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Lateral element lengths and nuclear
disposition in Lollum

C. JIMENEZ & G. JENKINS*
Institute of Biological Sciences, Sir George Stap/edon Building, University of Wales, Aberystwyth, Dyfed SY23 3DD, U.K.

The 50 per cent difference in nuclear DNA amount between Lolium perenne and L. temulenturn
translates into a 50 per cent difference in mean total lengths per cell of lateral elements at
pachytene, indicating that the same proportion of the genome is incorporated into synaptonemal
complexes in these two species. Quantitative comparisons were not able to show that the accommo-
dation of the length differential between homoeologous lateral elements in the diploid F1 hybrid is
accomplished either by an equal stretching of the shorter chromosomes or a contraction of the
longer. Ph-like genes in one genotype of L. perenne appear to induce irregular associations of A and
B chromosomes, whereas in their absence synapsis of A chromosomes is normal and the B
chromosome usually segregates to the periphery of the nucleus during meiotic prophase. The
differences in chromosome behaviour at this stage have remarkably little effect on bivalent and
chiasma frequencies at metaphase I, and on the fertility of the organism.
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Introduction

The synaptonemal complex (SC) is a meiosis-specific,
tripartite structure of the eukaryote nucleus, which
shows a high degree of conservation in terms of ultra-
structure and internal dimensions throughout the
animal and plant kingdoms. It has been the subject of
numerous investigations in a variety of organisms since
its discovery (Moses, 1956; Fawcett, 1956), because it
not only enables the visualization of the intimate
association of chromosomes during synapsis, but also
reflects the relative lengths of chromosomes of a
complement during meiotic prophase. Indeed, the
relative lengths of SCs can be used, with certain caveats
(Jones & de Azkue, 1993) to construct idiograms from
which individual pairs of chromosomes may be identi-
fied and mapped physically. As SC and chromosome
lengths are correlated at the genomic level, the unit
length of DNA associated with the SC must be the
same throughout the chromosome complement. It is
perhaps not surprising, therefore, that a positive
relationship has been reported between DNA amount
and SC length when different species are compared
(Anderson et a!., 1985). However, this relationship
does not necessarily hold true in all cases. For example,
sex-specific (Bojko, 1985; Wallace & Hulten, 1985;
Jones & Croft, 1989), interplant (de Azkue & Jones,
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1993) and B chromosome-induced (Jones eta!., 1989)
SC length variation have been reported recently. Also,
an investigation of four vertebrate classes revealed no
significant relationship between SC length and genome
size (Peterson et a!., 1994). Clearly, the proportion of
the chromosome length associated with the SC is
subject to other controls in these cases.

The present study focuses on comparisons between
two closely related species of the genus Lolium, which
differ by 50 per cent in nuclear DNA amount
(Hutchinson et a!., 1979). Previous studies have shown
that the difference in homoeologous chromosome
length in meiotic nuclei is consistently lower than the
expected 50 per cent (Table 1). In other words, it would
appear at first glance that the relationship between SC
(or lateral element) length and DNA amount breaks
down in this material. However, the table shows that all
the studies were performed on the F1 hybrid, in which
there may be distortion of relative lengths owing to
differential compaction or elimination of synaptic
irregularities. Similar observations have been made in
other hybrid organisms. For example, White et a!.
(1988) and Jenkins eta!. (1988) recorded 56 per cent
and 37 per cent differences in mean lateral element
(LE) length between the chromosome sets of allo-
triploid and allotetraploid cytotypes of Sci!la
autumnalis. These compare with estimated differences
of 67 per cent in nuclear DNA amount and 47 per cent
in somatic metaphase chromosome length. Similarly,
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the diploid hybrid between A ilium cepa and A. fistulo-
sum has only an 18 per cent difference in length
between homoeologous LEs, while the parents differ
by 27 per cent in nuclear DNA amount (Aibmi &
Jones, 1990). The difference in length between
chromosome sets may, in other cases, be accentuated
relative to the DNA amount. For example, in a hybrid
between L. multiftorum and Festuca diymeja, the DNA
difference is 66 per cent and mean LE length differ-
ence between the two asynaptic chromosome sets is
100 per cent (Thomas & Morgan, 1990).

This study presents for the first time comparisons
between the lengths of the chromosomes in the
parental species, and between the lengths in the parents
and in diploid and tetraploid hybrids. It shows the
potential of each species to orgamse LEs, and provides
additional information about the mechanics of the
accommodation of the length differential in the diploid
hybrid. In addition, the selection and comparison of
two genotypes of L. perenne has revealed a genotypic
effect on the nuclear disposition of the B chromosome
and chromosome pairing behaviour of the A comple-
ment.

Materials and methods

Materials

The two genotypes of L. perenne (2n = 2x = 14 + B),
LplO and Lp19, were isolated by Taylor & Evans
(1977). They are half-sibs and contain a single identical
B chromosome. Lp 19 contains Ph-like genes which
reduce chiasmate association in the diploid hybrid with
L. temulentum and promote homologous bivalent
association in the amphidiploid. Both genotypes have
been maintained by vegetative propagation in 17.5 cm
pots in a glasshouse.

The two genotypes of L. temulentum (2n =2x = 14),
Ba3081 and Ba6902, were originally obtained by
Taylor & Evans (1977) from the Welsh Plant Breeding
Station, Aberystwyth. Ba308 1 was collected locally
and Ba6 902 from France. They are both naturally
inbreeding and annual and have been maintained by
selfing since their acquisition. Seed was sown in
February into John Times no. 2 compost in 24-hole
multipots. Seedlings were transferred to 12.5 cm pots
and grown to maturity in an unheated greenhouse.

Methods

The preparation, visualization and analysis of whole-
mount surface-spread SC complements is described in
Chatterjee & Jenkins (1993). Chromosome pairing
behaviour at metaphase I was analysed by conventional
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light microscopy of aceto-carmine squash preparations
of anthers fixed in Carnoys. Pollen fertility in L.
perenne was assessed according to the method of
Alexander (1969). Viable and aborted pollen grains
were scored from random sectors of slides prepared
from the anthers of different plants of the two geno-
types.

Results and discussion

Lateral element lengths

Table 2 shows the mean LE lengths per cell at pachy-
tene in the two genotypes of L. perenne and of L.
temulentum. Students' t-tests show that there is no
significant difference between the means of the two
genotypes of L. temulentum (t18 = 1.822, P> 0.05) nor
of the two genotypes of L. perenne (t47= 1.354,
P>0.05). The former comparison uses a
mean LE length based upon only four nuclei of
Ba3081. An estimate derived from such a small sample
of cells could be unreliable if there is considerable
stage-dependent variation in LE length during pachy-
tene in this genotype. In comparing the mean LE
lengths of the two species, LplO was selected in
preference to Lp19, as only in the former genotype is it
possible to identify positively the B chromosome at this
stage and to exclude its length from the mean. Ba6902
was chosen as the other representative as many more
nuclei were available for comparison. The mean LE
lengths of LplO and Ba6902 are 672 1um (excluding
the length of the B chromosome) and 1008 1um, respect-
ively. This represents a difference of approximately 50
per cent, which corresponds with the DNA difference
between the two species. Clearly, there are propor-
tionally longer SCs in L. temulentum, reflecting the
association of the same unit length of DNA with the SC
in both species.

The same correspondence has been found in other
organisms. Volter (1992) recorded comparable differ-

ences of 64 per cent in DNA amount and 63 per cent
in LE length between Vicia faba and V. hybrida.
Similarly, comparisons between Schistocerca gregaria
and Locusta migratoria showed that the same propor-
tion of DNA is associated with the SC in both species
(Jones et al., 1983). However, the relationship does not
necessarily hold for all species. For example, the differ-
ence between mean LE lengths of two diploid races of
Sciiia autumnalis is 26 per cent, much lower than the
DNA difference of 67 per cent (White et al., 1988).
A ilium cepa and A. fistulosum differ by 27 per cent in
DNA amount but have virtually the same mean lengths
of SCs (Albini & Jones, 1988). In drawing conclusions
from these deviations from expectation, it must be
borne in mind that some comparisons were based on
very small numbers of nuclei. In these cases, stage-
dependent variation in SC length could greatly distort
the means used in the analyses.

Table 1 and Fig. 1 show that the 50 per cent differ-
ence in length between L. perenne and L. temulentum
LEs is greatly reduced during meiotic prophase in the
diploid F1 hybrid. This has been attributed to the
accommodation of the length differential into the SC as
synapsis progresses because the difference during zygo-
tene of 18 per cent (Jenkins & White, 1990) is further
reduced to only 8 per cent as synapsis is completed
(Jenkins, 1985a). Furthermore, these figures are
considerably smaller than those recorded in situations
where homoeologues are not associated, namely at
early zygotene in a triploid hybrid (Jenkins, 198 Sb) and
at diplotene in a diploid hybrid (Jenkins & Scanlon,
1987). The actual mechanics of the accommodation
process in the hybrid is not understood. Clearly, it must
involve either a stretching of the shorter LEs belonging
to L. perenne, a contraction of the longer LEs of L.
temuientum, or proportions of both. To determine the
relative contributions of stretching and contraction of
LEs to the accommodation process would require
accurate comparisons of absolute lengths of parental
and hybrid LEs at the same stage of meiotic prophase

Table 2 Mean LE lengths and mean frequencies of A chromosome bivalents (II), univalents (I)and chiasmata at pachytene and

metaphase I of meiosis in the two genotypes of Lolium temulentum and L. perenne

Pachytene Metaphase I

Genotype No.of cells II I LElengthCum) No.of cells II I Chiasmata

Ba6902 16 7.00 0.00 1008 90 6.96
6.98

0.09
0.03

13.36
13.56

Ba3081 4 7.00 0.00 1149 60
6.98 0.05 12.62

LplO 23 See text See text 696 40
40 7.00 0.00 12.62

Lp19 26 Seetext Seetext 624

The complexity of synapsis at pachytene of some cells of the L. perenne genotypes prohibited estimation of mean frequencies of

pairing configurations per cell.
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origin parents

meiotic stage pachytene

LElength 50 18 8
difference (%)

Fig. I Diagrammatic representation of the mean total
lengths of lateral elements of the haploid sets of chromo-
somes in the parental species, Lolium perenne and L. temu-
lentum, and the diploid hybrid. The mean total lengths at
zygotene in the hybrid are derived from 35 cells, whereas the
mean difference is based on 18 cells only.

to minimize stage-dependent variation in chromosome
length. Although two populations of parental and
hybrid cells at pachytene were available for
comparison, Fig. 1 illustrates that the LE lengths of the
latter are considerably shorter and are probably
derived from cells that had progressed further through
pachytene.

Subject to the constraints given above, a crude
comparison is possible between the mean LE length in
tetraploid hybrids and their parental species. The mean
LE length of 54 tetraploid hybrid nuclei of mixed
parental origin is 1309 m. Data from different
amphidiploid genotypes were pooled to increase the
sample size, and to include cells in which B chromo-
somes could not be identified. This compares with a
predicted mean of 1738 tm, based on the sum of the
two mean LE lengths of the parental species (Table 2).
The actual mean derived from the tetraploids is about
25 per cent less than expected. This deviation could be
attributable to differential contraction of the two
chromosome sets in the hybrid or to stage-dependent
variation in chromosome length. A comparable
analysis was performed in Scilla autumnalis, in which
the mean length of LEs in the tetraploid differed
insignificantly from expectations (Jenkins et a!., 1988).

Chromosome behaviour and nuclear disposition

Table 2 shows the mean frequencies of pairing
configurations and chiasmata at pachytene and meta-
phase I in the four diploid parental genotypes. Twelve
of the 16 nuclei of Ba6902 each contained seven com-
pletely synapsed bivalents. The remaining four nuclei
of this genotype had seven bivalents also, but with
small regions of asynapsis in the vicinity of the nucleo-
lar organizing regions or associated with interlocks.
One of the four nuclei of Ba3081 had seven fully
synapsed bivalents, whereas the SCs of the other three
were interrupted in the vicinity of the nucleolar organi-
zing regions. Metaphase I in both genotypes of L.
temulentum is highly regular, with a preponderance of
ring bivalents and very low univalent frequencies.
Analysis of variance based on three plants of Ba6902
and two of Ba308 1 indicates that the mean chiasma
frequencies of the two genotypes are not significantly
different (F1,4 = 3.6; P> 0.05). In summary, meiotic
chromosome behaviour in the two genotypes appears
to be completely normal and regular.

A total of 23 nuclei of LplO were analysed, of which
21 contained seven regular SCs and a B chromosome
univalent. In the absence of a pairing partner, the axial
element of the B chromosome typically forms hairpin
structures and small foldback loops (Fig. 2). These
synaptic configurations are essentially the same as
those observed in a reconstructed B chromosome of L.
perenne (Jenkins, 1985a), and in surface-spread univa-
lent B chromosomes of Vulpus fulvus (Switonski et a!.,
1987) and Secale cereale (Santos et a!., 1993; Jiménez
et al., 1994). The intrachromosomal SCs formed in
these cases are nonhomologous and contrast with the
homologous interarm SCs formed within super-
numerary isochromosomes of species such as
Euthystira brachyptera and Myrmeleotettix maculatus
(Fletcher & Hewitt, 1988), Apodemus peninsulae
(Kolomiets et al., 1988), Crepis capillaris (Jones et a!.,
1989) and Secale cereale (Santos eta!., 1995).

In 18 of the 21 nuclei of Lp 10 the B chromosome
occupied a peripheral location in the nucleus (Fig. 2),
as has been observed in rye (Santos et al., 1993, 1995;
Jiménez et a!., 1994) and in Crepis capillaris (Jones et
a!., 1989). The B chromosome of the three other nuclei
was more integrated into the nucleus, but did not
associate in any way with the A chromosome comple-
ment (Fig. 3). The remaining two of the 23 nuclei
contained B chromosomes which were associated with
the A chromosomes (Fig. 4). The association of super-
numerary chromosomes with the normal complement
is not a common occurrence, having been documented
only twice to date in Zea mays (Gillies, 1983) and in
Seca!e cereale (DIez et al., 1993). Furthermore, the
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Fig. 2 Electron micrographic montage
of the SC complement of Lolium
perenne genotype LplO. Note that the
B chromosome (arrow) is folded back
on itself and occupies a peripheral loca-
tionin the nucleus. Bar represents 10
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Fig. 3 Electron micrograph of Lolium perenne genotype
LplO showing a centrally located B chromosome lateral
element (arrow) which does not synapse or interfere with the
A chromosome SCs. Bar represents 10 um.

extent of synapsis in both cases is somewhat limited
and confined either to rearranged chromosomes or to
regions of impaired synapsis because of interlocking.
The synaptic behaviour of the B chromosome in Lp 10 of

The Genetical Society of Great Britain, Heredity, 75, 273—280.

this report and in a total of 16 other reports to date
covering nine different organisms would infer that this
chromosome has retained little homology with the A
chromosomes from which it is presumably derived.
Alternatively, in LplO at least the B chromosome
retains some degree of homology, but is prevented
from synapsis with the A chromosomes by its spacial
isolation.

A total of 26 nuclei of Lp19 were analysed. In stark
contrast to LplO, no B chromosomes of this genotype
occupied a peripheral domain of the nucleus. Ten of
the 26 nuclei contained seven regular SCs and a B
chromosome univalent which did not associate with
the A chromosomes and which formed intrachromo-
somal synaptic configurations similar to those of Lp 10.
In each of the remaining 16 nuclei, it was impossible to
trace seven SCs and the B univalent, because from one
to six bivalents and the B chromosome were involved
in complex and irregular associations (Fig. 4). Because
of the tangled nature of these configurations, it was not
possible in all cases to ascertain whether the chromo-
somes were associated by interlocking, simple hooking,
or exchanging of pairing partners. Nevertheless, it is
obvious that the synaptic behaviour of the chromo-
somes is different in this genotype compared with
Lp 10. Indeed, a two-by-two x2 heterogeneity test indi-
cates that there is a highly significant difference
(x2=i4.66; P<0.001) between LplO and Lp19 in

-

.—. t.-.
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terms of the numbers of nuclei with seven bivalents
plus the B chromosome, and with one to six traceable
bivalents. As the B chromosome is identical in the
two genotypes, it can be inferred that the A chromo-
somes are responsible for the difference in behaviour.
These observations contrast with those of a study of
rye (DIez et al., 1993), in which it was shown that
dosage of B chromosomes influenced the synaptic
behaviour of the A chromosome set.

The genetic and cytological basis of the difference in
synaptic behaviour between the two genotypes is not
known. Attributing the effect to the presence of Ph-like
genes in Lp 19 would at first sight appear counterintui-
tive because these genes are known to enhance the
stringency of synapsis in hybrids with L. temulentum
(Jenkins, 1988). However, if the genes simply promote
homologous synapsis at the expense of nonhomo-
logous synapsis, it may be argued that they could
actually enhance synapsis between homologous seg-
ments which are shared by heterologous chromosomes.
This mode of action fails to explain why these segments
fail to cross over and form chiasmata. An alternative
explanation is that the Lp 19 genotype fails to segregate
the B chromosome to the periphery of the nucleus, and
as a consequence permits the B chromosomes to

Fig. 4 Electron micrographic montage
of Lolium perenne genotype Lp19
showing a B chromosome lateral
element synapsing with two A chromo-
some segments (arrows). Bar represents
10 urn.

impair the integrity of synapsis of the A chromosomes.
The corollary is that Lp 10 segregates the B chromo-
somes and effectively prevents them from inducing
meiotic disturbances. The notion that Ph-like genes
can alter the nuclear disposition of chromosomes is not
new. Feldman (1966) attributed the diploid-like behav-
iour of Triticum aestivum to the preferential associa-
tion of homologues under the influence of the Ph locus.
Whether or not this explanation can legitimately be
applied to Lolium is not known. Finally, it is possible
that the Lp19 genotype simply delays the resolution of
synaptic irregularities compared with Lpl 0. This pre-
supposes that the populations of cells from the two
genotypes are comparable in terms of meiotic stage.

It may be expected that the synaptic irregularities
observed in Lp 19 during meiotic prophase would have
a detrimental effect on the frequencies of bivalents and
chiasmata at metaphase I. However, examination of the
data in Table 2 shows that this is not the case. The
mean bivalent frequency per cell in the two genotypes
is virtually identical and there is no difference in mean
chiasma frequencies per cell. To ensure that the
samples of cells taken at metaphase I from the two
genotypes were representative and not inadvertently
selected on the basis of their regularity, a check on
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pollen fertility was made. A two-by-two x2 hetero-
geneity test indicated that the proportions of fertile and
infertile pollen grains in four plants of the two geno-
types were not significantly different (x2 = 0.097;
P> 0.05). The conclusion is, therefore, that the irregu-
larities at meiotic prophase do not influence the
frequencies of pairing configurations and chiasmata at
metaphase I and do not affect pollen fertility. It follows
that the irregularities must occur in regions of the
chromosomes that do not engage in recombination.
Alternatively, the synaptic irregularities are resolved by
dissolution and reassembly of SCs before crossing-over
takes place. Such a mechanism would bear a remark-
able similarity to that observed in the diploid hybrid
between L. perenne and L. temulentum (Jenkins &
White, 1990).
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