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Cytogenetics of Lolium perenne 

Part 1: Chiasma Frequency Variation in Inbred Lines 

A. Karp and R. N. Jones 
Department of Agricultural Botany, University College of Wales, Aberystwyth (Wales) 

Summary. A number  of  inbred fines o f  Lolium perenne 
have been developed as far as the fifth inbred genera- 
tion and are being used for basic studies on the cyto- 
genetics of  the species. An analysis on variation in the 
pattern of  chiasma frequency and distribution, in- 
cluding the parent plants and all generations down to 
the $5, reveals that the effect of  inbreeding is to reduce 
chiasma frequency and to increase both the cell and 
bivalent variances. Evidence is presented for a genetic 
basis of  polygenic control o f  chiasma formation and 
distribution, and a model is suggested for control over 
the three related components of  variation which in- 
volves a two-stage level of  regulation. 

Key words: Lolium perenne - Inbred fines - Meiosis - 
Chiasmata 

Introduction 

Perennial ryegrass is widely grown as a cultivated 
diploid species and has received a considerable amount  
o f  attention from plant breeders since some of  the first 
selections were made from permanent  pastures in the 
early part of  this century. Much of  the work has con- 
centrated on aspects o f  the genetic system that relate to 
quantitative characters and their response to selection. 
Interest has centered around developmental studies 
and towards an understanding of  the genetic basis of  
such characters as inflorescence development and 
production (Cooper 1959; Hayward 1967); seed and 
seedling characters (Hayward and Breese 1966; Wilson 
and Cooper 1969, 1970) and variation is selfing and 
cross-fertility (Jenkin 1931; Beddows et al. 1962; Foster 
and Wright 1970; Jones and Jenabzadeh 1981). The 
genetics of  the incompatibility system itself has been 
elucidated by Cornish et al. 1979. 

Breeding activity has been concerned with the 
production o f  synthetic varieties and with the utilisa- 

tion of  L. perenne in interspecific hybridisation with the 
related Italian ryegrass, L. multiflorum (Breese et al. 
1981). 

Relatively little attention has been paid so far to funda- 
mental aspects of the cytogenetics of the species; there is a 
lack of knowledge about the genetics of chromosome behav- 
iour, and no linkage maps are in existence. The main 
investigations which have been carried out concern chromo- 
some stability and segregation in the interspecific hybrids 
(Breese et al. 1981) and the regulation of homoeologous chro- 
mosome association by B chromosomes (Evans and Macefield 
1972, 1973, 1974; Taylor and Evans 1976, 1977). There are 
some basic studies on chromosome pairing in autotetraploids, 
in relation to fertility (Crowley and Rees 1968), and on the 
adaptive significance of chiasma frequency variation in dip- 
loids at the population level (Jones and Rees 1966; Rees and 
Ahmad 1963; Rees and Dale 1974). Other evidence for the 
existence of genes controlling chromosome behaviour, mainly 
in relation to asynapsis, comes from investigations on inbred 
material (arising from intensive selection and sibmating) 
studied by Cooper and Thomas (1961) and Omara and 
Hayward (1978), and also from work on spontaneous de- 
synaptics by Ahloowalia (1972). Some recent work on the 
transmission of trisomics, and on the use of trisomics to map 
isozyme loci, has been presented by Meijer and Ahloowalia 
(1981) and Lewis et al. (1980) respectively. 

The present work is concerned with basic studies on 
the cytogenetics of  the species, with particular reference 
to the genetics of  meiosis. The classical method of  
inbreeding has been employed to expose recessive 
alleles affecting all aspects o f  meiosis, and the early 
phase of  the work concentrates on the cytological 
aspects of  recombination viz. genetic control of  varia- 
tion in chiasma frequency and distribution. 

Materials and Methods 

The material consists of several parent plants of Lolium 
perenne var. '$23', together with their inbred descendents 
comprising pedigrees of families in the S1, $2, $3, $4 and $5 
generations. Details of the ancestry of '$23', the methods of 
growing and selfing the plants, and of the breeding scheme 
and pedigree structure of inbreds developed from each of the 
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Fig. 1. Simplified diagram of the breeding scheme to show the 
structure of the four pedigrees and the relationships between 
the families at each generation of inbreeding. Families are de- 
noted by the horizontal lines 

parents, are given in Jones and Jenabzadeh (1981). An outline 
only of the pedigree scheme is given here (Fig. 1), to show the 
lines of descent which have reached the $5 and the generation 
at which the different lines and families within a pedigree 
diverged from one another. Each of the eleven $5 families is 
represented by ten plants (or less in some cases), and these 
families of plants, both within and among pedigrees, are each 
characterised by their distinctive morphological and devel- 
opmental phenotypes. For cytological procedures the inflores- 
cenees were fixed in Carnoy's fluid and meiotic chromosome 
preparations were stained in acetocarmine. 

Results 

Chiasma frequency variation was determined at recta- 
phase I of  meiosis and the mean  pollen mother  cell 
(pmc) chiasma frequency, as well as the between-cell 
variance and the bivalent variance, was calculated from 
a sample of  twenty pmcs/plant .  Chiasma variation was 
thus studied at three levels of  analysis: the level of  the 
individual plants, the between-cell level within plants 
and the within-cell level in terms of  the bivalent 
variance. The question of chiasma localisation within 
the bivalents themselves will be dealt with in a sub- 
sequent paper.  

Data  were collected for all individuals in each 
generation of inbreeding from the parent  plants down 
to the $5. The parents were scored in both 1979 and 
1980 and the results were found to be constant over the 
two years. The S1, $2, $3 and $4 data, which were col- 
lected from plants fixed in 1979 can therefore be 
directly compared  with the $5 which were first fixed in 
1980. 

The Parent Characteristics 

The mean  pmc chiasma frequency of  the four parents, 
taken over the two years, was 11.8. The metaphase  I 
cell from a representative parent  plant, shown in Fig. 2, 
is typical of  the bivalent configurations in outbred 
populat ion L. perenne. Of  the seven bivalents in this 
pmc  six are di-chiasmate rings and one is a rod bivalent 
with a single chiasma. Nearly all the bivalents of  the 

parent  material  were of  this kind; rings with more  than 
two chiasmata and univalents were rarely found. Thus 
in the parents the chiasmata are characteristically 
found at the ends of  the chromosome arms and are 
evenly distributed between the pmcs and among the 
bivalents within cells. The mean  values for both cell 
and bivalent variances are of  a low order of  1.224 and 
0.2206 respectively (c£ Table l). 

Inbreeding Effects 

The changes in chiasma frequency means from the 
parents down to the $5, for the four pedigrees of  plants, 
are shown in Fig. 3 a. In all cases there is a decrease in 
mean pmc chiasma frequency with inbreeding. A joint 
regression analysis of  variance, combining results of  the 
four pedigrees, is significant at the one per cent level, 
but when the pedigrees are taken individually signifi- 
cance is found for the P3 (<0.01) and P30 (<0.05) 
pedigrees only. 

In the case of  cell variance the relationship is 
positive (Fig. 3 b), showing progressive loss of  unifor- 
mity of  distribution between cells with inbreeding, and 
is again significant at the 1 per  cent level for the joint 
regression. For  individual regressions only the P3 
(< 0.01) and P6 (< 0.05) regressions are significant. 

Bivalent variance (Fig. 3 c) also increases over the 
generations, indicating less regular distribution of  
chiasmata between bivalents within cells as inbreeding 
progresses. The joint regression is significant at the 5 
per cent level, and the individual regressions for the P3 
and P15 pedigrees at the 1 and 5 per  cent levels respec- 
tively. 

Patterns of Variation due to Segregation 

As the inbred lines have been developed on a pedigree 
basis it is possible to examine the patterns of  variation 
for the three characters in relation to segregating 
families and lines arising from heterozygosity within 

Fig. 2. Metaphase I of meiosis showing the typical configu- 
rations of the seven bivalents in a cell of a representative 
parent plant 



A. Karp and R. N. Jones: Cytogenetics of Loliumperenne. Part 1 179 

12- 

g~" II - 

g P6 1o- 

I a "~ P3 
I 1 I I I I I 

P $I SZ $3 $4 $5 
Generotion 

3 
c 

~z 

0.6 

P15 0.5 
P30 

f 
P3 8 
P5 g 

"U_ 

0.4 

~0.3 

0.2 

P15 
/ PSO 

P6 

! I 1 / 1  I | I I I I | I 

Sl 52 $3 S4 $5 P Sl 52 S3 54 55 
Generat]on Generation 

Fig. 3a-c. Graphs showing the relationship between inbreeding and the three components ofchiasma variation, in each of the four 
pedigrees 

Table 1. Data on chiasma frequency variation for the eleven 
lines (family means, and numbers of individuals (n)) at the $5 
in 1980, grouped under the four pedigrees 

Pedigree Mean Cell Mean bivalent 
and family chiasma variance variance 
means frequency 

P3 a) 8.36 (8) 2.996 0.4328 
b) 6.76 (9) 2.933 0.4736 
c) 7.97 (9) 2.311 0.4589 

Mean 7.67 (26) 2.737 0.4663 

P6 a) 10.56 (10) 3.156 0.4941 
b) 10.30 (10) 2.307 0.4303 

Mean 10.43 (20) 2.732 0.4622 

P15 a) 8.66 (10) 3.222 0.4272 
b) 7.84 (9) 2.705 0.4722 
c) 8.79 (8) 3.421 0.4435 

Mean 8.43 (27) 3.109 0.4470 

P30 a) 7.96 (7) 3.417 0.5041 
b) 8.94 (9) 2.245 0.4267 
c) 7.68 (10) 3.503 0.4665 

Mean 8.19 (26) 3.045 0.4628 

individual parents, and also to analyse variation among 
the pedigrees which results from genotypic differences 
between the parents. Data are given for the $5 genera- 
tion only, in Table 1, but one-way analyses of variance 
were performed on all the inbred generations from the 
S1 down to the $5 (Karp 1981). 

When the $5 data for chiasma frequency are exam- 
ined it can be seen that there are differences in family 
means within some of the pedigrees, and also that there 
are differences between some of the pedigree means as 
well. Results of the analysis show highly significant dif- 

ferences for families overall (P<0.001), and that this 
variation can be partitioned into a between pedigrees 
item (P<0.01), and into a between families within 
pedigrees item as well (P < 0.05). Separate analyses of 
variance on the individual pedigrees show the within 
pedigrees item resides in variation among families of 
the P3 pedigree only (P < 0.01). 

The pattern of  variation in chiasma frequency 
observed in the $5 has been developed over the earlier 
generations of inbreeding. In all of these early genera- 
tions significant differences were found between fami- 
lies overall (Karp 1981), and there is firm and con- 
vincing evidence for the widespread segregation of 
polygenes controlling mean pmc chiasma frequency. 
Variation between pedigrees implies genotypic dif- 
ferences between the original parents and variation 
within pedigrees implies segregation of heterozygous 
gene combinations from within the parents. Most of the 
variation was found amongst the S 1 and $2 individuals 
of the early segregants, and the amount of variation 
decreased after the $3. The use of individual plants in 
any one generation to provide seed for progeny plants 
in the next generation was quite arbitrary, but 'natural'  
selection for effectiveness at meiosis screens out the 
more extreme forms of chromosome behaviour and 
narrows down the variation among the more advanced 
lines. Heterogeneity within families also decreases as 
inbreeding advances. 

Variation in cell variances for the $5 is much less 
pronounced than that for chiasma frequency, in so far 
as there are no differences between the pedigrees, and 
significant differences between families are found for 
those within the P30 pedigree only (P < 0.05). Uni- 
formity of between-cell variance is found in all the 
generations except the $3, where there are differences 
within the P3 (P<0.01) and the P6 (P<0.05) pedi- 
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grees. Evidently the parent plants do not exhibit such 
wide genotypic differences for this character, but there 
is still convincing and clear-cut evidence for gene 
segregation coming from three of the parents. 

Bivalent variances in the $5 (Table 1) show a 
similar pattern of variation to the cell variances; signifi- 
cant differences are found only between families within 
the P6 pedigree (P<0.05). There is no significant 
variation between pedigrees, but in the $3 the families 
of P6 are again variable (P<0.001), and in the $4 
those of P30 also show a significant difference (P < 0.01). 
The evidence for genotypic control for this character 
therefore comes mainly from segregation from the P6 
and P30 parent plants. 

The analyses of variance for the different inbred 
generations reveal different patterns of variation and 
segregation for the three components of recombination 
control. For chiasma frequency there is evidence of 
extensive segregation and heterozygosity within indi- 
vidual parents as well as for genotypic differences be- 
tween parents. For cell and bivalent variances the 
segregation pattern is more restricted. Furthermore the 
distribution of the variation, within and among pedi- 
grees, does not always correspond for the three charac- 
ters, and this distribution pattern has to be considered 
in relation to the structure of the pedigrees shown in 
Fig. 1. The P3 pedigree in fact is the only one in which 
the lines were separated from one another as early as 
the S 1, and they thus have the widest degree of genetic 
divergence. This pedigree showed significant variation 
(at least in some generations) for both chiasma fre- 
quency and cell variance, but not (in any of the 
generations) for bivalent variances. Lines in the P6 and 
P15 pedigrees did not diverge until the $3, and are 
more closely related together than those of P3. The P6 
pedigree showed evidence of considerable variation in 
both chiasma frequency and bivalent variance, but very 
little for cell variance. The P15 pedigree showed little 
variation for all three characters. For the P30 families 
the lines of descent can be traced back to separation at 
the $2. Homozygosity appears to have been attained 
early on and the P30 lines show little segregation for 
either chiasma frequency or cell variance, although 
there is significant variation for bivalent variances. 

The outcome of these analyses and comparisons are 
revealing in terms of the genetic profiles of the parents, 
and are also of interest in that they suggest that, in 
some of the pedigrees at least, the components of 
recombination control are segregating independently of 
one another and that they may therefore be under 
separate systems of genetic control. Investigations into 
the relationships between these three components are 
considered below. 

Relationships between the Components of Chiasma 
Frequency Variation 

Relationships between the three components were 
studied down the generations of inbreeding and also 
among the segregating individuals within the different 
inbred generations (i.e. across the generations). 

When the components are plotted against one 
another using overall means (for all individuals) at 

e a c h  generation of inbreeding (Fig. 4) it emerges that 
there is a positive correlation between cell variance and 
bivalent variance (Fig. 4 c, P < 0.001) and that both of 
these characters are negatively correlated with chiasma 
frequency (Figs. 4a, b, P<0.001 for both). When the 
four pedigrees are plotted separately the same trends 
are still found but not all of the regressions are 
significant (Table 2). A pedigree may show a significant 
regression for one component but not for another, 
which is not altogether surprising since, as already 
described, the components did not show significant 
changes with inbreeding for all the pedigrees (Figs. 
3 a-c), and this indicates that when these correlations 
are examined at a more critical level they begin to 
reveal different patterns of variation between the dif- 
ferent pedigrees. Again this implies some independence 
between the three components of variation. 

The detailed relationships between the characters 
across the generations of inbreeding are displayed in 
the form of correlation coefficients in Table 3. In the 
early generations the cell and bivalent variances are 
seen to be positively and significantly correlated with 
one another, and both are negatively and significantly 
correlated with chiasma frequency, except for cell 
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Fig. 4 a-e. Graphs showing the interrelationships between the three components of chiasma variation 
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Table 2. Summary of regression analyses of variance for rela- 
tionships between the three components of chiasma variation 
at the level of inividual pedigrees (cv=cell variance; 
bv = bivalent variance; Xta = pmc chiasma frequency) 

P3 P6 P15 P30 

cv/Xta < 0.05 NS < 0.001 < 0.01 
bv/Xta <0.001 <0.05 <0.01 NS 
bv/cv <0.01 <0.05 <0.05 <0.05 

Table 3. Summary of correlations, across the five generations 
of inbreeding, for the relationships between the three com- 
ponents of chiasma variation (cv/Xta=cell variance against 
chiasma frequency; bv/Xta=bivalent variance against chi- 
asma frequency; bv/cv=bivalent variance against cell vari- 
ance) 

Generations Correlation coefficients and probabilities 

cv/Xta bv/Xta bv/cv 

S1 - 0.1274 - 0.4202 0.3953 
NS <0.05 <0.05 

S2 - 0.4786 - 0.3020 0.3047 
<0.001 <0.05 <0.01 

$3 - 0.3729 - 0.4556 0.3588 
<0.00l <0.001 <0.001 

$4 - 0.0232 - 0.1330 0.0212 
NS NS NS 

$5 - 0.1274 - 0.2988 0.0350 
NS <0.01 NS 

among individual plants in all families and generations. 
Correlations of  mean bivalent variances from both 
these pmc classes (as well as for their mean), against' 
generations of  inbreeding, are positive and significant 
(P < 0.05). As it happens it is within this pedigree that 
the strongest correlations of  bivalent variance with 
inbreeding (P < 0.01), and chiasma frequency (P < 0.001), 
exist anyway. Furthermore a joint regression analysis of  
variance, involving the same two variables in the P30 as 
well as the P3 pedigree (P <0.01), reveals an identity 
of  slopes and, also, a significant heterogeneity of  means 
(P <0.01). As far as these two variables are concerned 
there is not only confirmation of  their partial indepen- 
dence upon one another, but  also evidence for geno- 
typic variation in their interrelationships between the 
pedigrees. 

Additional evidence in support of  the partial inde- 
pendence of  bivalent variance upon chiasma frequency 
comes from segregation for mean bivalent variance 
among families within the $4 generation of  the P30 
pedigree. The significant difference in mean bivalent 
variance (0.4283 compared with 0.5304, P < 0 . 0 1 )  is 
between two out of  the three families, both of  which 
have identical mean pmc chiasma frequencies (8.74). 
As explained in the discussion the data can best be 
interpreted on the basis of  a controlling system, for the 
components of  chiasma variation, which operates on 
two different levels of  adjustment. 

Discussion 

variance against chiasmata in the S 1. The correlations 
are lost in the later $4 and $5 generations. It would 
appear that in the later generation, where the variation 
is on a much narrower basis anyway, that the com- 
ponents of  variation have segregated out somewhat 
independently of  one another and the relationships no 
longer hold. 

The case for correlated responses, and also for a 
degree of  independence between the three variables of  
chiasma variation, is complicated by the fact that we 
are dealing with variation in both means and variances, 
and it would strengthen the argument to have evidence 
of  a rather more critical nature in support o f  the inde- 
pendent behaviour of  these components.  Such critical 
evidence is forthcoming in fact in respect of  the 
bivalent variances and chiasma frequency variables 
over generations of  inbreeding within the P3 pedigree. 
Confounding effects can be separated by making com- 
parisons of  mean bivalent variances taken from iden- 
tical pmc chiasma frequency classes in each of  the 
generations (by pooling all pmcs o f  a given chiasma 
frequency over all plants within a generation). The 
chiasma classes of  9 and 10 are widely represented 

In outbred $23 perennial ryegrass chiasmata are dis- 
tally located at the ends o f  the chromosome arms and 
their distribution pattern is highly regular and uniform 
both between the different pollen mother  cells within 
plants, as well as among the seven bivalents within the 
individuals pmcs. The question of  chiasma localisation 
and distribution within bivalents will be dealt with 
separately at a later date. 

Over generations of  inbreeding there is a decrease 
in mean pmc chiasma frequency and an increase in the 
cell and bivalent variances. The depression of  chiasma 
frequencies with inbreeding also results in the presence 
of  univalents, and various aspects o f  their frequency 
and behaviour will also be treated and presented as a 
separate study. 

Similar effects o f  inbreeding on chiasma frequency, 
and cell and bivalent variances, have been documented 
in rye (Rees 1955; Rees and Thompson  1958; Jones 
and Rees 1964), and the effect o f  inbreeding on 
chiasma frequency has also been described in radish 
(Dayal 1977). The evidence in Lolium, as in other 
species, is in support of  a system of  polygenic control 
which regulates both the frequency and the distribution 
of  chiasmata. 
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One of  the advantages of  the breeding scheme used 
in the present  work is that the lines and families have 
been developed on a pedigree basis and all the plants 
have been studied over all the generat ions o f  inbreed-  
ing, so that the relationships and pat terns  of  segrega- 
t ion could be investigated at each of  the generations 
from the parents  down to the $5. F r o m  a study of  these 
relat ionships it emerges that while there are inevitable 
consequences of  inbreeding,  in the form of  correlated 
responses for the three components  o f  variation,  there 
are also independent  patterns o f  segregation and varia-  
tion that  have their origins in the heterozygosity, and 
genotypic differences, that reside respectively within 
and between the parent  plants  themselves. The three 
components  of  chiasma variat ion have elements of  both  
dependence and independence  upon one another  that 
leads to the suggestion that their regulat ion is operat ing 
on two levels of  genetic control. 

Earlier work on rye by Rees and Thompson (1958) also 
showed that there is a negative correlation between cell 
variance and chiasma frequency, and that there is some 
independence as well. Similar results have been demonstrated 
for the relationship between bivalent variance and chiasma 
frequency in rye (Jones and Rees 1964). Rees and Thompson 
(1958) suggested that the basis of the interrelationships may be 
the control of chiasma frequency itself; and that there may be 
an upper hmit to the numbers of chiasmata in the pmcs of rye. 
An increase in cell variance will mean that more cells must 
deviate from this upper limit, and to accommodate this 
variation the chiasma frequency will have to be reduced. 
Decrease in chiasma frequency is therefore inevitably coupled 
with increases in both the cell and bivalent variances which 
are consequent upon inbreeding. They further suggested that 
some independence between the variables could arise from a 
change in the value of the upper limit itself. A study of a large 
number of rye genotypes of varied origin (including a com- 
mercial variety, a semi-inbred line and an F2 derived from a 
cross between a 'distributional' mutant and wild type rye), led 
Jones (1974) to the finding that there is a positive correlation 
between cell variance and bivalent variance. These compo- 
nents were also shown to be correlated with the distribution of 
chiasmata within bivalents; a matter that we will raise in a 
subsequent publication. In an earlier analysis (Jones 1967), a 
rye distributional mutant was described which showed a 
random variation of chiasmata both within and between ceils, 
and probably also within bivalents; this system having a 
complex genetic basis. From these studies it was argued that 
the different levels of chiasma variation are under a single 
system of genetic control. The hypothesis was put forward that 
in rye, under normal circumstances, strict control is exercised 
at the level of individual bivalents, on a model postulating 
sites of high probability of chiasma formation at the ends of 
the chromosome arms. This leads to an even distribution of 
chiasmata between and within cells. Changes in the compo- 
nents of variation are correlated because they all constitute a 
degree of change, or 'relaxation', in the common basis of 
control. It was further proposed that the common underlying 
basis of the control is the error component of variation (Jones 
1974). 

The data presented for L.perenne shows general  
agreement  with the findings and interpretat ions given 
for rye. There appears  to be strict control  operat ing in 
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Fig. 5. Model illustrating the two-level system of control for 
the interrelated components of chiasma variation 1 Chiasma 
frequency; 2 cell variance; 3 bivalent variance; 4 distribution 
of chiasmata within bivalents 

the parent  mater ia l  to l imit  the variat ion between and 
within cells, and the changes that accompany inbreed-  
ing result in part  from a b reakdown of  a common 
underlying system of  control. The main  difficulty in 
accommodat ing  the Lolium data  entirely within a 
single system of  control  is the finding that segregation 
patterns for the three variables are not  necessarily 
coincidental,  and that the correlations between them do 
not  invariably hold when tested at a critical level. 

In order to interpret  the Lolium data, as well as to 
take account of  the previous findings for rye, we 
propose a model  for chiasma frequency variat ion based 
on two levels of  control, as shown in Fig. 5. Chiasma 
frequency, cell variance and bivalent  variance are 
interrelated by a system which operates at a common 
level o f  control - level I. A mutat ion,  or variation, in 
genes operat ing at level I results in a change in all three 
components,  as in the rye dis t r ibut ional  mutant .  In  
addi t ion to this overall  control  there are independent  
controlling systems operat ing at level II. When  level I is 
operat ing normal ly  a variat ion in level II will affect 
only one of  the components;  for example,  a change in 
A will cause a variat ion in cell variance independent ly  
of  chiasma frequency and bivalent  variance. Inbreeding 
leads to the exposure of  recessive alleles affecting both 
levels of  control. Progressive increase in homozygosi ty  
for recessives affecting level I leads to a reduction in 
chiasma frequency and a correlated increase in the cell 
and bivalent  variances, in the way envisaged by Rees 
and Thompson  (1958). In  addi t ion  to this there are 
pat terns of  variat ion that arise, and are evident,  in the 
advanced $4 and $5 generations, due to the segregation 
of  controlling genes affecting level II. The inbred  pedi-  
grees of  Lolium ma3~ therefore show a correlation, or 
otherwise, for the components  o f  chiasma frequency 
var ia t ion depending on the genetic profiles of  the 
parents  in respect o f  the genes operat ing at levels I 
and II. 
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