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Summary. Samples of approximately 100 plants from 
each of  22 populations of Lotium perenne representing 
15 cultivars, and from 13 populations of Lotium mul- 
tiflorum representing six cultivars were scored for iso- 
zyme variants in five enzyme systems, PGI, GOT, ACP, 
PGM and 6-PGD. From the individual banding pat- 
terns a genetic interpretation of the variation was for- 
mulated and population studies of the resulting six 
polymorphic enzyme loci were performed. No strong 
indications of partial selfing was found since at four of 
the six loci, Pgi 2, Got 3, Pgm 1 and Pgd 1, the genotypic 
proportions were in correspondence with the Hardy- 
Weinberg expectations. This indicated, further, that the 
genetical interpretations of the banding patterns might 
be correct. Deviations from Hardy-Weinberg pro- 
portions for Acp I and Got 2 indicated presumably se- 
lection working on the linkage group including these 
loci. Gametic phase disequilibrium was observed be- 
tween Pgi 2 and Pgd I for populations of one cultivar. 
These results were discussed in relation to the variation 
expected within a cultivar. 

Key words: Partial selfing - Hardy-Weinberg pro- 
portions - Gametic phase disequilibrium - Cultivar 
identification - Starch gel electrophoresis 

(Brown 1979). Therefore, electrophoresis is an easy 
means of obtaining genetic markers for several pur- 
poses. An obvious application is to identify cultivars by 
means of their alleles at monomorphic loci and this is 
used for cultivated selfing species. For outbreeding 
species most loci are polymorphic and it might be too 
laborious to fix certain alleles during the breeding pro- 
cess. In this case, the genotypic composition must be 
considered together with the population dynamics. For 
a review see Nielsen 1984. 

Prerequisites for using the variation in isozymes for 
cultivar identification as well as in any population 
genetical analysis are 1) that the enzyme systems are 
consistent with respect to banding pattern and easy to 
score, 2) that the inheritance of each enzyme is well 
documented, 3) that the mating system is known, and 4) 
that the genotypic composition is stable i.e. for instance 
that the genotypic frequencies of each locus under study 
are in Hardy-Weinberg proportions. In this paper these 
conditions will be considered in detail for a survey of 5 
enzyme systems in diploid cuttivars of two incomplete 
gametophytic self-incompatible r-yegrass species (Loft- 
um). The utilization of the data for identification of the 
cultivars appears elsewhere (Nielsen et al. 1984). 

Introduction 

In plant populations large genetic variation in enzyme 
loci defined by gel electrophoresis has been observed 

* Present address: Department of Animal Genetics, Royal Ve- 
terinary and Agricultural University, B~lowsvej 13, DK-1870 
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Samples and electrophoretic methods 

Fifteen cultivars of Lolium perenne and six cultivars of Lo#um 
multiflorum were investigated (for their designation see Nielsen 
et al. 1984). Each cultivar was represented by a sample from its 
standard seed lot (standard population). Further, for three cul- 
tivars subpopulations of the standard population representing 
different generations and environments were included. In total, 
22 populations of L. perenne and 13 populations of L. mul- 
tiflorum were investigated. Populations were indicated by the 
abbreviations 'p' (L. perenne) or 'm' (L. multiflorum) followed 
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by a number; the subpopulations were, in addition, indicated 
by a succeeding letter. 

From each population 96 plants, 4 -6  weeks old, were used 
for the electrophoresis. Most individuals were successfully 
scored for five enzymes: PGI (Phosphoglucoisomerase, 
E.C. 5.3.1.9), GOT (Glutamate oxaloacetate transaminase, 
E.C. 2.6.1.1), ACP (Acid phosphotase, E.C. 3.1.3.2), PGM 
(Phosphoglucomutase, E.C. 2.7.5.1), and 6-PGD (6-Phos- 
phogluconate dehydrogenase, E.C. 1.1.1.43). Due to difficulties 
with the separation of bands in the earliest part of the investi- 
gation, the enzyme ACP was scored in a reduced number of 
plants in the following cultivars: pl  (84 plants), p2 (75 plants), 
p4 (69 plants), m 1 (76 plants), m2 (74 plants), m3 (85 plants) 
and m4 (83 plants). 

From each plant approximately 8 cm of a leaf was cut into 
pieces and crushed in buffer solution mixed with a small 
amount of fine sand. The buffer was Tris-HC1 (0.1 M, pH 7.2) 
containing 0.5% 2-mercaptoethanol. The crude extract was ab- 
sorbed onto Whatmann 3 MM filter paper wicks 3.5 • 9 mm. 

Horizontal starch gel electrophoresis was performed as de- 
scribed by Scandatios (1969) with minor modifications. The gel 
(300ml) was made of 13% or 16% hydrolyzed starch (Con- 
naught Lab., Ontario, Canada). The size of the frames was 
180• mm. Three different buffer systems were used 
and the gels were run as indicated in Table 1. After running, 
gels were sliced and stained using the recipes listed in Table 2. 
Finally, they were incubated in the dark at 37 ~ and fixed in 
50% glycerol, except for ACP which was fixed in 50% ethanol. 

Table 1. Gel and tray buffers 

pH v/cm 

1. Gel: 1 part lithium borate (25 mM LiOH, 180 mM H~BO3) and 8.1 15 for 4-5 h 
9 parts Tris-citrate (70 mM Tris, 7 mM citric acid) 
The lithium borate buffer only 8.3 
14 mM Tris, 4 mM citric acid 7.4 15 for 4-5 h 
0.3 M H~BO3,0.1 M NaOH 8.7 

12.5 mM Tris, appr. 4 mM citric acid 7.0 6 for 16 h 
37.5 mM Tris, appr. 12.5 mM citric acid 7.0 

Tray: 
2. Gel: 

Tray: 
3. Gel: 

Tray: 

Table 2. Stain recipes for enzyme systems 

Enzyme Buffer Substrate Additionals 
system b 

PGI 1 15 mg D fructose-6-phospate 

GOT i 

ACP 2 

PGM 3 

6-PGD 3 

50 ml Tris-HCl (0,1 M, pH 7. I) 
50 mg a-keto-glutaric acid 
130 mg L-aspartic acid 
250 mg Polyvinylpyrrolidon 
7 mg EDTA - Na2 
50 ml 0,4 M Na2HPO, 
adjusting to pH 7.4 with HCI 

50 mg Na-a-naphtyl-acid phosphate 
phosphate 

25 mg a-d-glucose- 1-phosphate 

20 mg Na3-6-phospho-gluconic acid 

100 ml Tris-HC1 (0.1 M, pH 8.0) 
1 ml 10% MgC12 
20 units glucose-6 phosphate- 
dehydrogenase 
5 mg NADP 
15 mg MTT 
1.2 mg PMS a 

3 mg Pyridoxal-5 phosphate ~ 
150 mg Fast Blue BB-salt ~ 

100 ml Na-acetat (0.2 M, pH 5.0) 
0.5 ml 10% MgCI~ 
25 mg Fast Garnet GBC-salt 

100 ml Tris-HC1 (0.1 M, pH 7.1) 
0.5 ml 10% MgC12 
20 units Glucose-6 phos- 
phate-dehydrogenase 
5 mg NADP 
15 mg MTT 
1.2 mg PMS" 

100 ml Tris-HCl (0.1 M, pH 7.1) 
0.5 ml 10% MgClz 
5 mg NADP 
15 mg MTT 
1.2 mg PMS 

Added just before use 
b According to Table 1 
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Fig. 1. Selected zymograms from each of 
the five enzyme systems studied 

Genetic interpretation of banding patterns 

A genetic interpretation of the banding patterns for three of the 
five enzymes studied, i.e. PGI, GOT, and ACP has been given 
previously by Hayward and McAdarn (1977 a, b). The interpre- 
tation was deduced from the banding pattern in observed zy- 
mograms. It implied non-Mendelian segregation for the iso- 
zymes of GOT in the few crosses for which segregation ratios 
were examined (Hayward and McAdam 1977a). The zymo- 
grams given in Fig. 1 show the variation found within the 
banding groups considered in this study. Each group is assum- 
ed to represent one locus. In ACP several other groups have 
been observed but the genetics could not be deduced because 
too many bands were observed to allow simple interpretation. 
The same is true for an additional group observed in PGI and 
PGM, respectively. Finally, the enzyme ACO (Aconitate 
hydratase, E.C. 4.2.1.3) interfered with an additional banding 
group of 6-PGD so this group has been omitted as welt. 

The variation found within a locus consists of either one- 
banded and two-banded patterns (Pgm I) or one-banded and 
three-banded patterns (Pgi 2, Got Z Got 3, Acp I, and Pgd 1). 
The corresponding isozymes are, therefore, assumed to be 

monomers or dimers, respectively. However, since Got I and 
Got 2 overlap (Fig. 1), two-banded patterns appear in Got 2 as 
well. 

Each single-banded pattern is assumed to represent a 
homozygote for a certain allele. According to the position of 
the band, the corresponding allele is denoted 'a', 'b', 'c', etc. In 
addition to the alleles indicated in Fig. 1, a rare allele faster 
than 'a' was observed in Got 3 in two cultivars. Further, four 
individuals from different cultivars did not show any band for 
Acp I and we concluded that they were homozygous for a non- 
active allele, a silent allele. Finally, the alleles of Got 2 with 
banding positions 'e' and 'd' were previously designated 'a' and 
'b'. This was concluded from the cultivar p12 which has been 
scored previously ($23 in Hayward and McAdam 1977 b). 

Estimation procedure 

A lie&frequencies 

In analyses of allelic and genotypic distributions it is often 
necessary to pool the rarest alleles to obtain powerful tests. In 
this analysis two strategies were followed: (1) to consider only 
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Table 3. Rule for pooling rare alleles for HW-tests. The chosen 
number of classes is the one for which both conditions on the 
expected numbers assuming HW-proportions are satisfied 

No. of Maximal no. of Maximal no. of 
allelic classes genotypic classes genotypic classes 
with active with expected nos. with expected nos. 
alleles smaller than 1 smaller than 5 

4 2 5 
3 1 3 
2 12 1 

a The number expected has, however, to be larger than 0.5 

two allelic classes, one consisting of  the most frequent allele 
and one consisting of  the remaining alleles, or (2) to consider 
as many allele classes as reasonable according to ad hoc rules 
as for instance that given in Table 3. 

Allele frequencies were calculated as the relative number 
of alleles observed from each allele class at the loci Pgi 2, 
Got 3, Pgm 1, and Pgd l. In Acp 1 the presence of a silent allele 
was deduced for the cultivars p2, p5, pl 1 and m2. A silent al- 
lele produces no electrophoretically detectable protein, so het- 
erozygotes between an active and a silent allele cannot be dis- 
tinguished from the homozygote for the active allele. The pres- 
ence of a silent allele implies that the allele frequencies can be 
calculated only when assuming Hardy-Weinberg proportions. 
Further, iteration is necessary to obtain estimates of the allele 
frequencies and in this study the "gene-counting" method 
(Rust 1972) was used. For details see Appendix. In a specific 
case, a silent allele was assumed to be present in Got 2 (see 'Re- 
sults') but an additional problem arose here since the "silent 
homozygote" could not be distinguished from the homozygote 
'aa'. However, the allele frequencies could still be estimated by 
"gene counting" (see 'Appendix'). 

One locus 

In the one-locus analysis deviations from Hardy-Weinberg pro- 
portions (HW-proportions) was expressed by F defined from 
the following general description of genotypic frequencies at a 
locus with active alleles A1, - - - ,  An and corresponding gene 
frequencies pl, - - - ,  pn: 

AiAi :  p~ + p i ( 1 - p i )  F and 
AiAj: 2pipj ( l -F )  for i#:j  

with the restriction 

F > - p i / ( 1 - p i )  for all i. (1) 

F can be estimated in various ways each with its own charac- 
teristics (Curie-Cohen 1982). The estimates, ~', used were found 
by comparing the observed number of  homozygotes of each al- 
lele (allele class) with the HW-proportions, i.e. f2 defined by 
Curie-Cohen (1982). The condition (1) might not always be 
satisfied for 1 e especially if one of the allele frequencies is small. 
If  (1) was not satisfied for IP calculated from a certain number 
of alleles, the estimate was omitted and the two rarest alleles 
were pooled to obtain another estimate of F. If only non-nega- 
tive values of F are considered, F can be interpreted as the 
average inbreeding coefficient of a population; negative values 
of F, on the other hand, indicate any homozygous deficiency 
compared to HW-proportions. 

Estimates of  F are difficult to compare over loci and over 
populations since the sampling variance changes considerably 
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when F or the allele frequencies change. Only if F = 0 the vari- 
ance is independent of  the allele frequencies and in that case it 
approximates 

V (1 ~) = 1 / (n -  1)N (2) 

where N equals the sample size and n equals the number of al- 
lele classes (Curie-Cohen 1982). In case of two allele classes, F 
is identical with the maximum likelihood estimate (Curie- 
Cohen 1982). 

Tests for HW-proportions of the genotypes at each locus 
were carried out by comparing the observed and the expected 
genotypic frequencies by means of likelihood ratio tests 
(Bishop et al. 1980). In the case of two allele classes, these tests 
are approximately equivalent to the obvious test for F = 0 using 
(2). Alleles were pooled according to Table 3. As an example 4 
alleles were observed for Got 3 in pl with allele frequencies 
0.76, 0.20, 0.04 and 0.01, respectively (Table 4). Since 5 geno- 
typic classes have an expected number less than 1, the two 
rarest alleles are pooled. Then the expected number is less than 
1 in only one class and less than 5 in two classes. Therefore, the 
test is performed with three allele classes. 

Two loci 

The two-locus genotypes were analysed by sequentially testing 
for random union of gametes (RUG) and for gametic phase 
equilibrium (linkage equilibrium) by means of likelihood ratio 
tests (Hill 1974); the gametic phase disequilibrium, D, was es- 
timated during the testing procedure. Only two allele classes 
were considered but, nevertheless, the expected numbers for 
the nine genotypes were low, especially in L. multiJ7orum. 
Therefore, only pairs of loci for which the most frequent allele 
frequency on both loci were less then 0.96 were included. 
Further, when more than two expected numbers were less than 
1 or when more than five were less than 5 then the likelihood 
ratio test for random union of gametes (the RUG-test) was 
omitted, cf. Table 3. If the RUG-test was omitted or if it was 
significant, the disequilibrium parameter, A, defined by Bur- 
rows (Cockerham and Weir 1977; Weir 1979) as a combined 
disequilibrium was used. This parameter measures both dis- 
equilibrium within the gametes and between gametes and co- 
incides with D when populations practice random union of 
gametes. A standard test for no combined disequilibrium is in 
obvious notation 

N A2/plqlp2q2 

which is z2-distributed with 1 degree of freedom. 

Combining tests 

During the analysis it was useful at several times to apply an 
overall test for evaluating a hypothesis when tested in many 
populations. This test statistic was calculated by summing the 
corresponding )~2-distributed test statistics. This gives a x2-dis - 
tributed test statistic with degrees of freedom equal to the sum 
of degrees of freedom for each. 

Results  

T h e  degree  o f  genetic  var ia t ion  o f  the six p o l y m o r p h i c  
enzyme  loci Pgi 2, Got 2, Got 3, A cp 1, Pgm 1 and  Pgd 1 
was high in the 22 popu la t ions  o f  Lolium perenne 
( T a b l e 4 )  and in the 13 popula t ions  o f  Lolium mul- 
tiflorum (Tab le5 ) .  The  only except ions  are  that  
L. perenne was m o n o m o r p h i c  at Pgd l and L. mul- 
tijTorum was near ly  m o n o m o r p h i c  at Got 3 and Pgd 1. 
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Table 4. Number of plants with various banding patterns a at the six loci in the 22 populations of  Lolium perenne. The banding 
patterns are listed in decreasing frequencies 

Enzyme Population 
locus 

1 2 2a 2b 2c 2d 3 4 5 6 7 7a 7b 7c 8 9 10 11 12 13 14 15 

Pgi 2 

bb 
ab 
aa 
bc' 
a c  ~ 

c j c p 

Got 2 

dd 
cd 
CC 

bd 
bc 
bb 
ad 
ac 
ab 
aa 

Got 3 

bb 
bc 
CC 

bd 
cd 
dd 
ab 
ac 
ad 
aa 

Acp l 
a a  

ab 
bb 
a c  

bc 
cc 
ad 
bd 
cd 
dd 
O0 

Pgm 1 
aa 
ab 
bb 
a c  

bc 
cc 

Pgd 1 

bb 

16 42 41 44 41 45 10 40 55 17 33 26 23 30 14 36 9 8 51 21 21 13 
35 38 42 39 43 45 35 33 21 29 31 11 31 21 40 20 30 29 22 34 34 43 
13 13 10 8 9 4 16 12 1 12 3 3 3 5 14 9 17 31 3 15 28 30 
15 3 1 2 1 1 9 6 12 17 23 36 30 27 15 20 14 11 17 8 4 4 
15 0 0 3 2 1 19 5 6 16 3 15 8 9 7 8 21 16 3 15 7 5 
0 0 2 0 0 0 6 0 1 5 2 5 1 4 3 2 5 1 0 3 1 0 

38 62 56 55 57 53 34 68 74 64 72 72 71 72 39 55 28 43 45 30 46 48 
31 24 29 35 29 30 35 11 18 28 15 18 20 17 31 19 46 32 42 42 37 33 
19 7 9 6 10 11 18 6 2 4 3 1 3 2 20 15 21 20 7 24 12 14 
0 0 2 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 
1 0 0 0 0 0 0 0 0 0 2 0 0 0 1 1 0 0 0 0 0 0 
0 1 0 0 0 0 2 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 
2 2 0 0 0 0 4 7 0 0 1 3 0 2 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 1 1 0 0 0 0 2 1 0 1 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
4 0 0 0 0 1 0 2 2 0 0 2 0 1 2 2 0 1 0 0 0 0 

53 25 28 16 21 29 62 67 69 70 48 55 53 36 77 57 35 61 46 32 56 48 
30 40 36 39 41 40 16 19 21 21 11 16 15 23 12 34 5 13 10 30 13 31 

3 13 15 18 15 11 2 1 2 2 4 0 0 6 0 3 0 2 3 5 5 6 
6 9 8 11 10 7 13 0 3 2 15 14 13 12 0 1 17 11 8 11 11 5 
1 5 3 8 6 7 0 0 0 0 0 0 0 3 0 0 1 3 0 4 3 2 
0 1 0 0 0 0 2 0 0 0 0 0 2 1 0 0 2 0 0 0 0 1 
0 0 4 4 1 1 0 3 1 1 11 7 10 13 4 0 26 6 24 9 6 2 
0 3 2 0 2 0 0 2 0 0 2 1 1 0 0 0 0 0 1 5 1 0 
1 0 0 0 0 0 0 0 0 0 0 3 1 2 0 0 8 0 2 0 1 0 
0 0 0 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 1 0 0 0 

17 3 6 13 9 6 12 14 27 48 29 24 26 28 78 41 57 50 25 41 49 67 
24 16 17 13 22 14 24 13 16 27 20 22 32 28 9 29 28 20 25 22 24 15 
16 23 14 24 21 19 44 24 8 16 13 15 12 13 0 18 10 13 35 14 18 4 
4 6 23 9 9 13 6 3 22 2 15 17 13 13 5 5 1 2 1 7 3 3 

12 14 20 17 15 17 2 8 1 2 4 12 3 11 0 1 0 2 6 3 0 0 
2 7 4 8 4 12 2 2 9 0 10 3 3 3 1 1 0 1 1 1 0 0 
4 4 3 3 10 6 0 4 7 0 1 2 4 0 0 0 0 6 0 5 1 6 
2 0 6 5 3 6 0 1 2 0 1 0 1 0 0 0 0 1 1 3 1 0 
3 1 2 4 2 2 0 0 2 0 1 0 2 0 0 0 0 0 0 0 0 0 
0 1 1 0 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 

42 27 32 28 31 19 58 44 48 34 59 57 66 58 61 59 74 44 54 55 48 60 
38 48 39 43 48 59 31 42 27 48 27 29 23 26 24 26 22 45 34 36 42 30 

4 21 24 24 15 17 6 7 6 12 4 3 2 4 2 5 0 6 7 4 6 4 
12 0 0 0 1 0 1 3 9 2 5 7 3 7 6 4 0 1 1 1 0 1 
0 0 0 1 1 1 0 0 5 0 0 0 2 1 1 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

96 96 95 96 96 95 95 96 96 96 95 96 96 95 94 95 96 96 96 96 96 95 

a The notation follows Fig. 1 except for Pgi 2: c' = c + d 
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Fig. 2. Estimates of the parameter F for 22 populations ofL. perenne based on 2 alleles (e), 3 alleles ( �9  or 4 alleles (v) and about 
96 plants. Open symbols indicate estimates on basis of about 70-85 plants. Missing values are due to missing estimates of F. Lines 
indicate 95% confidence limits for F = 0 on basis of 93-96 plants in case of 2 alleles (-), 3 alleles (..) and 4 alleles (- -) 

Average inbreeding coefficient 

The degree ofselfing in each cultivar is evaluated by the 
parameter F. I f  the values t ~ for all loci are larger than 
zero, partial selfing (or a mixture o f  subpopulations) is 
indicated; on the contrary, for a single locus selection 
might give rise to positive le-values. The values obtained 
for all loci and all populations ofL.  perenne and L. mul- 
tiflorum, are shown in Figs. 2 and 3, respectively. For  
each population two values (which may coincide) are 
given for each locus; one calculated for the maximal 
number  of  alleles and one for two allele classes. In none 
of  the populations the values o f  1 ~ indicated strong par- 

tial selfing so random mating is assumed in the follow- 
ing. On the other hand, many  negative l~-values were 
observed especially for Got 3 and Pgd 1; true negative 
values of  F indicate the presence o f  selection but with 
rare alleles 1 ~ tends to be negative due to sampling. 

The loci can be partitioned into two groups. For 
Got 2 and Acp 1 l~-values were significantly larger than 
zero except for very few populations. On the contrary, 
for Pgi 2, Got 3, Pgm 1 and Pgd 1 l~-values were spread 
around zero with few significant deviations but, in gen- 
eral, with more negative than positive values. These two 
classes o f  loci will now be considered in more detail us- 
ing all the information from the genotypic distributions. 



416 H. Ostergaard et al.: Genetic variation in Lolium species 

.5 Pgi 2 

,4 

.3 

.2 

. . . . . .  _ e _ ~ _ i _ ~  
.1 . . . . . . .  O A  

-.1 

-.2 

~3 

-.4 

e O O  �9 

1 2 3 4 5 6 6 a 6 6 6 c 6 d 6 e 6 f  6g  

�9 s Pgm 1 

A 

.2 

. . . . . . . .  0 . . . . . . . . . . . . . . .  

.1 . . . . . . . . . . . . . . .  

0 �9 l i e  w e :  

-.1 �9 e e  e e  �9 

- .3 

-.4 
2 3 4 5 6 6 a 6 6 6 c 6 d 6 e 6 f 6 g  

Pgd 1 

0 0  

1 2 3 4 5 6 6 a 6 6 6 c 6 d 6 e 6 f  6g  

.7 

.e 

.5 

.4 

.3 

.2 

.1 

0 

-.1 

: 2  

-.3 

Got 2 

v V  ~ V V  �9 

O V  V O  

1 2 3 4 5 6 8 a S b 6 c 6 d 6 e 6 f 6 g  

Got 3 

6 

O e e  �9 U O  

.1 . . . . . . .  

0 0 ~ ,  u 

-.1 

-.2 

-.3 
1 2 3 4 5 6 6 a 6 6 6 c 6 d 6 e 6 f  6g  

Acp 1 

f~ 

O . . . . .  O e  
- - - zl . . . . . .  A . . . . .  

zx �9 �9 �9 
A . �9 

. . . . . . . . . . . .  �9 - 

1 2 3 4 5 6 6 a 6 b 6 c 6 d ~ l , 6 f 6 g  

Fig. 3. Estimates of the parameter F for 13 populations ofL. multiflorum based on 2 alleles (o), 3 alleles (A) or 4 alleles (v) and about 
96 plants. Open symbols indicate estimates on basis of about 70-85 plants. Missing values are due to missing estimates of F. Lines 
indicate 95% confidence limits for F =0 on basis of 93-96 plants in case of 2 alleles (-), 3 alleles (..) and 4 alleles (- -) 

Genotypic distribution at one locus 

The parameter  F is just one o f  the parameters describ- 
ing deviations from the HW-proport ions to be expected 
in a large random mating population not influenced by 
selection. In case of  two alleles, F is sufficient for de- 
scribing the deviations but otherwise additional par- 
ameters are necessary. It appeared, however, that sig- 
nificant deviations from HW-proport ions in case of  
more than two alleles were found only when 1 ~ was cor- 
respondingly numerically large, except for one popu- 
lation (p7) at the locus Got 3. This indicates that devi- 
ations from HW-proport ions were due to deviations be- 
tween the observed and the expected number of  homozy- 
gotes. 

In conclusion, the genotypic distributions were in 
general found to be in HW-proport ions at the loci Pgi 2, 
Got3, P g m l  and Pgd l  but not at the loci A c p l  and 
Got 2 (Table 6). The few significant deviations from 

HW-proportions (numerically large l~-values) in the first 
group of  loci might be due to seed contamination, sam- 
piing or selection. A likely example of  the first type is in 
Got 3 for ml  (Table 5). 

The large positive l~-values (or large HW-test values, 
Table 7) observed for Acp I (Figs. 2 and 3) might be 
caused by the presence of  a silent allele. In few cases, 
homozygotes for a silent allele were observed; if the 
silent allele was present in all populations but not tak- 
en into account in the calculation of  the expected pro- 
portions, positive values of  1 ~ are expected even if the 
populations show random mating (Brown 1979). The 
expected allele frequencies in case of  HW-proportions 
are calculated as described in the Appendix and the 
frequencies of  the silent allele are shown in Table 7. 
Some of  these values are of  a considerable magnitude 
and cannot be neglected. However, in L. perenne they 
cannot account for the deviations from HW-propor-  
tions. This can be concluded from tests calculated ac- 
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Table 6. Chi-squared test" of overall evaluation of fit to HW- 
proportions, shown for each locus within species 

Locus L. perenne L. multiflorum 

Z Z 2 df ~ Z 2 df 

Pgi 2 86.39 62 36.46 29 
Got2 168.18"** 32 528.13"** 78 
Got 3 78.84 61 - - 
Acp I 210.06"** 86 95.07*** 45 
Pgm 1 34.26 32 8.88 13 
Pgd I - - 2.54 2 

The significance levels are 
* 0.01 <P<0.05; ** 0.001<P<0.01 and *** P<0.001 

the absence of  selection. It is l ikely that  popula t ions  
showing deviations from "random union of  gamete"-pro-  
port ions at one locus (i.e. deviat ions from HW-pro-  
portions) will also show deviat ions at two loci when this 
locus is included in the pair. This was not  always the 
case par t ly  due to a statistically less powerful  test with 
two loci. In a few cases, however,  large deviat ions from 
R U G  could not be ascribed to this one-locus effect. 

The observed gametic phase disequil ibr ia  (Tables 9 
and 10) can be summarised  as follows. Gamet i c  phase 
disequi l ibr ium between Pgi 2 and Got 3 was observed in 
2 of  25 populat ions  (p4 and m2), between Pgi 2 and 

Table 7. Characteristics of the Acp 1 locus. For further expla- 
nations see text 

cording to the pool ing rules of  Table 3. Even if  the 
number  o f  populat ions  with significant deviat ions is 
halved, from 9 to 5 in L. perenne and from 3 to 0 in 
L. multiflorum, the deviat ions are still so large than the 
combined  test in L.perenne  shows a large deviat ion 
from HW-propor t ions  when the silent allele is inc luded 
(Table 7). 

In Got 2 the fastest moving band partly overlaps the 
bands of  Got 1 so the large excess o fhomozygo tes  (posi- 
tive l~-values (Figs. 2 and 3) or large HW-tes t  values 
(Table 8)) might  be due to misclassifications resulting 
in, for instance, too few observations of  'ab ' .  This is in- 
vestigated by  considering only the genotypes 'dd ' ,  'dc' ,  
and 'cc' (Table 8). Again  deviat ions from HW-pro-  
port ions due to excess o f  homozygotes  are found. The 
excess o f  homozygotes  might, in stead, be due to the 
presence of  a silent allele. This cannot  be tested reason- 
ably  in L.perenne  due to the small  number  of  ob- 
servations in the classes including 'a '  and 'b '  and a silent 
allele cannot account for the excess o f  homozygotes  in 
L. multiflorum (Table 8). Due  to the uncertainties re- 
garding the interpreta t ion of  the banding  patterns in 
Acp 1 and Got2, these loci are omit ted from further 
analysis. 

Genotypic distribution at two loci 

In a large random mating popula t ion  the genotypes on 
two loci will show equi l ibr ium propor t ions  or Robbins '  
proport ions (Robbins  1918) in the absence of  selection 
on the polymorphism,  and after a sufficient number  of  
generations for the l inkage disequi l ibr ium to decay. The 
number  o f  generations necessary increases with increas- 
ing linkage. A popula t ion  in Robbins '  propor t ions  auto- 
mat ical ly  shows marginal  HW-propor t ions  whereas the 
opposi te  is not  true. F rom the avai lable data  it was pos- 
sible to test both for r andom union of  gametes ( R U G )  
and for gametic phase equi l ibr ium (Tables 9 and 10). 
Assuming random mat ing  the former test is a test for 

Popula- HW-test without Frequency HW-test with a 
tion a silent allele of the silent silent allele 

(dl) c allele (df) c 

pl  9.29 (6) 0.03 6.51 (3) 
p2 a 0.09 12.02 (6) 
p2a 8.19 (6) 0.00 8.19 (6) 
p2b 14.23 (6)* 0.08 8.08 (6) 
p2c 8.71 (6) 0.03 7.94 (6) 
p2d 8.05 (6) 0.05 5.18 (6) 
p3 17.08 (3)*** 0.10 9.36 (3)* 
p4 11.85 (3)** 0.11 5.88 (3) 
p5 ~ 0.11 9.74 (6) 
p6 9.84 (3)* 0.09 4.71 (1)* 
p7 18.66 (3)*** 0.12 7.81 (3)* 
p7a 4.55 (3) 0.04 3.23 (3) 
p7b 7.51 (6) 0.03 5.32 (3) 
p7c 2.13 (3) 0.04 0.96 (3) 
p8 0.15 (1) 0.03 2.27 (1) 
p9 10.94 (3)* 0.10 1.13 (1) 
plO 3.81 (1) 0.07 - 
p l l  a 0.13 2.83 (3) 
p12 19.20 (3)*** 0.12 3.95 (1)* 
p13 9.12 (3)* 0.08 5.25 (3) 
P14 15.05 (3)** 0.11 6.99 (1)** 
p15 7.11 (3) 0.05 - 
Xb 185.47 (71)*** 92.65 (53)*** 

ml 7.94 (3)* 0.09 0.02 (1) 
m2 a 0.13 3.13 (3) 
m3 9.92 (6) 0.02 5.48 (3) 
m4 9.04 (6) 0.04 4.84 (3) 
m5 33.05 (3)*** 0.14 0.22 (1) 
m6 8.70 (3)* 0.09 0.77 (1) 
m6a 0.14 (3) 0.00 - 
m6b 3.95 (3) 0.00 - 
m6c 6.42 (3) 0.05 2.93 (1) 
m6d 1.68 (3) 0.01 - 
m6e 1.99 (3) 0.00 0.24 (1) 
m6f 7.26 (3) 0.05 0.34 (1) 
m6g 1.85 (3) 0.03 - 
Sb 91.94 (42)*** 14.84 (12) 

In these populations the silent homozygote is observed 
b Populations showing a silent allele are not included in the 
summation 
~ The significance levels are 
* 0.01 < P<0.05; ** 0.001 <P<0.01 and *** P<0.001 
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Table 8. Characteristics of the Got 2 locus. For further expla- 
nations see text 

Popula- HW-test with HW-test with HW-test with a 
tion respect to a, respect to c silent allele (dfF 

b, c and d and d 
(d O" (df= 1) a 

pl 26.36 (3)*** 5.98* 
p2 3.78 (1) 3.57 
p2a 2.07 (1) 2.79 
p2b 0.02 (1) 0.02 
p2c 3.81 (1) 3.81 
p2d 4.06 (1)* 3.68 
p3 10.52 (3)* 2.43 
p4 16.85 (3)*** 12.36"** 
p5 3.11 (1) 0.45 
p6 0.17 (1) 0.17 
p7 5.91 (1)* 2.60 
p7a 0.76 (1) 0.01 
p7b 3.57 (1) 0.96 
p7c 2.20 (1) 0.57 
p8 23.17 (3)*** 7.00** 
p9 46.39 (3)*** 18.10"** 
pl0 0.07 (1) 0.07 
pll  8.42 (1)** 7.65** 
p12 0.59 (1) 0.45 
p13 1.42 (1) 1.42 
p14 1.06 (1) 1.06 
p15 3.83 (1) 3.83 
2; 168.18 (32)*** 78.98 (22)*** 

ml 48.95 (6)*** 5.88* 
m2 36.81 (6)*** 11.12"** 
m3 34.82 (6)*** 4.66* 
m4 35.45 (6)*** 0.00 
m5 53.56 (6)*** 1.82 
m6 42.95 (6)*** 8.13"* 
m6a 40.33 (6)*** 12.52"** 
m6b 56.46 (6)*** 10.86"** 
m6c 17.76 (6)** 2.06 
m6d 41.75 (6)*** 5.57* 
m6e 37.23 (6)*** 6.50* 
m6f 41.28 (6)*** 2.01 
m6g 40.78 (6)*** 5.62* 
2: 528.13 (78)*** 76.75 (13)*** 

1.82 (5) 
2.48 (5) 
7.83 (5) 

19.26 (5)** 
19.72 (5)** 
5.60 (2) 
8.37 (5) 

13.13 (5)* 
4.96 (5) 

15.69 (5)** 
5.93 (5) 

28.07 (5)*** 
18.28 (5)** 

151.10 (62)*** 

" The significance levels are 
* 0.01 < P<0.05; ** 0.001 <P<0.01 and *** P<  0.001 

Pgm 1 in 1 of  34 populations (m6g), between Pgi 2 and 
Pgd 1 in 3 of  7 populations (m6b, m6f, m6g), between 
Got 3 and Pgm 1 in 2 of  25 populations (p9 and pl0) 
and in the remaining two pairs of  loci, in none of  one 
and six populations, respectively. I f  a group of  popu- 
lations were under the same influence with respect to 
gametic phase disequilibrium, e.g., if two loci were link- 
ed or if the populations were newly founded, an over- 
all test might show whether the deviations were true or 
merely due to random fluctuations. A general tendency 
of  gametic phase disequilibrium between Pgi2 and 
Pgd 1 showed up in subpopulations of  m6. 

H. Ostergaard et al.: Genetic variation in Lofium species 

D i s c u s s i o n  

The use o f  electrophoretic variation in cultivar identifi- 
cation as well as in any population genetic analysis re- 
quires that the banding pattern is consistent and that 
the relationship between bands and alleles is well de- 
fined. The six polymorphic loci under study Pgi 2, 
Got 2, Got 3, Acp 1, Pgm 1 and Pgd 1 have been chosen 
to satisfy the former prerequisite but unfortunately the 
latter prerequisite was only partially satisfied in Acp 1, 
Got 2 and Got 3. In Acp 1 a homozygote for a silent al- 
lele was observed in a few populations; the a-band in 
Got2 could not be distinguished from the band in 
Got 1; and finally, apparently non-Mendelian segre- 
gation has been observed in the few crosses made on 
segregation at Got-2 and Got-3 (Hayward and McAdam 
1977b). One of  the purposes of  the present analysis was 
to investigate whether the genetic interpretation was 
reasonable, judged from the expected genotypic pro- 
portions. 

The populations assayed were samples of  standard 
seed lots of  15 cultivars of  Lolium perenne and 6 cul- 
tivars of  Lolium multiflorum. These cultivars are based 
on a selection of  a dozen of  plants which are intercross- 
ed and continuously selected for some generations. Be- 
fore cultivars are introduced, they must be shown to be 
phenotypically stable from generation to generation for 
morphological characters; this analysis should, there- 
fore, investigate the stability on the genotypic level. 
Thirteen additional populations were investigated. They 
represented seed lots taken from different generations 
of  some of  the cultivars and grown in different en- 
vironments to investigate the possible influence of  sam- 
pling, contamination and selection. 

The population genetic consequences of  construct- 
ing a new cultivar are expected to be comparable with 
those in a natural population caused by founder effects, 
i.e. diversity between populations and even loss of  dif- 
ferent alleles. Nevertheless, the same alleles were found 
in nearly all cultivars within a species. A possible expla- 
nation for this could be that some gene flow occurs 
among populations. 

Self-incompatibility in L. perenne and L. mul- 
tiflorum is presumably determined by two multi-allelic 
loci with gametophytic control of  the pollen phenotype 
(for a discussion see Lawrence et al. 1983). Loci in ga- 
metic phase disequilibrium with one of  the self-in- 
compatibility loci might tend to show increased 
heterozygosity since no homozygotes are present at the 
self-incompatibility locus. One of  the loci investigated, 
Pgi 2, has this potential since it is linked to one of  the 
self-incompatibility loci (S) (Cornish etal.  1980a; 
Fearon et al. 1983). The data do not indicate any effect 
of  this linkage. 
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Tab le  9. Devia t ions  f rom " r a n d o m  u n i o n  o f  game te " -p ropo r t i ons  ( R U G )  m e a s u r e d  as l ikel ihood 
ratio statistics ( d r =  5) and  devia t ions  f rom gamet ic  phase  equ i l ib r ium (GPE)  m e a s u r e d  as l ikel ihood 
ratio statistics or  Burrows '  tests ( d f =  1) for pairs  o f  the  loci Pgi 2, Got 3 a n d  Pgm 1 in Lolium perenne. 
For  the  test p rocedure  see text  

Pgi 2~Got 3 Pgi 2/Pgm 1 Got 3/Pgm 1 

R U G  G P E  R U G  G P E  R U G  GPE 

1 10.39 0.53 11.56 *'+ 0.42 7.54 + 0.16 
2 0.99 1.08 4.81 2.79 5.23 1.24 
2 a 3.46 0.01 3.15 0.45 5.98 0.75 
2 b  3.36 0.14 2.61 0.70 7.10 0.12 
2c  4.46 3.12 2.84 3.30 1.55 1.79 
2 d  3.36 0.20 11.44", 0.01 12.88" + 1.48 
3 8.83 1.49 11.49* 2.11 5.72 0.67 
4 5.95 8.95** 7.43 0.37 4.87 1.31 
5 1.42 0.00 10.55 0.12 4.32 0.64 
6 _a  0.04 5.03 0.84 - 0.22 
7 8.71 + 0.61 8.34 + 0.81 5.07 1.68 
7 a 0.84 0.02 2.03 0.99 1.68 0.78 
7 b  20.08"*'  + 0.69 14.49" + 0.09 3.25 1.28 
7c  9.94 0.05 2.27 1.72 2.21 0.17 
8 - 0.01 5.69 1.05 4.53 2.60 
9 5.53 0.60 4.04 1.20 - 4.67* 

10 2.82 1.41 - 1.21 - 5.25* 
11 2.51 0.11 8.70 0.08 3.64 0.48 
12 3.51 2.01 2.27 1.06 1.62 0.05 
13 2.50 3.79 2.96 2.04 2.57 0.93 
14 9.79 0.61 5.76 2.93 6.98 0.17 
15 5.92 0.27 1.20 0.00 7.92 0.00 
Tes t  value  114.37 25.74 128.66 24.29 94.66 26.44 

(df) (110) (22) (105) (22) (95) (22) 

T h e  expected n u m b e r s  are  too small  
+ Signif icant  devia t ion  at one  locus  (two allele classes) 
*' ** Tes t  s ignif icant  a t  5% and  1% level, respect ively  

Table  10. Devia t ions  f rom " r a n d o m  un i on  o f  g a m e t e " - p r o p o r t i o n s  ( R U G )  m e a s u r e d  as l ikel ihood ratio statist ics ( d f =  5) a n d  devi-  
a t ions  f rom gamet ic  phase  equ i l ib r ium (GPE)  m e a s u r e d  as l ikel ihood ratio statistics or  Burrows '  tests ( d f =  1) for pai rs  o f  the  loci 
Pgi 2, Got 3, Pgm 1 and  Pgd I in Lolium multijqorum. For the  test p rocedure  see text 

Pgi 2~Got 3 Pgi 2/Pgm 1 Pgi 2/Pgd 1 Got 3/Pgm 1 Got 3/Pgd 1 Pgm 1/Pgd 1 

R U G  G P E  R U G  G P E  R U G  G P E  R U G  GPE R U G  G P E  R U G  G P E  

1 - 0.94 
2 - "  4.74* - 0.56 -+  
3 -+  0.05 19.11 **,+ 0.00 
4 - 0.14 1.61 0.01 
5 - 0.01 
6 - 1.14 
6 a  
6 b  - 0.52 - 
6 c - 0.00 
6 d  -+  0.05 -+  
6e  - 1.11 - 
6 f  - 0.50 - 
6g  - 7.09** -+  

Tes t  value  4.92 20.72* 11.93 
(df) (3) (10) (12) 

0.09 - 0.01 -+  0.10 + 0.49 
- 0.04 
- 1.86 

0.53 
4.87* - 0.47 

0.02 - 0A7 
0.00 - 0.01 
6.78** - 0.00 
6.73** 

19.02"** 1.91 0.10 
(7) (3) (1) 

a T h e  expected n u m b e r s  too smal l  
+ Significant devia t ion  at one locus (two allele classes) 
*' ** Tes t  s ignificant  at  5% and  1% level, respect ively  
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The self-incompatibility is, however, not complete (Cor- 
nish et al. 1980b; Fearon et al. 1983) so selfing could be an 
important population parameter. The parameter used for de- 
scribing the degree of selfing is the average inbreeding coef- 
ficient or Wright's fixation index, F (Brown 1979). This par- 
ameter can be estimated in different ways by means of data 
from one generation (Curie-Cohen 1982). In all cases the sam- 
pling error is very much influenced by the allele frequencies 
except when F=0 ;  therefore, average values of 1 ~ over loci 
should be applied carefully. For this reason no overall es- 
timates of selfing have been calculated in this study. Since the 
interpretation of negative F-values is dubious, averaging large 
negative and large positive values (Kidd et al. 1980) should be 
avoided. 

Partial selfing does not seem to be important in the con- 
sidered cultivars although a considerable rate of selfing has been 
reported in a natural population ofL. multiflorum (Allard et al. 
1977). This difference might be due to a low statistical power of 
the test applied using information from one generation only 
(Ward and Sing 1970). A much more efficient method is to 
sample two successive generations (Allard et al. 1977; Shaw 
and Allard 1982). 

The six loci under  study were par t i t ioned into two 
groups with respect  to genetic equi l ibr ium (HW-pro-  
port ions) at one locus. At  Got 2 and Acp I large devi- 
ations from HW-propor t ions  indicating excess of  
homozygotes  were observed. Hayward  et al. (1978) have 
observed the same phenomenon  in three cultivars, one 
of  which equals p12. A likely explanat ion in case of  
Acp 1 is the presence of  silent alleles but  this is not 
enough to account for the deviations found. For  Got 2 
technical  problems might  give rise to misclassifications 
but  again this does not give a full explanat ion for the 
deviations. These two loci were, therefore, omit ted in 
the two-locus analysis. Prel iminary results have indicat-  
ed that Got2 and Acp 1 are l inked (Hayward  e ta l .  
1979) so their genotypic distr ibutions might  be altered 
by a selection force working on that part  of  the genome. 

At  the remaining four loci (Pgi 2, Got 3, Pgm 1, and 
Pgd 1), genetic equi l ibr ium at one locus was obtained.  
The abnormal i t ies  in segregation at Got 3 (Hayward  and 
McAdam 1977 a) have not been suppor ted  except for a 
somewhat  skewed distr ibution of  the estimates of  F 
towards negative values. Only two of  the four loci have 
been located i.e. Pgi 2 and Got 3 and they are found on 
different chromosomes (Lewis et al. 1980). Genetic equi- 
l ibr ium at two loci (Robbins '  proport ions)  were found 
except in the subpopula t ions  o f  the cultivar m6. Here a 
small  degree o f  gametic phase disequil ibr ium was found 
between Pgi-2 and Pgd-1. Due to founder effects, ga- 
metic phase disequi l ibr ium was expected more often 
but  with the small  number  of  observations the dis- 
equi l ibr ium has to be numerical ly  large, 0.03 to 0.05, for 
a 50% certainty of  rejecting the hypothesis o f  D = 0 at a 
5% level (Brown 1975). 

In the present  analysis insufficient statistical power 
of  the genetic tests have been an overwhelming prob-  
lem. Pooling of  rare alleles is unsatisfactory but  neces- 
sary. Even then, zero-observat ions and small ex- 

pectations cause problems when using the asymptotic 
test results, either for the l ikelihood ratio test or for 
Pearson's Z2-test (Larntz 1978). However,  it seems as if  
the l ikelihood ratio test for HW-propor t ions  is reli- 
able even for small sample sizes (Elston and Forthofer  
1977). 

In conclusion, the stability of  cultivars observed in 
quanti tat ive morphological  characters was also found in 
most of  the studied isozymes as judged  from their fit in 
one generation to "random union of  gamete"-proport ions 
in one and two loci and to gametic phase equil ibrium. 
Indicat ions of  instability were, however, found in sub- 
populat ions exposed to new environmental  condit ions 
and this has elsewhere been suppor ted  by tests for ho- 
mogeneity (Nielsen et al. 1984). 
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Appendix 

Maximum likelihood estimation of  allele frequencies 
when a silent allele is present (Rust 1972). 

In Table A.1 the expectation in each observat ional  
class is described in case of  two or three active alleles. 
The procedure can easily be extended to more alleles. 
The i teration equations for simultaneous estimation of  
allele frequencies can be calculated from the first de- 
rivative of  the log-likelihood function or from con- 
dit ional expectations. The r ight-hand side of  the equa- 
tions gives the new value of  the parameters  in each iter- 
ation cycle. In the case of  three alleles the equations 
are: 

p~ = �89 (Os + O5)/N + (pa + P0)/(pa + 2 po) * O2/N 

p~,= 1/2 (03 + O t ) / N  + (pb + p0)/(pb + 2p0) * O4/N 

Table A 1. Expectation of proportion of individuals belonging 
to each observational class in case of a silent allele and two or 
three functional alleles 

Banding pattern Expectation Observation 

o1 L O0 p~ 
02 aa p~+ 2popa 
03 ab 2papb 

bb p]~+ 2pop b 04 
ac 2papc O5 
bc 2pbpc 06 
CC p~+ 2p0p c 07 

1 N 

2 alleles 

3 alleles 
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p~= 1/2 (05 + O~)/N + (Pc + p0) / (pc+ 2p0),* OT/N 

p'0 1 - P a -  P b -  Pc 

and the equations in the case o f  two alleles are given by 
cancell ing the equat ion for Pc. 

The fit o f  observations to expectat ions (Table A. 1) is 
evaluated by a l ikel ihood ratio test which is ~ -d i s t r ibu t -  
ed with In ( n +  1 ) / 2 - n ]  degrees o f  f reedom (n equals 
the number  o f  non-si lent  alleles). 

Fo r  the locus Got-2 the observat ional  classes O1 and 
02 are pooled so the i terat ion equat ion for p ;  becomes 

Pa' = Y2 (03 + O s ) / N  + pa / (p  a + P o) *(O1 + Oz) /N 
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