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» The species is the principal unit of evolution
and it is impossible to write about evolution,
without having a sound understanding
of the meaning of biological species”
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1. INTRODUCTION

1.1. MORPHOLOGY, BIOLOGY AND DISTRIBUTION OF THE GENUS LOLIUM

The name of the genus Lolium (ryegrasses) first was mentioned in Virgil's Georgics. It
is an old Latin name given for a troublesome weed, Lolium temulentum. The genus consists
of about eight recognised species that are mostly annual herbs (Figure 1.1). Lolium plants
can be as short as 10 cm but also quite high culms are observed (150 cm). A quick check
to determine if the grass is Lolium is to see if there are two glumes. In the single spikelike
flowerhead the spikelets are attached edgewise directly to the spike axis and along this edge
there is no glume. Plants are bisexual, with bisexual spikelets and hermaphrodite florets. The
three species, L. multiflorum, L. perenne and L. rigidum are wind-pollinated, out-breeding
(allogamous) species, the other four, L. loliaceum, L. persicum, L. remotum, and L. temulen-
fum are self-pollinated, inbreeding species (autogamous), while L. canariense shows a mod-
erate level of cross fertilization. All species are diploids with 2n=14, but due to breeding
activities tetraploid cultivars are available. The mean haploid nuclear DNA content is 5.0 pg
and ranges from 2.2 to 6.9 pg (Terrel 1968; Watson and Dallwitz 1999).

The genus Lolium consists of Old World Species. It is native to Europe, temperate Asia
and North Africa although most species have been widely distributed around the temper-
ate areas of the world. They are common as weeds or cultivated fodder grasses in North
America, Australasia and Pacific region (Table 1.1). The only exception is L. canariense that
is endemic to the Canary Islands. The widest distribution is observed for two allogamous
species, L. multiflorum and L. perenne and autogamous L. temulentum including almost the
whole Europe, the significant part of Asia, Africa, Australasia and both Americas. However,
L. multiflorum also known as ltalian ryegrass grows the best in Mediterranean climates. On
opposite, L. perenneis found growing further north than any of the other species and it is best
adapted to cool, moist climates where winter kill is not a problem. It is interesting to note that
this species is more sensitive to temperature extremes and drought than annual ryegrass.

The members of the genus Lolium are adapted to mild, humid climate but they are toler-
ant of a wide range of soils and climates. They grow best on rather heavy, fertile, moist soils,
but do well on lighter soils with sufficient moisture. The optimum soil pH is between 5.5 and
7.5 although both more acidic (pH 5.1) and more alkaline (pH 8.4) soils are also tolerated.
They perform less than optimum during a drought or periods of extended low or high tem-
perature. Some species tolerate long periods of flooding (“Species: Ryegrass” 2006).
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Palea:
. narrower than,
Caryopsis: lemma
dorsiventrally membranous
cg:’npresbsedvd | usually smooth, Spikelets:
oblong, broadly g giliolate 7296 mmi
ecliptic or ovate, mm long,

laterally compressed,

Lemma: attached directly to the stem

lanceolate,
ovate or oblong,
rounded,
membranous,
unawned or awned

\ /\ Florets:
\ ’ 2-22in a spikelet,

distal florets reduced

Upper glume:
from shorter
to exceeding

Lower glume: the distal florets

absent from all
but the terminal
spikelets

Auricles:
absent or
present

Ligule:

up to 4 mm,
membranous,
glabrous

Culm node:
glabrous

Culm internode:
hollow
Leaf blade:
linear,
flat, folded or
rolled, without
cross venation

Leaf sheath:
open, rounded, glabrous
sometimes scabrous

Leaves:
not basally aggregated
with narrow blades

Rhizomes:.
short

Figure 1.1. The overall Lolium diagram

2-12 mm wide,

Inflorescence:
distichous spikes
with solitary
spikelets oriented
perpendicular

to rachis
concavities

Culm:

10-150 cm,
slender to stout,
erect to decumbed,
rarely prostrate
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Table 1.1. Distribution of the genus Lo/ium
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Species

Native

Introduced

L. canariense

Africa: Macaronesia,
endemic to the Canary Islands

Europe: northern, central, southwestern; Asia-

L. foliaceum temperate: Soviet Middle Asia, Caucasus, Australasia: Australia
western Asia; Asia-tropical: India
Europe: eastern; Asia-temperate: Soviet far .
L. persicum east, Soviet Middle Asia, Caucasus, western North Ag;ﬁ:g:' r‘:‘f:ﬁ;ﬁ;?ﬁgeaswm
Asia, Arabia, China; Asia-tropical: India !
Europe: northern, central, southwestern, eastern;
L. remotum Africa: north, Macaronesia; Asia-temperate: Australasia: Australia

Siberia, Soviet far east

L. temulentum

Europe: northern, central, southwestern,
southeastern, eastern; Africa: north,
Macaronesia, northeast tropical, east tropical,
southern tropical, south and western Indian
ocean; Asia-temperate: Siberia, Soviet far east,
Soviet Middle Asia, Caucasus, western Asia,

Australasia: Australia and New Zealand;
Pacific: north-central;

North America: Subarctic, western Canada,
eastern Canada, northwest USA, northeast USA,
southwest USA, south-central USA, Mexico;
South America: Mesoamericana, Caribbean,
northern South America, western South America,

Arabia, eastern Asia; Asia-tropical: India, Brazil, southern South America; Antarctic:
Subantarctic islands
Australasia: Australia and New Zealand;
Pacific: north-central;

North America: Subarctic, western Canada,
eastern Canada, northwest USA, north-central
USA, northeast USA, southwest USA, south-

Europe: northern, central, southwestern,
southeastern, eastern; Africa: north,
Macaronesia, northeast tropical, east tropical,
southern tropical, south; Asia-temperate: Soviet
far east, Soviet Middle Asia, Caucasus, western central USA, southeast USA, Mexico; South
Asia, Arabia, China, eastern Asia; Asia-tropical: America: Mesoamericana, Caribbean, western

India South America, Brazil, southern South America;
Antarctic: Subantarctic islands
Australasia: Australia and New Zealand;
Pacific: south-central, north-central;
North America: Subarctic, western Canada,
eastern Canada, northwest USA, north-central

L. muttiflorum

Europe: northern, central, southwestern,
southeastern, eastern; Africa: north,
Macaronesia, northeast tropical, southern

L. perenne tropical, south; Asia-temperate: Siberia, Soviet USA, northeast USA, southwest USA, south-
Middle Asia, Caucasus, western Asia, Arabia, central USA, southeast USA, Mexic;, South

China, eastern Asia; Asia-tropical: India, Indo- America: Mesoamericana, western South

China America, Brazil, southern South America;

Antarctic: Subantarctic islands
Europe: central, southwestern, southeastern,
eastern; Africa: north, Macaronesia, south; Asia- Australasia: Australia and New Zealand;
L. rigidum temperate: Soviet far east, Soviet Middle Asia, South America: southern South America;

Caucasus, western Asia, Arabia, eastern Asia; Antarctic: Subantarctic islands
Asia-tropical: India

Summarized on the basis of Clayton et al. 2006

1.2. ECONOMIC IMPORTANCE OF THE GENUS LOLIUM

The genus Lolium is probably the most highly domesticated of all herbage grasses. In
general all ryegrasses are significant weed species, some are cultivated and they can be ca-
sually used in folk medicine. The association of L. temulentum with corn and L. remotum with
flax may be as remote as 2000 years ago and even annual L. loliaceum has been found to
be connected with human activities in certain areas of Australia and America (Jenkin 1959).
The evil reputation of L. femulentum is of very ancient date. The name “Darnel” is of French
origin and means stupefied because of symptoms such as confusion in mind, very great
depression, paralysis, tremors and convulsions observed in people poisoned by eating meal
containing L. temulentum seeds. However, the poisonous properties of Darnel are now gen-
erally believed to be due to an ergot. This view is supported by the fact that the poisonings
have been most frequently observed in low, wet areas during wet seasons. L. temulentum is
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occasionally used in folk medicine to treat headache, rheumatism and externally in cases of
skin diseases (Clarke 2000).

L. persicum, Persian darnel belongs to one of the most serious weeds in North America,
where it has been recently introduced. At high densities it could cause wheat yield loss up
to 80%. Because of short stature Persian darnel is difficult to see in maturing grain field
and therefore, it often grows unchecked allowing the population to build until it is too late.
In addition, L. persicum has developed resistance to herbicides as well as it is able to pro-
duce seeds following herbicide applications. Such attributes as early emergence and rapid
development make the Persian darnel especially competitive weed in dryland wheat and oat
production (Bussan and Trainor 2001).

All allogamous species can be cultivated but they can become serious weeds when they
escape from fields. Originating at least partially from cultivars, they often display a propensity
to evolve resistance to herbicides. In Australia L. rigidum used to be a useful agricultural plant
in areas with a short winter rainy season. But at present it is established in large numbers
over the 40 million ha that embrace the southern Australian winter cropping and pasture re-
gion. Populations of this species display resistance to most of the major herbicides (Powles
et al. 1998).

The two most important ryegrass species are Italian ryegrass (Lolium multiflorum) and
perennial ryegrass (Lolium perenne), which widely grow as forage and cover crops as well as
turf grasses in Europe, North and South America, New Zealand and Australia. They estab-
lish rapidly, have a long growing season and high yield under favorable environment. Italian
ryegrass has a bunch-type growth and flowers in day lengths greater than 11 hours. There
are no winter or cold weather requirements to flower and therefore, it will flower through-
out the summer. Perennial ryegrass is also a bunch-type grass but unlike Italian ryegrass,
it requires a dormancy period of low temperatures to induce flowering. Cultivars of both
ryegrasses are primarily diploids but numerous tetraploid cultivars for forage uses have been
developed. They have higher digestibility and grazing preference due to a higher percentage
of sugars (“Species: Lolium perenne’ 2006).

Both ryegrasses are considered to be high quality forage, and their high digestibility
together with high crude protein content during vegetative growth make them suitable for
all classes of livestock and most wild ruminants. Italian ryegrass produces high yields and
maintains productivity through mid-summer better than most other cool season grasses and
thus, it provides high quality grazing for dairy cattle. Fresh early bloom aerial portion of
Italian ryegrass contain 55% of nitrogen-free extract, 30% of crude fiber and almost 6% of
crude protein (Carey 1999). For early sowing, the true annual type of L. multiflorum is used -
var. westerworldicum characterized by very high vigour and high yields. Annual Westerwold
ryegrass was probably introduced as an ecotype selected from Italian ryegrass in the begin-
ning of the XX century (Jenkin 1959).

Perennial ryegrass is considered the premier quality pasture grass throughout the
world, having higher digestibility than other temperate perennial grass species. Depending
on the developmental stage the average in vitro digestibility ranges from 71% for mature
plants up to 88% during vegetative growth. The crude protein content increases with nitrogen
soil fertility and can reach as much as 18% (“Species: Lolium perenne” 2006). The grass is
also a good source of carotene (4.8 mg/100 g). It contains free fructose, fructosan, mannitol,
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a complex mixture of oligosaccharides, oxalic-, citric-, malic-, and shikimic acids, glycerides,
and a wax containing hexacosanol. Seeds are comparable to oats in nutritive value; they
contain a prolamine and a gluten similar to wheat gluten (Duke 1983). It is suitable for all
classes of livestock, especially those with high nutrient requirements such as young, growing
animals and lactating dairy cows. L. perenne is often harvested for silage and hay except
high rainfall and humidity areas (Hannaway et al. 1999).

High growth rates make perennial ryegrass valued for use in nutrient recycling system.
It can utilize up to 450 kg of N/ha from livestock manure or biosolids. This ability results in
high quality forage and protects groundwater from contamination (Hannaway et al. 1999).

The use of ryegrasses for turf has exploded in the last thirty years. Italian ryegrass pre-
dominates in homeowner lawns while perennial ryegrass is preferred for parks, sport turf and
golf courses. L. perenne is especially popular in warmer climates where it remains green all
winter. Perennial ryegrass is well suited to soil conservation on badly eroded mine spoils or
severely burned areas. lts extensive and fibrous root system makes it effective for reducing
soil erosion. It provides rapid cover and allows longer-lived or more winter-hardy species to
become established (Hannaway et al. 1999). L. hybridum was first introduced about 20 years
ago in order to combine some of the best qualities of L. perenne with some characters of
L. multiflorum. The resultant plants have attributes of both species. It is less winter hardy but
higher yielding that perennial ryegrass. It can be used for temporary turf and forage produc-
tion.

Because of excellent features as agricultural and recreational species, the ryegrasses
have become the dominant component of grasslands in temperate areas of the world. The
close contact with major human population centers together with the presence of the aller-
genic proteins in the pollen, lead these species to be one of the most important causes of the
seasonal asthma and hay fewer. A range of allergens have been identified in ryegrass pol-
len which are complex mixture of various proteins. At least 17 allergenic proteins have been
identified in perennial ryegrass pollen (Spangenberg et al. 2006). The major allergen, Lol pl
is a glycoprotein of about 27 kDa to which 85-90% of ryegrass allergic patients are sensitive.
Lol p Il is the second major allergen, to which 45% of ryegrass allergic patients are reactive
(Sidoli et al. 1993).

1.3. ORIGIN AND POSITION OF LOLIUM WITHIN POACEAE

For years there has been a great deal of disagreement over the origin and classifica-
tion of ryegrasses. What is the common ancestor of the genus, or what is the position within
the grass family, or what are relationships between the Lolium species? A major limitation
of these considerations is the lack of data about natural distribution. The genus has been
accompanying man for ages that makes the natural populations and cultivars uniform. The
earliest records of its cultivation arise from the 13™-14" century (Jenkin 1959). All ryegrasses
are supposed to originate from the Mediterranean basin wherefrom migrated northwards in
Europe. Because they are known as weeds or cultivated crops they probably evolved in close
association with primitive agriculture (Charmet and Balfourier 1994).
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On the basis of embryo type, leaf anatomy, and chromosome base number the genus
Lolium is classified within the family Poaceae, and the subfamily Pooideae (Figure 1.2).
The subfamily Pooideae is one of the major lineages of the grasses that diverged together
with Bambusoideae and Ehrhartoideae during the first major radiation of the grasses about
46 million years ago (Kellogg 1998; Gaut 2002). These three subfamilies are often referred
as BEP clade. According to the most recent classifications based on chloroplast restriction
site variation, sequences of different chloroplast genes, some nuclear genes and internal
transcribed region (ITS), the Pooideae contains 12 tribes. The four from six more recently
diverged tribes “Triticeae, Bromeae, Poeae and Aveneae are united by having large chromo-
somes of x=7 and they are often classified as “Core Pooids”. The “Core Pooids” are resolved
into two clades, first consisted of two closely related monophyletic tribes Poeae and Aveneae
while the second one contains Bromeae and Triticeae (Catalan et al. 1997; Kellog 1998;
Gaut 2001).

The close association of the genus Lolium with agriculture in addition to the morpho-
logy of inflorescences that, at first glance, are like the spikes of barley or rye persuaded
early researchers to the classification of ryegrasses within the tribe Triticeae (syn. Hordeae,
Hordeeae). Referring to Lolium systematics Jenkin (1959) wrote, “Spicate inflorescences
placed the genus Lolium easily and naturally into this tribe and even the inflorescences are
branched, the branching is a kind peculiar to Lolium’. On the other hand, Hubbard (1948)
argued that the spicate inflorescence of Lolium might have a separate evolutionary origin.
Considering spikelets, starch grains in the seeds and crossability between Lolium and Fes-
tuca he was the first who classified ryegrasses in the tribe Festuceae. Further cytological
and molecular studies have supported the close relationships between both genera and all
modern classifications include Lolium and Festuca into the tribe Poeae (syn. Festuceae)
together with the other grasses such as Poa, Dactylis. The linkage between Festuca and
Loliumis supported by the fact that F. arundinacea and L. perenne share a two-codon inser-
tion in the chloroplast ndhF gene relative to the other Pooideae (Catalan et al. 1997). Of par-
ticular importance are the relationships between Lolium and broad-leaved fescues including
F. pratensis (meadow fescue), and F. arundinacea (tall fescue) i.e., those historically placed
in Festuca subg. Schedonorus. Charmet et al. (1997) reported that tall fescue and meadow
fescue were the most similar to all ryegrasses on their UPGMA dendrograms based on
cpDNA restriction sites and ITS (Internal Transcribed Spacer). They estimated the diver-
gence of Festuca from Poa trivialis about 13 million years ago, and then broad-leaved and
fine-leaved fescues split about 9 million years ago.

The genus Lolium is considered to be more recent than Festuca, because it produced
no polyploids and has a restricted distribution (Bulinska-Radomska and Lester 1988). The
small number of species within Lolium (about 8 species) in comparison with Festuca (about
400 species) has also been taken as evidence of a more recent origin of the former. How-
ever questions inevitable arise if Lolium originated from Festuca or both genera had a com-
mon ancestor. Essad (1962) suggested that Lolium was derived from Festuca through the
transformation of a panicle into a spike. In the course of grass evolution, spike and panicle
form of inflorescence have frequently arisen from each other. Likewise, restriction sites in
cpDNA show that the genus Lolium has diverged from Festuca about 2 million years ago
(Charmet et al. 1997), long after the differentiation of fine-leaved fescues (subg. Festuca).
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The evidences from ITS and #rnL-F sequences might weight in favour of the Lolium evolu-
tion from a perennial, European Schedonorus ancestor (Catalan et al. 2004). On the other
hand, experimental data from protein studies (Bulinska-Radomska and Lester 1988) and
patterns of cross-hybridization (Xu et al. 1992) make more plausible the Stebbins (1958)
hypothesis that both genera had a common ancestral form with a base chromosome num-
ber x=7. Notwithstanding these difficulties in finding any ancestral form, the ease of inter-
specific hybridization between Lolium and Festuca from the subgenus Schedonorus and
similarity of large number of morphological characters convinced some taxonomists for
classification of Schedonorus within the genus Lolium (Darbyshire 1993; Stammers et al.
1995). Under this taxonomic scheme Lolium is not any longer a small genus with only dip-
loid species but it consists from a number of species with various ploidy levels. The in-
corporation of Schedonorus into the genus Lolium suggests that polyploidy has played
an important role in its evolution (Craven et al. 2005). If we assume, as most grass ta-
xonomists will argue, that diploidy is the ancestral condition, then all Lolium species should
be regarded as more ancient than all polyploid fescues from Schedonorus. It should be
noticed, however, that the above classification is not widely accepted. One emerging con-
sensus seems to be that the relationship between Festuca and Lolium is difficult to deduce
conclusively on the basis of available molecular data.

1.4. TAXONOMY OF THE GENUS LOLIUM

Another challenge underlying the genus Lolium s in finding the progenitor and defining
exactly a kind of species differentiation. In principle, monophyly of Lolium has been accepted
but it is still a source of contention either L. perenne or L. rigidum is the common ancestor
of the genus. Based on total nuclear DNA content, which increases from L. perenne (4.2 pg)
to L. temulentum (6.2 pg), Thomas (1981) speculated that speciation of Lolium might have
involved isolates of L. perenne. Protein studies suggest as well that the ancestral forms of
Lolium have been most like the present perennial ryegrass (Bulinska-Radomska and Lester
1988). An evolutionary trend in reduction of life-cycle from the perennial forms to the annual
taxa seems to be supported by the combined analyses of ITS and #nL-F sequences (Cata-
lan et al. 2004). Alternatively, most authors agree that the common ancestor has its closest
affinity with L. rigidum (Malik 1967; Charmet and Balfourier 1994). But somewhat an intrigu-
ing calculation when the differentiation of the genus into species has begun was proposed.
Firstly, using isozymes Charmet and Balfourier (1994) postulated that the evolution of Lolium
has started about 10 000 years ago in close association with primitive agriculture. When
the data from chloroplast DNA were employed it turned out that differentiation of the genus
into species has begun much earlier, about one million years ago in the Middle East, at the
same time as reported for the genus Triticum (Charmet et al. 1997). So, there is tremendous
discrepancy.

The uncertainties related with Lolium phylogeny contribute greatly to the ambiguity of
the taxonomic classification of the genus. Moreover the frequent revision of classification
schemes using the different names for slightly dissimilar variants of the same species makes
them confusing. Terrel (1968), for example, found almost 500 published names for the dif-
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ferent species, and many of them were synonymous. At least 30 different synonyms can be
found in the Integrated Taxonomic Information System of the USA (2007) and Flora Europea
(2007). The fewest synonyms have been recorded for self-pollinated species L. persicum
and L. remotum while the most have been noticed for L. multiflorum and L. loliaceum (Table
1.2). The latter species was classified by Terrel (1968) as L. rigidum var. rottbollioides, Ma-
lik (1967) referred to it as an intermediate species between L. rigidum and L. temulentum
while some authors used L. subulatum as a synonym of L. loliaceum (Bennett 1997). The
taxonomy of ryegrasses is additionally complicated by different mode of classification in the
USA and Europe.

Table 1.2. Accepted and synonymous names for Lolium

Mode of

A d C
ccepted names Synonyms OmmMOn NAMES | o production

Lolium canariense Steud intermediate

L. crassicu/me Rech.f.

e[ lepturoides Boiss.

e[ rigidum var. rottboliodes Heldr. ex Boiss

Lolium loliaceum Bory &Chaub oL rigidum ssp. Jepturoides (Boiss.) Sennen &
Mauricio

L. subulatum Vis

*Rottboellia loliaceum Bory & Chaub

Lolium persicum Boiss & Hohen. . dorei Boivin ePersian darnel

ex Boiss. e[ dorej var. faeve Boivin ePersian ryegrass

e[ temuientum ssp. remotum (Schrank)

Lolium remotum Schrank AlLbve &D. Léve *Flax darnel

L. linicola A.Braun

oL. arvense With.

. temulentum var. arvense (With.) Lilja

e[ temuientum var. leptochaeton A. Braun

L. temulentum var. macrochaeton A. Braun

e[ aristatum Lag.

L. gaudinii Parl.

L. italicum A. Braun

o[ muitiflorum var. diminutum Mutuel eAnnual ryegrass

Lolium multiflorum Lam. L. muitifiorum var. muticum DC. eltalian ryegrass

oL perenne ssp. muitifiorum (Lam.) Husnot eDarnel

e[ perenne var. aristatum Willd.

o[ . perenne var. muitifiorum (Lam.) Parnell

L. sicufum Parl.

e[ cristatum L. ex Nyman

oL muitiflorum var. ramosum Guss. ex
Arcang.

e[. perenne var. cristatum Pers. ex B.D.
Jackson

e[ perenne ssp. perenne L.

e[ parabolicae Sennen ex Samp.eL. perenne

Lolium rigidum Gaudin ssp. rigidum (Gaudin) A.& D. Léve

L. strictum C. Presl|

Hybrid species

snowebojne

eDarnel
eDarnel ryegrass
ePoison darnel

Lolium temulentum L.

snoweboje

eCrested ryegrass
eEnglish ryegrass
ePerennial ryegrass

Lolium perenne L.

o Stiff ryegrass
eWimmera ryegrass

Accepted name Hybrid between:
Lolium x hybridum eL. multifiorum x L. perenne
Lolium multiflorum x remotum oL multifforum x L. remotum
Lolium multiflorum x temulentum oL. muitifiorum x L. temulentum
Lolium perenne x remotum oL. multiflorum x L. remotum
Lolium perenne x rigidum L. perenne x L. rigidum

Summarized on Flora Europea (2007) and the Integrated Taxonomic Information System (2007)

In the absence of fossil records ryegrasses are classified according to easily detected
characteristics that, hopefully, do not alter much with environment. More than twenty char-
acters related with spike and leaf morphology are usually taken into account (Table 1.3).
Each classification considers different characters as the most important ones. The spikelet
number, length of the glumes, shape of lemma, length of caryopsis, presence or absence of
awns and longevity are given prominence in most classification schemes. But morphology
alone failed to unambiguously resolve systematic relationships because some degree of
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overlap between species has been observed (Bennet 1997; Loos 1993a; Bennet et al. 2000).
To further complicate the picture all allogamous species can intercross freely and produce
a spectrum of intermediate forms. No completely negative results are obtained even when
out-pollinated types are intercrossed with self-pollinated species (Jenkin 1959). Therefore,
Terrel (1968) recommended classifying only the extremes as species and also recognising
introgressions between them. As a result, it has been a habit to classify intermediate forms as
hybrids and dignifying them with a specific “Latin” binomial name. At the moment at least five
interspecific hybrids are recorded in Flora Europea (2007) however, they are not accepted in
the Integrated Taxonomic Information System of the USA (2007).

In general, the genus can readily be divided into two sections according to whether the
plants are normally self-pollinated or out-pollinated. The allogamous forms are supposed to
be evolutionary younger than autogamous ones. This segregation is consistently observed
in morphological (Jenkin 1959; Loos 1993a), isozyme (Loos 1993b; Charmet and Balfou-
rier 1994; Bennett et al. 2002), rDNA (Charmet et al. 1997; Warpeha et al. 1998) and low-
copy nuclear sequence studies (Polok 2005). On the other hand, in some studies inbreeding
L. remotum can also be clustered with out-breeding L. multiflorum (Bennett 1997) or
L. rigidum (Bulinska-Radomska and Lester 1985). There is no strong consensus on the phy-
logenetic placement of L. loliaceum (L. subulatum), probably because this species has been
rarely included in analyses.

Further distinction within these two groups is even more difficult. Terrel (1968) recog-
nized the inbreeding species as one group except of L. subulatum (L. loliaceum) but the
majority studies separate them easily (Loos 1993a; b; Charmet Balfourier 1994). In contrary,
little morphological and biochemical differentiation is found between cross-pollinated species
(Terrel 1968; Loos 1993 a; b). They show very wide intraspecific variation and stable types
exist, which do not easily fall into any of three outbreeders. Numerous natural hybrids are
also observed. Consequently Terrel (1968) classified the allogamous species as one group
with L. rigidum being a polymorphic complex made up of several elements. More recent-
ly, Bulinska-Radomska and Lester (1985) postulated the re-classification of L. multiflorum,
L. perenne and L. rigidum into three subspecies. But the above conclusion seems implau-
sible to the advocates of traditional “morphological view”. Explaining the varying degrees of
similarity between out-breeding species by the recent evolutionary divergence Stammers et
al. (1995) tried to find agreement between molecular data and classical taxonomy.

It is a pity that most conclusions regarding Lolium phylogeny are based on morphology
or a limited number of isozyme loci. Even though this classical approach has been comple-
mented by DNA analysis, nearly all studies employed only the data from chloroplast genome
(RFLP of trn, rbeL, psbC fragments: Charmet et al. 1997; RFLP of frn, psb fragments: Bal-
fourier et al. 2000; trnL-F sequences: Catalan et al. 2004). They support for generic relation-
ships between Lolium and Festuca, but support for relationships among Lolium is minimal.
In the consensus tree interfered from the trnL-F sequences all representatives of this taxon
collapsed in a large polytomy with representatives of the F. pratensis complex, F. fontqueri,
F. gigantea and Micropyropsis (Catalan et al. 2004). It should also be kept in mind that
evolutionary history based on cpDNA is that of the maternal lineage of the species. A com-
parable comprehensive nuclear data set from the genus Lolium is lacking. So far published
studies have incorporated mainly the internal transcribed spacer (Charmet et al. 1997; Gaut
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et al. 2000; Catalan et al. 2004) while both low copy nuclear genes and genome scanning
molecular markers are avoided. Although the tree resolution based on ITS was better than
this based on cpDNA, its interior nodes were consequently not resolved with certainty. Au-
togamous L. temulentum formed a single cluster with allogamous species, L. multiflorum and
L. perenne, while L. rigidum was grouped withL. remotum and L. subulatum (L. loliaceum).
Therefore, Charmet et al. (1997) concluded that the genus Lolium should be regarded as
a single entity as far as its uses as a genetic resource for the breeding programmes of culti-
vated species are concerned.

The knowledge about evolutionary history of the genus Lolium has both theoretical
and practical implications. Firstly, the phylogenetic relationships can serve as the basis for
a taxonomic system. Secondly, the ryegrasses are also crop plants and breeders wish to
know whether a particular plant is of the desired cultivar. Therefore, the especially important
is the determination of biological status of L. multifliorum and L. perenne, the most important
forage grasses over the world. Meanwhile these both species have become a subject of the
greatest dispute.

1.5. TAXONOMIC STATUS OF L. MULTIFLORUM AND L. PERENNE

The point at issue is whether L. multifliorum and L. perenne can be regarded as distinct
biological species or not. Indeed, in the most of European taxonomic systems, including
Flora Europea (2007), both ryegrasses hold the status of taxonomic species. They are dis-
tinguished on the basis of several morphological characters from which the growth habit,
leaf vernation and presence or absence of awns are the most discriminant (Table 1.3). But
even these characters are not absolute and a morphological feature of one species is also
observed in another. L. perenne, perennial ryegrass, is the only long-lived perennial in the
genus while L. multiflorum (annual ryegrass, Italian ryegrass) is rather an annual species.
However, it is not a true annual and may behave as a hiennial or even short-lived perennial
depending on environmental conditions (Cosgrove et al. 1999). The annual cultivated type of
L. multiflorum may be only a segregate from the non-annual ltalian ryegrass (Jenkin 1959).
The perennation is encoded by a few genes and the gradation from annual through winter an-
nual to perennial forms is observed in many plant species, for example in cultivated barleys
(Briggs 1978).

The attempts to properly identify L. multiflorum and L. perenne using the dichotomous
key can be very frustrating due to the overlap of variation in the majority of taxonomic char-
acters (Table 1.3). This lack of hiatus, that is a typical feature of biological species, is so
confusing that it is neither discussed nor investigated further. Bennett (1997) and Bennet et
al. (2000), for example, concluded that L. multiflorum and L. perenne showed a clear distinc-
tion despite the fact that their populations partially overlapped on the principal component
scatterplot. Similarly, Loos (1993a) stated that both species were distinct though all popula-
tions of Italian and perennial ryegrasses were similar and the first principal component did
not separate them. The advocates of L. multiflorum and L. perenne separation point out that
the overlapping range of variation indicates independent evolutionary processes that have
led to many different forms in each species. These forms can be classified as varieties while
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the intermediate forms that do not easily fall into one of the species are regarded as a result
of limited introgression. For example, the introgression was observed at some enzymatic loci.
Even so, these introgressions were not sufficient to hide the clear-cut divergence between
the two species (Charmet and Balfourier 1994; Bennet et al. 2002). Although the dendro-
grams seem do not support this view because L. multiflorum and L. perenne populations
were always mixed altogether.

On the other hand the difficulties in separation of L. multiflorum and L. perenne on the
basis of morphology and more recently on enzymatic and DNA level questioning their spe-
cies status. The searches for a marker that would be able to distinguish both ryegrasses
unambiguously is a never ending story and so far without a significant success. The seed-
ling root fluorescence also known as the Gentner’s test has been widespread as a supple-
ment to morphological data since it discovery in 1929. Generally, seedling roots of annual
ryegrass fluoresce when placed under ultraviolet light, and those of perennial ryegrass do
not fluoresce. But the test is not exact and both non-fluorescent L. multiflorum cultivars and
fluorescent L. perenne exist. Several attempts have been made to improve the identifica-
tion of ryegrasses by means of isozymes (Hayward and MacAdam 1977; Nakamura 1979;
Greneche et al. 1991) and DNA (Baker and Warnke 1999). The former method is generally
based on differences of band intensity and therefore, prone to human judgment errors. The
latter employs the linkage between DNA marker and the gene controlling the taxonomic
character such as first year flowering. Unfortunately, the linkage with first year flowering may
not be the best genetic separation to use because there are some perennial plants flowered
without vernalization in the first year of cultivation. Thus, the DNA test suffers the same prob-
lems as the morphological separation or root fluorescence. The behavior of L. multiflorum
and L. perenne is much the same to the different cultivars or ecotypes where such difficulties
in finding unique markers are common. Wheat cultivars were indistinguishable even when
AFLP (Amplified Fragment Length Polymorphism) was used. It was only when high vari-
able transposon sequences were employed; it was possible to find cultivar specific markers
(K. Polok, unpublished data). Similarly, botanical varieties of diploid bristle oat, Avena stri-
gosavar. glabrescens and A. strigosa var. subpilosa did not differ on the DNA level (Zielinski
and Polok 2005).

The absence of a strong species boundary between L. multiflorum and L. perenne can
be both a curse and a blessing. It is a curse on taxonomists because it is difficult to justify
the separation of species that can interbreed freely and they continue to do so indefinitely in
later generations. That is probably why the adherents of species status of L. multiflorum and
L. perenne explain that their hybridization is a recent phenomenon, not observed or limited in
the past. At present these species are sown beyond their natural distribution and therefore,
they come into contact. This resulted in frequent hybridization and gene flow (Bennett et al.
2002). But the full crossability of L. multiflorum and L. perenne is also a blessing because it
can be the strongest evidence supporting the hypothesis that they are not biological species.
Naylor (1960) was the first who proposed to classify Italian and perennial ryegrass as one
species. More recently the same suggestion was made by Bulinska-Radomska and Lester
(1985) based on morphology and isozymes and Zielinski et al. (1997) based on isoenzymes
and RAPD (Random Amplified Polymorphic DNA).
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According to the biological species concept, species are groups of actually or potentially
interbreeding natural populations which are reproductively isolated from other such groups
(Mayr 1996). Under this definition species are biological and evolutionary entities and there-
fore, it is perhaps less arbitrary definition than the other species concepts. The speciation
is gradual process that in many cases yields intermediate outcomes. It is a challenge to
distinguish at what particular points of evolutionary time two populations are if the hybrids
are partially fertile (Avise 2004). But two situations are black-and-white - the presence of
a full reproductive barrier that is typical of good biological species and its lack - the feature
of conspecific populations. The hybridization between closely related but still biological spe-
cies always leads to the reduction of fertility and viability of F,. The hybrids between closely
related Hordeum vulgare and H. bulbosum are not developing because the chromosomes of
H. bulbosum are rejected during first days after pollination. Despite L. perenne can be suc-
cessfully intercrossed with F. pratensis (2n=14), F. arundinacea (2n=42) and F. gigantea
(2n=42) and all F, hybrids reach the flowering stage, they can be propagated only vegeta-
tively. These F, hybrids are often functionally male sterile and female fertility is also very
low. The similarly poor results and no ovary stimulation are observed when L. multiflorum or
L. perenne are crossed with L. remotum or L. temulentum (Jenkin 1959).

On the other hand, the absence of reproductive barriers raises no doubts that we are
dealing with conspecific populations irrespective how they are classified by plant taxonomists.
This is probably the situation we observe in L. multifiorum and L. perenne. The F_ hybrids
always reached the full maturity, were fully fertile and seedlings were established without any
problems (Jenkin 1959). What's more the heterosis effect i.e., higher vigour than in parents
has been frequently observed (Polok 2005). Another issue is whether both species can in-
tercross in nature or they are separated geographically. Data from the fluorescence test sug-
gested the uncommon hybridization in nature because two species have hardly overlapping
area (Arcioni and Mariotti 1983). Such conclusions are untenable in view of data from West-
ern Australia. The hybridization has occurred to such extent that few populations can now be
recognised as distinct species (Bennett et al. 2002). Similarly, the entire European population
is a group of hybrids with continuous variation (Cresswell et al. 2001). The argument about
recent origin of hybridization also seems not plausible. Although, because long lasting culti-
vation of L. multifiorum and L. perenne their natural range has not been known, and we can
speculate that their speciation may have occur allopatrically followed by secondary range
overlap, the primary sympatric distribution of both species seems more probable. As noted
by Jenkin (1959), L. perenne is rather a more southerly type originated from the Mediter-
ranean region or western Asia and it has migrated northwards along the coastal regions of
Western Europe as a camp-follower of man. The types were found in North Africa which are
adapted to very extreme southerly conditions. One difficulty in the above hypothesis involves
the lack of comprehensive experimental data dealing with crossability of L. multiflorum and
L. perenne except of old work of Jenkin (1959). Nevertheless, the difficulties in sustaining the
stability of strains if both species are sown within pollination distance and the intermediate
phenotype of Lolium x hybridum are believed to be associated with the lack of reproductive
barriers. This argument has taken precedence of the other in taxonomic considerations in the
USA. Thus, the Integrated Taxonomic Information System of the USA (2007) only accepts
L. multiflorum and L. perenne as subspecies within L. perenne.
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Reproductive isolating barriers develop as a by-product of genomic divergence. The
speciation process is associated with the conversion of genetic variability within a species
to between-species genetic differences. Together with the divergence of populations, the
similarity of their gene pools is falling down. The universal for the whole plant and animal
kingdom, genetic similarity (or gene identity) index is a good measure of population diversity
allowing multiple comparisons between many populations and species. Although, several
methods of the genetic identity estimation have been developed, the overall idea is the same
- the genetic identity is very low, close to zero, in well-defined biological species with the
full reproductive barrier while it is close to one in populations of a species. Between these
extremes is a huge gap, informing about the stage of divergence (Zielinski and Polok 2005).
The data from the allozyme era documented very well a wide spectrum of these evolutionary
processes in plants finally leading to revision of our knowledge about speciation. Unfortu-
nately, such analyses in Lolium were focused only on cultivar differentiation. The early en-
zymatic comparisons of L. multiflorum and L. perenne that proved to exhibit the allozyme di-
vergence more connected with populations than species were quite confusing (Loos 1993b;
Charmet and Balfourier 1994). Alongside the advances in molecular methods the speciation
process can be followed much more precisely at various stages. And again, the first empirical
data were clear: L. multiflorum and L. perenne are almost indistinguishable based on both
chloroplast and nuclear high-copy DNA (Charmet et al. 1997). Especially, the 100% identity
of ITS sequences isolated from individuals of both species has been surprising (Gaut et
al. 2000). However, the caution should be made about data from a single ITS sequence or
any other single-gene comparisons. Otherwise, genome scanning molecular markers permit
endless opportunities in speciation studies. Their tremendous phylogenetic power resides in
the extraordinary amount of cumulative information from vast numbers of loci. Even though
these high-throughout technologies have been developed in ryegrasses, they have been
used primarily for breeding purposes and hardly any studies are dealt with the comparison of
L. multifliorum and L. perenne. Finally, some data are coming from larger phylogenetic stud-
ies of Lolium-Festuca complex. The pioneering study of Stammers et al. (1995) and Zielinski
et al. (1997) based on RAPD markers indicated the very low divergence between ltalian
and perennial ryegrass but they included only cultivars and thus, could be biased by breed-
ing activities. Other noteworthy analyses including both cultivars and ecotypes showed very
high genetic identity (i.e., | = 0.96) estimated from RAPDs and ISJs (Intron Splice Junction
polymorphism), well within the range of values normally associated with conspecific popula-
tions (Polok 2005). Strangely, the discovery of high genetic identity did not clinch the case for
species status of L. multiflorum and L. perenne. Instead, it prompted development of alterna-
tive explanations that assume a recent origin of hybridization or extensive introgression in
disturbed habitats. Indeed, one aspect of these early data must be stressed. The phyloge-
netic conclusions interfered from a single gene, or even single method can reflect rather the
evolution of a gene or sequences revealed by a given method. Only comprehensive analyses
taking into account all levels of genetic differentiation (morphological, enzymatic and molecu-
lar) as well as employing different technologies are able to resolve reliably the phylogenetic
history of a species. The genus Loliumis still pending for such multidimensional approaches
and up to then the status of two the most important forage grasses seem to be insoluble.



26 1. INTRODUCTION
1.6. APPLICATION OF MOLECULAR DATA IN EVOLUTIONARY GENETICS

The effort to group species within plant taxa was traditionally based on the morphology
of characteristic structures. But morphology alone failed to unambiguously resolve system-
atic relationships. The advantage of all DNA methods is that they provide direct access to
the genomes in many organisms and thus, they have impact on our theoretical insight about
evolution. Alongside with the developing of PCR technologies we get access to practically
unlimited number of markers that permit to investigate the phenomena that were previously
inaccessible to evolutionary genetics.

Although a diverse array of molecular approaches is now available for elucidating re-
lationships and evolutionary processes, the phylogenetic analysis has relied primarily on
the chloroplast genome. Most studies have employed restriction site analysis, sequencing
or PCR analysis of several single copy regions i.e., rbcL that encodes the large subunit of
ribulose1,5-bisphospate carboxylase/oxygenase (RUBISCO), atpB - encoding the -subunit
of ATP synthase, ndhF - encoding a subunit of chloroplast NADH dehydrogenase, matK -
encoding a maturase involved in the splicing type Il introns, rpoC2 - encoding - subunit of
RNA polymerase, and ribosomal protein rps4. Other sequences of the chloroplast genome
also have phylogenetic potential, including the afp-rbcL intergenic region, frnL intron, inter-
genic spacer between the frnL 3'exon and the frnF gene (Soltis et al. 2000; Avise 2004).
The advantage is that the chloroplast genome is small and thus, relatively easy to examine.
As a result a wide range of applications exists from the level of species, through genus and
family to higher taxa. For example, the sequence of the RUBISCO indicated that the closest
relative of the grasses is the genus Joinvillea, the only member of the family Joinvilleaceae
(Kellog 1998). Also, before molecular analyses, the bambusoids were considered early di-
verging grasses. However, particularly the data from the rbcL and ndhF genes proved that
the anomochlooids represent the earliest diverged lineage while the bambusoids fall within
a monophyletic BEP clade (Gaut 2002). A cautionary point should be made about phylogeny
based on chloroplast genes. The cpDNA tree resolution depends on the “evolutionary age”
of the group of interest and it fails to resolve the topology at the genus and species level for
the recent lineages. This was demonstrated for the Triticeae tribe (Catalan et al. 1997) as
well as in the complex Festuca-Lolium (Charmet et al. 1997; Balfourier et al. 2000). The low
resolution of cpDNA trees at lower taxonomic level results from slow evolution of cpDNA
in terms of both primary nucleotide sequence and gene rearrangement (Avise 2004). The
other disadvantage involves the ancient chloroplast capture via introgressive hybridization
that will bias estimates of phylogeny. Given the apparently high frequency of cytoplasmic
introgression in plants, the phenomenon is among the most common causes of phylogenetic
disorders (Soltis et al. 2000).

Despite the large size of the nuclear genome and huge diversity of genes, only sev-
eral sequences have been used in phylogenetic analyses. The special emphasis has been
given either to high-copy ribosomal loci in nuclear DNA (rDNA) or spacer regions. The rDNA
includes the tandem repeat structure, which makes it easy to amplify, clone and sequence.
These genes are also found in all organisms. Both small subunit (18S) and large subunit
(26S) rDNA sequences are highly conserved. They have been useful primarily to access
a variety of higher-level phylogenic questions, whereas the 5.8S rDNA has rarely been used.
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The internal transcribed spacer (ITS) is commonly used due to easy amplification and se-
quencing using universal primers as well as the near uniformity of paralogous. The main rea-
sons for this homogeneity, typically known as concerted evolution, include unequal crossing-
over, gene conversion, transposition and slippage (Soltis et al. 2000). Rapidly evolving ITS
sequences are thought to be the best suited for comparing species or closely related genera.
For example, the ITS data suggest that currently recognised sections within Aegilops should
be reconsidered (Wang et al. 2000). But the utility of ITS region in broader study of grasses
may be limited. Despite the fact that ITS sequences have enabled to resolve boundaries of
families and subfamilies within Poaceae, the support for relationships among most tribes is
minimal and the sequences are difficult to align (Hsiao et al. 1999). The lack of phylogenetic
resolution is also demonstrated within the genus Lolium (Charmet et al. 1997; Gaut et al.
2000). These works indicate that the evolution of ITS regions may be more complex than
thought initially, and also suggest the caution in phylogeny reconstruction at least in grasses.
The rapid concerted evolution of intergenic spacer sequences between nuclear tRNA genes
organized in tandem arrays also permits their use for inferring phylogeny. The utility of the
spacer between leucine tRNA genes was demonstrated for the liverworts from the genus
Pellia (Fiedorow et al. 2001) but it failed to differentiate L. multiflorum and L. perenne (Polok
et al. 1997).

The low copy nuclear genes are often avoided in evolutionary studies because iden-
tification of strictly orthologous sequences may be confounded by the presence of multiple
related loci in the genome. A simple way to sample putatively orthologous loci is to use locus-
specific amplification primers. Most of the studied nuclear genes are members of small multi-
gene families i.e., the phytochrome gene family (PHY), the glutamine synthetase gene family
(GS), glucose-6-phospate isomerase genes (Gpi), alcohol dehydrogenase genes (adh), vici-
line genes, b-amylase genes, and MADS-box genes (Soltis et al. 2000; Mathews et al. 2000;
Mason-Gamer 2005). Putatively single-copy genes have been examined less frequently and