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Abstract. Thirty-two natural populations belonging 
to the eight species of the genus Lolium (ryegrass) or to 
Festuca pratensis (meadow rescue) were recorded for 
allelic frequencies at 13 isozyme loci. Cultivated rye- 
grass (L. perenne and L. muhiflorum), meadow rescue, 
and the annual L. rigidum, are true outbreeders. The 
other species are true inbreeders, except for L. cana- 
riense, which shows a moderate level of cross fertilisa- 
tion (20%). Hierarchical clustering from Nei's unbiased 
distance leads to four groups. The three self-pollina- 
ting, weed species, L. temuIentum, L. remotum and L. 
persicum, belong to the first cluster, which is the most 
differentiated one. The second cluster comprises L. 
muItiflorum, L. subulatum and most populations of L. 
rigidum. All L. perenne populations belong to the third 
cluster, as do two of L. rigidum. The average genetic 
distance within the L. perenne group is very low. Sur- 
prisingly, the fourth cluster groups together L. cana- 
riense and Festuca pratensis. The data suggest that L. 
rigidum is the species with the greatest diversity, and 
could be a common ancestor of the genus. Knowledge 
of historical processes of domestication could help to 
calibrate the molecular clock. 

Key words: T a x o n o m y  - Genetic distance - Popula- 
tion genetics - Forage grasses - Isozymes 

Introduction 

The genus Lolium is one of the most important group- 
ings of temperate forage grasses, including the widely 
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cultivated Italian (L. muhiflorum) and perennial rye- 
grass (L. perenne). Annual L. rigidum is also grown 
under a Mediterranean-type climate, mostly in Austra- 
lia, for winter grazing. These three species are self- 
incompatible outbreeders (Cornish et al; 1980; Fearon 
et al. 1983). 

Better knowledge of the genetic relationships be- 
tween Lolium species is required for a more efficient use 
of genetic resources through intra- and inter-specific 
hybridization. 

Terrell (1968) recognized eight species within the 
genus Lolium: the three outbreeders mentioned above, 
and five species thought to be self pollinating, namely 
L. temulentum, L. remotum, L. subulatum, L. persicum 
and L. canariense. In his reference paper, Terrell re- 
ported many of the synonyms used in the past. Kloot 
(1983) has subsequently commented on the correspon- 
dence between the most popular synonyms, and also 
indicated the doubtfully-distinct species. 

First, it should be noted that the three outbreeding 
species are all interfertile, providing that flowering 
dates are compatible. Consequently Naylor (1960) pro- 
posed that they should be grouped under a common 
species name and be regarded as subspecies. These 
species have a wide distribution area and show a high 
level of morphological as well as adaptive ( = ecotypic) 
variation. 

The outbred Lolium species are closely related to 
members of the genus Festuca of the section "Bovinae", 
and they hybridize fairly easily with them. In particu- 
lar, hybrids between L. perenne and Festuca pratense 
have been reported to occur in nature. 

In contrast, the inbreeding species generally have a 
more restricted distribution and/or adaptation. L. 
ternulentum and L. remotum are known only as weeds of 
crops, the former in cereals, the latter in flax. As a 
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consequence  of the increas ing chemical  con t ro l  of 
weeds, these two species are progress ively  d i sappea r -  
ing. Since they could  be used as sources of self compa t i -  
bi l i ty  genes to t ransfer  to outbreeders ,  their  conserva-  
t ion in gene banks  mus t  be encouraged  ( T h o r o g o o d  
and  H a y w a r d  1992). 

As r epor t ed  by  Terrel l  (1968), very litt le d a t a  exist 
a b o u t  na tu ra l  popu la t i ons  in the M e d i t e r r a n e a n  and  
Southwest  Asian  regions:  L. persicum is loca ted  in the 
M i d d l e  Eas t  countr ies ,  L. subulatum in the eas tern  
M e d i t e r r a n e a n  area  while L. canariense is res t r ic ted to 
N o r t h  At lan t ic  I s lands  (Madei ra ,  C a n a r y  and  Cape  
Verde). The  re la t ionships  between the inbreeding  spe- 
cies are no t  clearly established.  They hybr id ize  wi th  
difficulty with each other,  as well as wi th  the out-  
breeders ,  f requent ly  giving sterile hybr ids  (Jenkin 1954; 
Terrel l  1966). 

The  a im of the present  s tudy was to invest igate  the 
re la t ionships  be tween representa t ives  of the eight  
Lolium species and  of  F. pratensis by means  of s tarch-  
gel e lec t rophores is  of  11 isozymes systems. Pa r t i cu l a r  
a t t en t ion  has  been pa id  to the exot ic  L. canariense 
recent ly col lected in the Canaries .  (Charmet  et al. 
1993). 

Materials and methods 

The origins of the 32 populations of the nine species studied (11 
L. perenne, three L. multiflorum, seven L. rigidum, three L. cana- 
riense, two L. persicum, one L. subulatum, two L. temuIentum, one 
L. remotum and two Festuca pratensis) are presented in Table 1. 
On average 75 plants were studied for the outbreeding species, 
and 30 for the inbreeders which show less within-population 
diversity. 

Eleven enzyme systems were assayed giving 13 polymorphic 
loci. Staining recipes were adapted from Hayward and McAdam 
(1977) for PGI, ACP, GOT and SOD, from Pollans and Allard 
(1985) for PRX, from Greneche et al. (1991) for IDH, SDH and 
MDH, and from Ostergaard et al. (1985) for PGM and PGD, 
Diaphorase (synonym lipoamid dehydrogenase) is revealed in 
8mg indophenol, 24 mg NADH and 15 mg MTT in 100ml. 
0.1 M Tris HC1, pH 8, buffer (McAdam, personal communica- 
tion). 

Allele nomenclature is that of Hayward and McAdam (1977). 
Initially alleles were designated in alphabetic order, the faster 
migrating being a. When a new allele was discovered, it became 
a+,b +, e* as summarized in Table 2. 

The BIOSYS 1 programme (Swofford and Selander 1981) 
was used to compute the following population genetics statistics 
from genotypic and allelic frequencies: mean number of alleles, 
average heterozygosity H, within-population fixation index Fis 
for each population, and the standard unbiased genetic distance 
of Nei (1978) between every pair of populations. 

For the self compatible species, the average outcrossing rate 
was estimated as t = 1 -- Fis/1 + Fis (Brown 1979). 

A dendogram was constructed from Nei's distance using the 
classical UPGMA (unweighted pair group method of aggrega- 
tion) for clustering. 

Assuming the absence of selection (neutral theory of Kimura 
and Crow 1964) the time of divergence (t) from the last common 

Table 1. Summary data of the 32 Lolium accessions 

Species Code Country of origin 

L. perenne DE 13 Germany 
DE 27 Germany 
AU 03 Austria 
AU 04 Austria 
CSK 1 Czechoslovakia 
CSK 5 Czechoslovakia 
HUN 1 Hungary 
GRE 1 Greece 
GRE 3 Greece 
SP 32 Galicia, Spain 
SP 37 Galicia, Spain 

L. multiflorum DE 28 Germany 
PO 18 Portugal 
IT 32 Italy 

L. rigidum SP 312 Andalusia, Spain 
SP 313 Andalusia, Spain 
TN 17 Tenerife, Spain 
IR 01 Iran 
ISR 2 Israal 
GRE 5 Greece 
FR 57 Corsica, France 

L. temuIentum TEM 6 Portugal 
TEM 7 Iran 

L. remotum REM 1 UK? 
L. persicum PER 1 Hungary? (Botanical Garden 

PER 2 Iran 
L. subulatum SUB 1 Peloponese, Greece 
L. canariense CA 01 Tenerife, Spain 

CA 02 Tenerife, Spain 
CA 14 Gomera, Spain 

Festuca pratensis FEP 1 England, UK 
FEP 2 Romania 

ancestor is related to Nei's distance (D) by D = 2ctt - LogI o. (Nei 
1972) where ~ is the average mutation rate and I o the identity just 
after the divergence event. 

Except with a very strong founder effect, the value of Io would 
be close to one in most cases, thus t could be approximated by 
1:)/2 c~. 

The main difficulty is to obtain accurate estimates of ~. In 
similar studies of plant speciation, values of ~ range from 10- 7 to 
5 x 10- 6. Such values need to be related, whenever possible, with 
archeological or historical data which could suggest realistic 
dates of colonization and divergence events. 

Results 

Since this pape r  focuses on between-species  differences, 
only  species ranges of allelic frequencies are presented  
in Table  2. Comple t e  da t a  are avai lab le  on request.  

Phosphoglucose isomerase ( P G I ) .  Only  the s lower mi-  
gra t ing  locus, Pgi2, can be recorded  consis tent ly  for 
PGI .  In  ou tb reed ing  species, it is the locus which pre- 
sents the highest  number  of alleles: up to seven. M o s t  
alleles can be found in the three ou tbreeders  and  in 



Table 2. Species range of allele frequencies 

Locus Species 

L. per. L.  multi .  L.  rigid. L.  tern. L.  rein. L.  pers. L.  subul.  L.  canar.  F.  prat. 

Pgi-2 a + 0.00-0.01 0.00-0.01 0.00-0,03 0 0 0 0 0 0 
a 0.14-0.58 0,00-0.05 0.00-0,033 1.00 1.00 0 0 0-0.66 0.06-0.12 
b 0.42-0.71 0,06-0.25 0.07-0.68 0 0 0 0 0.53 - 1 0.48-0.78 
b* 0 0 0 0 0 O- 1.00 0 0 0 
c 0.000.07 0.00-0.27 0.00-0.12 0 0 0-1.00 0 0-0.24 0,09-0.28 
c* 0.00-0.20 0.00-0.01 0 0 0 0 0 0,02-0.06 
d 0.00-0.10 0.46-0.87 0.22-0.90 0 0 0 1.00 0 0,00-0.07 
e 0.00-0.11 0.00-0.05 0.00-0.10 0 0 0 0 0 0.00-0,03 

A c p  1 a 0.00-0.02 0.00-0.04 0.00-0.09 0 0 0 0 0.98-1 0.00-0.02 
b 0.00-0.16 0.17-0.24 0.04-0.35 0 0 0 1 . 0 0  0-0.02 0.77-0.94 
c 0.20-0.71 0.48 -0.69 0.35 -0.74 0 0 O- 100 0 0 0.06-0.22 
d 0.19-0.77 0.07-0.25 0.09-0.60 1.00 1 . 0 0  0-1.00 0 0 0 

A c p  2 a 0.10-0.77 0.00-0.18 0,02-0.34 0 0 0 0 0.98-1 0 
b 0.14-0.62 0.56-0.67 0.50-0.70 1.00 0.90 1.00 1 . 0 0  0-0.02 0 
c 0.01-0.22 0.02-0.38 0.05-0.26 0 0 0 0 0 0.00-0.92 
d 0,00-0.20 0.06-0,12 0.00-0,22 0 0.10 0 0 0.08-0.50 
e 0 0.00-0.02 0 0 0 0 0 0.00-0.50 

Got 1 a 0.00-0.04 0 0 1.00 1.00 0 0 0 0 
b 0.94-1.00 0.98-1.00 0.91 - 1.00 0 0 1.00 1,00 1.00 0.97-1.00 
c 0.00-0.06 0.00-0.02 0.00-0.09 0 0 0 0 0 0.00-0.03 

Got 2 a + 0 0.16-0.40 0.06-0.91 0 0 0 0 0 0.00-0.05 
a 0.10-0.55 0.30-0.40 0.09-0.85 1.00 1.00 1.00 1.00 1.00 0.77-0.88 
b 0.44-0.90 0.30-0.52 0.00-0.33 0 0 0 0 0 0.00-0.23 
c 0.00-0.02 0 0.00-0.29 0 0 0 0 0 0.00-0.07 

Got 3 a + 0.00-0.001 0 0 0 0 0 0 0 
a 0.00-0.18 0.01-0.02 0.00 -0.15 0 0 0 0 0 0 
b 0.26-0.97 0.75-0.93 0.60-1.00 0 0 0 1.00 1.00 0.98-1.00 
c 0.03 -0.36 0.05 -0.22 0.00-0.39 1.00 1.00 1.00 0 0 0.00-0.02 
d 0.00-0.13 0.00-0.02 0.00-0.01 0 0 0 0 0 0 

Prx a + 0.00 0.00-0.01 0.00-0.35 0 0 0 0.62 0 0 
a 0.00-0.08 0.09-0.32 0.10-0.75 0 0 0 0 0 0 
b 0.92-1 0.67-0.9l 0.16-0.88 0 0 1.00 0.38 1.00 1.00 
c 0 0.00-0.16 1.00 1.00 0 0 0 0 

Sod a + 0 0.00-0.05 0 0 0 0 0 0.00-0.37 0 
a 0.00-0.09 0.65-0.83 0.05-0.68 1.00 1.00 1.00 1.00 0.63 -0.98 0.92q3.95 
b 0.91-1 0.17-0.32 0.32-0.95 0 0 0 0 0.00-0.09 0.05-0.08 
c 0.00-0.01 0.00-0.01 0.00-0.02 0 0 0 0 0 0 

ldh a 0.00-0.06 0.i8-0.41 0.00-0.36 0 0 0 0 0.00-0.91 1.00 
b 0.29 -0.69 0.47-0.80 0.34-0.88 1.00 1.00 1.00 1.00 0.09 - 100 0 
c 0.25-0.77 0.02-0.12 0.01-0.47 0 0 0 0 0 0 
d 0 0 0.00-0.06 0 0 0 0 0 0 

Dia 1 a 0 0.00-0.02 0:00-0.31 0 0 0 0 0.20-0.56 0 
b 0.03 -0.30 0.56-0.84 0.34-0.89 0 1.00 0 0.88 0.44-0.80 0.88-1.0 
c 0.70-0.97 0.14-0.43 0.00-0.66 1.00 0 1.00 0.12 0.00-0.12 

Sdh a 0.00-0.24 0.08-0.17 0.04-0.52 0 0 1.00 0 0-0.35 0.00-0.11 
b 0.76-I  0.47-0.78 0.46-0.89 1.00 t.00 0 1 . 0 0  0.65-1.00 0.77-0.97 
c 0.00-0.12 0.05-0.35 0.00-0.10 0 0 0 0 0 0.00-0.07 
d 0 0 0.00-0.01 0 0 0 0 0 0.00-0.05 

Pgm a 0.42-0.70 0.62-0.81 0.63-0.83 1.00 1,00 1.00 1 . 0 0  0.90-1.00 0.43-1,0 
b 0.30-0.58 0.18-0.37 0.03-0.36 0 0 0 0 0-0.10 0.00-0.57 
c 0 0,00-0.01 0.00-0.05 0 0 0 0 0 

Mdh a + + 0 0 0.00-0.05 0 0 0 0 0 0 
a + 0 0 0.00-0.32 0 0 0 0 0 0 
a 0.91 - 1 0.45 -0.69 0.47 - 1.0 1.00 1.00 1.00 1.00 1.00 1.00 
b 0.00-0.09 0.03-0.31 0.00-0.13 0 0 0 0 0 0 
c 0 0.00-0.52 0.00-0.20 0 0 0 0 0 0 

643 

F. pratensis, except for Pgi_c*, which is absent from 
L. rigidum. Clear differences do exist for the frequency 
of Pgi_d, which is much more c o m m o n  in L. rigidum 
and L. multiflorum than in L. perenne and can thus be 

used as a species marker. Four of the self-pollinating 
species are monomorphic  and homozygous ,  although 
not the same allele is fixed: Pgi_a in L. temulentum and 
L. remotum, Pgi_ b* or c in L. persicum, and Pgi_d in L. 
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subulatum. L. canariense is the only inbreeder which 
shows some within-population variation at Pgi2, its 
alleles being those which are most common in L. 
perenne. 

Acid phosphatase (ACP). There are two loci for this 
enzyme, AcpI with four alleles and Acp2 with five 
alleles. Again most inbreeders are fixed for both loci 
while the outbreeders display a range of alMic vari- 
ation. There are less differences among species for allele 
frequencies within the genus Lolium, while F. pratensis 
can be distinguished by its lack o fAcp2a  and Acp2_b 
which are the most frequent in Lolium. 

Glutamate oxaloacetate transaminase (GOT). Three 
loci are found for GOT, of which Got1 is quite mono- 
morphic in the outbreeders. It should be noted how- 
ever that a very rare allele, Got1 _a, found only in L. 
perenne, has been fixed in the weedy L. temulentum and 
L. remotum. Got2 has four alleles, the most common 
being a and b. The five inbreeders are fixed for Got2_a, 
and Got2_ a + is absent for L. perenne, rare in F. praten- 
sis, and quite common in L. muhiflorum and L. rigidum. 
The inbreeders are fixed and the outbreeders show few 
differences in allele frequencies for Got3. 

Peroxidase (PRX).  The locus for peroxidase shows its 
greatest polymorphism in L. rigidum with four alleles. 
Some of these are absent from L. perenne but can be 
found, and are sometimes fixed, in the self-pollinating 
species: Prx _a + in L. subulatum, Prx_c in L. temulen- 
turn and L. remotum. 

Superoxide dismutase (SOD). In the case of SOD the 
relative frequencies of the alleles Sod _a and Sod_b 
allows one to discriminate L. perenne from all other 
species. The highest degree of polymorphism is found 
again in the L. multiflorum-L, rigidum group. Note that 
the rare allele Sod_a + can be quite frequent in L. 
canariense. 

Isocitric dehydrogenase (IDH). For this enzyme three 
to four (in L. rigidum) alleles occur in the outbreeders. 
Idh_a is much more frequent in L. rigidum, L. multi- 
florum, L. canariense and F. pratensis than in L. per- 
enne. The other inbreeders are fixed for Idh_b. 

Diaphorase (DIA). There are at least three loci for 
diaphorase of which Dial is the most easy to read. The 
other two loci have not been analyzed although Dia2 
has been recorded in some L. perenne populations. The 

ratio DiM _a + b/Dial _c allows one to distinguish be- 
tween L. perenne and the other outbreeders including 
F. pratensis. This is the only locus for which different 
alleles have been fixed in L. temulentum and L. re- 
motum. 

Shikimic dehydrogenase (SDH). Four alleles are pres- 
ent at the locus for SDH with relatively few differences 
in frequencies among species. The slowest very rare, 
allele, seems to be specific to L. rigidum and F. pratensis. 

Phosphoglucomutase (PGM). Only three alleles of the 
locus for PGM occur in the outbreeders, the slowest 
being specific for L. rigidum. All inbreeders, except L. 
canariense, are fixed for the fastest allele Pgm_ a. 

Malate dehydrogenase (MDH). The locus for this en- 
zyme is fixed in all the inbreeding species and in F. 
pratensis and is monomorphic for the same allele 
Mdh_ a in L. perenne. The highest amount of polymor- 
phism is found in the group of L. multiflorum and 
L. rigidum. 

Clear differences do exist between species for the 
frequency of certain alleles, which can thus be used as 
species markers: Pgi_d and Sod_a (rare in L. perenne, 
frequent in L. rigidum and L. multiflorum, as illustrated 
in Fig. 1). 

There are relatively few "specific" alleles (occurring 
in only one species): Pgi_a* (between a and b) in L. 
persicum, Sod_ a + (faster than a) in some populations of 
L. multiflorum. L. multiflorum and L. rigidum show by 
far the highest number of alleles per locus. 

A summary of the population genetics statistics is 
given in Table 3. Average gene diversity H ranges from 
0 for the true inbreeders (L. temulentum, L. remotum, 
L. persicum, L. subulatum) to 0.3-0.45 for the out- 
breeders L. perenne, L. multiflorum and L. rigidum. 

L. canariense populations show intermediate values, 
ranging from 0.05 to 0.16. 

Wright's fixation index measures the deviation 
from panmixia: it is less than 0.15 for the self-incompat- 
ible outbreeders (due to crosses between related neigh- 
bours, known as Wahlund's effect) and reaches 1 for the 
true inbreeders. Again, L. canariense populations have 
intermediate values of 0.60 to 0.71. L. canariense is thus 
partially cross-pollinated with outcrossing rates, es- 
timated from Fis, ranging from 0.17 to 0.25. 

The dendogram of Fig. 2 displays the taxonomic 
relationships between the 32 Lolium populations. Four 
main clusters can be identified. 

Fig. l a - i .  Illustration of isozyme allele frequency differences between species: a: PGM and PGI L. perenne CSK1 (lanes 1-25), L. 
rigidurn TN17 (lanes 26-50); b: PGM and PGI L. persicum PER1 (lanes 1-10), L. canariense CA01 (lanes 11-22), L. perenne SP37 (lanes 
23-46); e: ACP (two loci) L. perenne HUN1; d: SOD L. rigidum SP212 (lanes 1-24), L. perenne SP32 (lanes 25-48); e: GOT (three loci) L. 
perenne SP37; f: GOT (three loci) L. perenne HUN1; g: M D H  L. rigidum IR01; h: IDH L. perenne GREI (lanes 1-21), F. pratensis (lane 
45); i: SDH L. perenne DE27 (lanes 1-18), L. rigidum FR57 (lanes 19-42) 
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Table 3. Summary of the population statistics of the nine species 

Item Species 

L. per. L. multi. L. rigid. L. tern. L. rem. L.pers. L. subul. L. canar. F. prat. 

P: ~polymorphic 76 91 86 0 7 3 14 35 6.0 
loci (57-93) (87 93) (79-93) - - (0-7) - (28-43) 57-64 
N: mean no. of 2.13 2.83 2.77 1.0 1.07 1.03 1.14 1.40 1.96 
alleles/locus (2.00-2.79) (2.71-3.00) (2.43-3.14) - (1 1 .07)-  (1.28-1.57) (1.79-2.14) 
H: mean 0.273 0.392 0.350 0 0.014 0.015 0.05 0.104 0.15 
heterozygosity (0.226-0.335) (0.383-0.406) (0.243-0.407) - (0-0.03) - (0.09-0.11) (0.10-0.20) 
Fis: mean 0.044 0.12 0.15 1 1 1 0.9 0.645 0.02 
fixation index (0.03-0.09) (0.09-0.15) (0.07-0.20) . . . .  (0.60-0.71) (0.04-0.08) 
t: estimated (0.92) (0.78) (0.74) 0 0 0 0.05 0.21 (0.96) 
outcrossing 

0.0 

I 
Lean CA02 
Lean CA01 

CA14 
Fprat FEPI 
Fprat FEP2 

Lrig TN17 
Lrig SP312 
Lper SP37 
Lper SP32 
Lper DE27 
Lper AU03 
Lper DE13 
Lper AU04 

Lper GRE3 
Lper CSK1 
Lper HUN1 
Lper CSK5 
Lper GRE1 

Lsubul SUB1 
Lrig ISR2 

Lmul POt8 
Lrig SP313 
Lmul DE28 - -  
Lmul IT32 
Lrig(IR01 - -  

Lrig GRE5 - -  
Lrig FR57 - -  

Lremotum REM1 
Ltemul TEM7 
Ltemul TEM6 

Lpersicum PER1 

0.1 0.2 

I I 

9- 

0.3 0.4 0.5 

I I I 

_ _  

I 
Lpersieum PER2 

Fig. 2. Dendogram of UPGMA clustering of 
the 32 population from Nei's genetic distance 

The first cluster groups all the weedy, strictly-in- 
breeding L. persicum, L. remotum and L. temulentum, 
the last two species being more  related to each other  
than to L. persicum. It  should be noted that  the two L. 
temulentum populat ions,  a l though from v e r y  distant 
origins, are very similar. This small g roup is the most  
differentiated one, the average distance with the other  
three clusters being 0.60. 

The second cluster comprises five Lolium rigidum 
accessions, three L. multiflorum accessions and the L. 
subulatum sample. Like L. temulentum, the three L. 
multiflorum populat ions,  a l though f rom distant geo- 
graphic locations, are very close to each other. All the 

L. perenne populations,  one L. rigidum from southern 
Spain, and one L. rigidum from the Canaries belong to 
the third cluster. The genetic distances within the L. 
perenne group do not  exceed 0.1 and are well related to 
geographic distance: the two populat ions  from Galicia 
(northern Spain) are clustered together, as are the two 
populat ions  from Austria, while the two from Ger- 
m a n y  and the populat ions  from Czechoslovakia are 
grouped with those from Hunga ry  and Greece. The 
two L. rigidum populat ions  are more  distant from L. 
perenne and their clustering with it may  be an artefact. 

Surprisingly, at the other  end of the dendrogram,  
the subtropical L. canariense and the only samples 
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from the genus Festuca are grouped together in 
the fourth cluster. This group is less differentiated from 
the group of outbreeders than are the true weedy 
self-pollinated L. remotum, L. temulentum and L. 
persicum. 

Discussion and conclusion 

As mentioned in the introduction, most of our basic 
knowledge on the taxonomy of the genus Lolium comes 
from the work of Terrell (1966, 1968) which is based on 
the collection and investigation of nearly 5000 herbar- 
ium specimens, as well as on an exhaustive review of 
the literature in the fields of botany and cytogenetics. 
Based on compatibility and hybrid-fertility data (Essad 
1954; Jenkin 1954), Terrell (1968) recognized L. 
temulentum, L. remotum and L. persicum as one group. 
He was of the opinion that L. temulentum and L. 
remotum originated from the same basic stock in 
Southwest Asia. Since they are known only as weeds of 
cultivated crops, they probably evolved in close associ- 
ation with primitive agriculture. L. persicum, restricted 
to Southwest Asia, could be a derivative of the same 
basic stock or part of a prototype stock from which the 
other two taxa were derived. Our results from 13 
isozyme loci largely confirm this view. These three 
species are clustered together, the weedy L. temulentum 
and L. remotum being the most closely related. 
Moreover, if we accept this hypothesis, it may allow 
us to calibrate the molecular clock based on Nei's 
genetic distance: assuming that cereal agriculture is 
about 10,000 years old gives a value of e = 0.42/2 x 
10000 = 2 x 10-5, 0.42 being the mean distance be- 
tween L. persicum and the two weedy species; using this 
value for ~ allows us to estimate t = 0.08/(2 x 2 x 
10 -5) = 2000 years as the divergence time between L. 
temulentum and L. remotum. This value seems compat- 
ible with the beginning of flax culture (L. remotum is a 
specific weed of flax, L. temulentum a weed of cereals). 
However, the average mutation rate obtained seems 
too high. The term I o due to founder effect probably 
cannot be discarded because the ability for self-pollina- 
tion may have appeared in a limited number of plants. 
Therefore the relative distances should be considered 
only as relative times of divergence. Moreover, this 
founder effect is less likely to occur in the outbreeding 
species which generally have a high effective popula- 
tion size. The Nei's distance in their case would reflect 
only the cumulated mutations since the time of diver- 
gence, and thus the relative distances are not directly 
comparable between the outbreeding and the self-pol- 
linating species. 

The fact that the two L. temulentum accessions, 
although from very distant origins (Iran and Portugal), 

are similar, would imply that the species has remained 
fixed since the beginning of its evolution as a weed of 
cereals, probably because of its strict autogamy. 

This group of "true self-pollinating" species is clear- 
ly separated from the other three clusters. This distinc- 
tion has already been supported by Essad (1954) 
through the use of discriminant functions, and subse- 
quently by Bulinska-Randomska and Lester (1985) 
using similarity coefficients from seed protein elec- 
trophoretic diagrams. The results of isozyme elec- 
trophoresis on phosphoglucose isomerase (Emoto 
1985) are also in agreement with this conclusion. 

Terrell stated that L. perenne and L. multiflorum 
form another group, while L. rigidum is a polymorphic 
complex made up of several elements. This holds true 
in our results for L. perenne, the 11 populations of 
which are much more similar to each other than to any 
other species. On the other hand, the three L. multi- 
florum accessions are very close to each other within a 
group including L. rigidum. This similarity has already 
been described by Bulinska-Randomska and Lester 
(1985). This supports the hypothesis that L. multiflorum 
is derived recently from a common source ofL. rigidum. 

L. rigidum populations can be found either in clus- 
ter 2 with L. multiflorum or in cluster 3 with L. perenne. 
The two L. rigidum populations from Andalusia 
(southern Spain) are classified in separate clusters. 
This, and the fact that L. rigidum is the species with the 
highest diversity indices (number of alleles, average 
heterozygosity), leads us to postulate that L. rigidum is 
the most likely common ancestor of the genus Lolium 
at least for the group of the outbreeders. 

The three L. canariense accessions are grouped 
together, the two populations from the same Island 
(Tenerife) being the closest. Using the previous value 
e = 2  x 10 .5 leads to an estimation of about 9000 
years as the time of divergence between the group of L. 
canariense populations and the two groups of out- 
breeding species. Surprisingly Festuca pratensis groups 
in the same cluster as L. canariense. 

These results are somewhat contradictory with the 
previous assumptions of Terrell. He supposed that L. 
canariense was perhaps more similar to the L. perenne 
group. If L. canariense appears to be the result of 
isolation after chance dispersal of continental Lolium 
populations, its most plausible ancestor is L. rigidum, 
probably from Morocco or southern Spain (possibly 
imported by the first human settlement 9000 years 
ago). Terrell interpreted L. subulatum as an offshoot of 
the strictum-rottbollioides element of L. rigidum. The 
present study appears to confirm this hypothesis. The 
only L. subulatum sample studied is placed in cluster 2 
with L. rigidum and L. multiflorum, although slightly 
distinct from these two species. 

Several previous studies (Terrell 1966; Bulinska- 
Randomska 1985) based on morphological traits show 
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an intergradation among L. multiflorum, L. perenne, 
and the polymorphic L. rigidum. Terrell reported that 
repeated hybridizations and introgressions may have 
occurred during their evolution, especially over the 
past thousand years of man's disturbance of habitats in 
the Mediterranean. Our findings do not entirely sup= 
port this hypothesis, as the L. perenne populations are 
distinctly grouped together. There are, however, in- 
dications that introgressions have occurred in some 
populations from southern Europe, as for example the 
relatively high frequency of some alleles (Pgi_d, 
Pgi_e, Sod_a) usually more frequent in L. rigidum and 
L. multiflorum. Even so, these introgressions were not 
sufficient to hide a clear-cut divergence between the 
two species which might have occurred around 6000 
years ago. 

The high level of similarity between Lolium and 
Festuca has been reported by many authors (Stebbins 
1956; Terrel 1966; Borril 1976). Cytogenetic studies 
(Essad 1954; Jenkin 1954) showed that the Lolium 
genome seems to be homoeologous with one genome 
of the polyploid tall rescue (F. arundinacea). Im- 
munochemicat studies of seed storage proteins confirm 
the similarity between Lolium and F. arundinacea, F. 
altissima, F. gigantea and F. pratensis (Butkute and 
Konarev t980). The chloroplastic DNAs of L. muhi- 
florum, F. pratensis and F. arundinacea are all very 
similar and quite different from that of F. rubra (Leh- 
vaslaiho et al. 1987). Additional botanical and bio- 
chemical studies (Bulinska-Radomska and Lester 
1988) confirm these phylogenetic relationships and 
suggest that the putative ancestor should be close to F. 
pratensis and L. perenne. Recently Xu et al. (1992), 
found similar patterns of cross-hybridization o f  tall 
rescue DNA probes with both F. pratensis and L. 
perenne. They concluded that these two species are 
closely related. 

The present results from isozymes suggest that F. 
pratensis is related to L. rigidum, although most hy- 
brids found in nature are with L. perenne. Again it 
would be necessary to assess other accessions of F. 
pratensis to clarify this point. Moreover, Xu et al. 
(1992) did not compare F. pratensis with L. rigidum. 
Probably F. pratensis is very close to the group of 
outbred Lolium, compared to other Festuca species, 
but the relationships at a finer scale remain to be 
clarified. 

In conclusion, what inferences can be drawn from 
our results about the evolutionary origin of the species 
of the genus Lolium? 

Thomas (1981) postulated that speciation in the 
genus Lolium might have involved isolates of L. per- 
enne, since the inbreeding species appear the most 
differentiated. His assumption was based on the re- 
spective content in total nuclear DNA (euchromatin 
and heterochromatin) of the different species, which 

increases from L. perenne (4.16 pg) to L. rigidum (4.33 
pg), L. subulatum (5.49 pg) and L. temulentum (6.23 pg), 
the same figure being found for the length of hetero- 
chromatic bands in all four species. It is known that 
evolutionary processes mostly lead to an increase of 
some repetitive DNA sequences. Evidence of chromo- 
some segment duplication between L. perenne and L. 
temulentum has been reported by Naylor and Rees 
(1958). It should be noted, however, that the difference 
in DNA content between L. perenne and L. rigidum is 
small and probably not significant. 

Alternatively, most authors (Malik 1967; Borrill 
1976) agree that the Mediterranean basin is the center 
of origin of the genus, and that the common ancestor 
should have its closest affinity with L. rigidum. Our 
results support the latter hypothesis, since L. rigidum 
and L. multiflorum appear to be much more polymor- 
phic, both within and between populations, than is L. 
perenne. If the value of ~ = 2 x 10- 5 is correct, then 
the tree of the differentiation of Lolium species would 
fit historical processes such as the emergence of primi- 
tive agriculture in the Middle East and its expan- 
sion towards Europe. Further studies are needed to 
test this hypothesis, such as those developed for 
human populations by Rendine et al. (1986) or Sokal 
et al. (1989). 

The present results are, however, limited by the 
relatively low number of loci assayed. The use of 
molecular markers, such as RFLP or RAPD, on forage 
grasses, currently in progress in several laboratories 
(Hayward, personnal communication), should allow us 
to make more precise and definite inferences about 
Lolium origins and taxonomy. 
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