths of these molecules are still to
be determined. Given this variation among the different
O. viciifolia lines, it is not surprising that many animal-
feeding trials showed contradictory results in terms of
enhancing nitrogen absorption by ruminants (see
above). Most research did not specify which O. viciifolia
lines had been used to feed the animals, and this now
precludes any further interpretation of the results.

The analytical techniques may not have been appro-
priate for nutritionally relevant tannins (Mueller-Harvey,
2000). O. viciifolia tannins are difficult to purify, and
this complicates their analysis (Gea et al., 201D).
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Stewart et al. (2000) demonstrated that the widely used
HCl-butanol assay can also lead to contradictory results
if inappropriate and impure tannin standards are used.
We consider that the excellent nutritional properties of
O. viciifolia, which were reported by several authors, were
caused by particularly effective tannins or enzymes, and
their identities await further investigation through a multi-
disciplinary approach. We also propose that O. viciifolia
composition can be optimized through plant breeding.

Breeding and varieties

Various  breeding programmes have successfully
improved the agronomic performance of both M. sativa
and Trifolium species, but little research has been
directed towards improving O. viciifolia varieties in
Europe. A few isolated breeders still register new culti-
vars adapted for specific needs, but the breeding pro-
grammes are very small and do not take into account
the huge diversity available. O. viciifolia varieties differ
largely in terms of winter hardiness, maturity, yield
potential and many other factors (Shaw, 1968). Agricul-
tural varieties of O. viciifolia do not rigidly align with
either of the two original types, common or giant.
Some well-known landraces are Cotswold Common,
Hampshire Common and Somborne, which are primarily
common types, while Hampshire Giant and English
Giant are giant types. New varieties derived from these
two types include Nova and Melrose developed in
Canada in the 1970s, Eski, Remont and Remunex from
the USA in the 1960s and 1970s, Zeus and Vala from
Italy, Perly from Switzerland, Fakir from France and
Emyr from Hungary (Koivisto and Lane, 2001). Shoshone
was released in 2006 in Wyoming, USA and has good
agronomic performances (Gray et al., 2006). G35 was
released in New Zealand and is adapted to New Zealand
climatic conditions (Rumball and Claydon, 2005). Some
breeding is also currently ongoing in Italy (Martiniello,
2005). In 2010, only 19 varieties of O. viciifolia were
registered (http://ec.europa.eu/food/plant/propagation/
catalogues/comcat_agri_2008/37.html) on the European
common catalogue. There are no O. viciifolia guidelines
available for the conduct of tests for distinctness, uni-
formity or stability produced by the International Union
for the Protection of New Varieties of Plants. Further-
more, the biological potential of the lines is still not
taken into account in breeding programmes.

Conclusion and future perspectives

O. viciifolia is potentially a very useful forage crop, par-
ticularly for sustainable farming approaches. It represents
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an alternative to M. sativa or Trifolium sp. in some
locations and can be fed ad libitum in contrast to other
forage legumes. The beneficial effects of Onobrychis sp.
could be realized by rigorous modern breeding inputs.
Currently, a 4-year European project ‘Healthy Hay’ sup-
ported by the European Commission and consisting of
a consortium of 14 partners is evaluating agronomic, gen-
etic, nutritional and veterinary properties from a unique
and extensive germplasm collection. Other Onobrychis
species that could be used to increase the diversity avail-
able for breeding are currently being identified. In
addition, other species of Omnobrychis that may be
crossed with O. viciifolia to enhance biological proper-
ties and agronomic potential are being considered for
selection (Hayot et al., unpublished). Taxonomic clarifi-
cation, identification of beneficial compounds and their
metabolic pathways, biological properties assessment
and selection of the more promising lines and species
are among the information expected to arise from this
project. These will be an important source for future
O. viciifolia breeding programmes. A precedent has
been set in New Zealand, where breeding programmes
have already improved the persistence of L. corniculatus.
(Waghorn, 2008).

The divergent findings in terms of the efficiency of
nitrogen utilization by ruminants may reflect the choice
of lines that were used. Unfortunately, variety name,
the type (common or giant) or even plant maturity
were rarely specified. We now know that these factors
and location all affect tannin and polyphenol compo-
sition (Theodoridou et al., 2010). Aufrere et al. (2008)
concluded that further research was needed to determine
qualitative and quantitative changes in tannin contents
and structures according to growth stages and the impli-
cations of these changes for tannin—protein interactions
in the digestive tract.

Different lines with contrasting polyphenol, tannin and
enzyme compositions also need to be evaluated for their
nutritional and anthelmintic efficacy to provide guide-
lines for future plant breeding programmes. One breed-
ing goal will be to develop varieties with stable,
heritable tannin and polyphenol composition (Mueller-
Harvey and Dhanoa, 1991).

Future plant breeding priorities

In the future, breeding priorities should include an
improvement in both total germination and synchronicity
of germination in a sward. This has a negative impact on
early establishment and can lead to weediness during the
first year, which causes an unwelcome management pro-
blem to farmers. Other aspects such as a slightly reduced
root to shoot ratio of early establishment could also be
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improved during seedling establishment. Most genetic
lines currently channel resources into a very long taproot
at the expense of leafy growth; this ensures that the plant
is highly drought tolerant, but the lack of a leafy canopy
makes it prone to competition from weeds during this
first year. These priorities should be allied to the best
anthelmintic properties observed in some varieties, due
to the presence of the tannins and other secondary
metabolites.
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