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SUMMARY

Secale cereale

A series of three experiments was carried Out to see if varying sowing
density had any differential effect upon the survival of plants with and without
B chromosomes. In all experiments it was shown that as sowing density
increased, and therefore the selection pressure increased, so the mean B
frequency decreased. This was accounted for by an increasing survival at high
densities of plants without B chromosomes.

Lolium perenne

In contrast to the results in rye, increasing sowing density in Lolium perenne
caused an increase in the mean B frequency. This was accounted for by a
decrease in the number of plants without B chromosomes and a corresponding
increase in the frequency of plants with 2B chromosomes.

From the results of these experiments in Secale and Lolium it is concluded
that the change in B frequency within and between populations is an adaptive
response to the different kinds, and degree of selection to which the populations
are exposed. The results argue against the view that B chromosomes are
"nuclear parasites" with, invariably, detrimental consequences.

1. INTRODUCTION

Tiix frequency and distribution of B chromosomes in many natural popula-
tions have been shown to be correlated with environmental factors. These
correlations, together with evidence showing that B's appear to affect many
aspects of growth and development, have led to the suggestion that B
chromosomes have an adaptive significance (see Rees and Hutchinson,
1973). An alternative hypothesis, however, is that B chromosomes are
nuclear "parasites" (Ostergren, 1945; Rhoades and Dempsey, 1972),
being maintained in populations by means of their non-Mendelian trans-
mission in heredity, while themselves being genetically inert (Ostergren,
bc. cit.), or even deleterious in their effects (Rhoades and Dempsey, bc. cit.).

In view of this difference of opinion, it is clearly necessary to find out
experimentally whether the "fitness" of individuals with and without B
chromosomes varies with changing environmental conditions. Experiments
with B-carrying populations of Secale cereale (Rees and Ayonoadu, 1973) and
Lolium perenne (Williams, personal communication) demonstrated a shift in
B frequency in outdoor populations exposed to selection pressures of different
kind and intensity. The populations were grown at two different sites, at
different seasons and at different plant spacings. Unfortunately, with these
experiments it was impossible to specify precisely the factors which influenced
the B-frequency variation. Effects of soil and weather, for example, were
confounded. The present experiments, also on Secale and Lolium, were
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therefore restricted to investigating the effects of variation in one factor,
namely the population density.

2. MATERIALS AND METHODS

(i) Secale cereale

Plants from a Secale cereale population carrying B chromosomes, obtained
from Japan in 1967 by R. N. Jones (for details see Kishikawa, 1965), were
allowed to cross-pollinate so as to provide a large seed sample in 1968.
These seeds were used throughout the series of experiments and are termed
the "standard" rye population.

Seeds were sown 1 cm deep in John Innes No. 2 potting compost in
"24-hole" plastic multipot trays (each pot having a diameter of 6•5 cm).
The sowing densities used throughout the experiments were 5, 10, 25, 50, 75,
100 and 150 seeds per pot. At each density, two replicates, each of 12 pots
per replicate in Experiment I, and of 10 pots per replicate in Experiments II
and III, were set up as follows:

Experiment I: Seeds were sown in September 1970 and the plants were
allowed to grow to maturity in the multipot trays, which were placed in an
unheated greenhouse at the Penglais site.

Experiments II and III: Seeds were sown in October 1971 and the multipot
trays were placed respectively in the field at the Penglais site and in an
unheated greenhouse at the Frongoch site.

At flowering time, the numbers of surviving plants per pot were recorded,
and a random sample of heads was removed for fixation from each replicate
density. The numbers of B chromosomes were then counted from meiotic
preparations of the anthers of 20 plants (where possible), for each replicate
density, in each experiment. The frequency and distribution of B chromo-
somes in the "standard" population was also established from mitotic
counts and from meiotic preparations obtained from spaced plants.

(ii) Lolium perenne

The Lolium perenne material was derived from a population containing B
chromosomes found in Northern Algeria in 1964 (see Cameron and Rees,
1967). Seeds from crosses between plants with 0, 1, 2 and 3 B chromosomes
were thoroughly mixed and form the "standard " Lolium population.

Lolium seeds were sown in February 1972 in the same way as in the rye
experiments. Two replicates, each of 10 pots per replicate, were sown at
densities of 5, 10, 25, 50, 75 and 100 seeds per pot. At flowering time, all
heads were removed for fixation, the heads from each pot being kept
separately. The numbers of B chromosomes were then counted in two heads
chosen at random from each pot, giving a total of 20 heads scored per
replicate per density. The B distribution of the" standard "population was
established from the meiotic counts of single-spaced plants.

3. RESULTS

(i) Secale cereale

The distributions of B chromosomes amongst the survivors at each
sowing density in each of the three experiments are shown in fig. 1. An
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FIG. 1.—The distribution of B chromosomes amongst the survivors of Secale cereale populations
grown at seven different densities in three experiments. Data summed over replicates
which were not significantly different.

overall contingency x2 analysis was first of all carried out on the data as a
whole, to find out if there were any significant differences in B chromosome
distribution between the experiments or between plant densities. The data
were pooled over the lB and 3B classes since the numbers of plants in these
classes were very small. The x2 analysis is given in table 1 and shows that
there is no significant difference between replicates or experiments, but that
there is a highly significant variation in the distribution of B chromosomes
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amongst survivors of populations sown at different densities. The inter-
action between sites and densities is not significant.

It may therefore be concluded that there is a shift in B chromosome
distribution which is consistent for the differing environments in which the
experiments were carried out. Further analysis, using regression techniques,
shows more precisely the nature of these changes in B chromosome distribu-
tion.

TABLE 1

Overall contingency x2 analysis of Secale cereale B chromosome distribution

d.f
18 41•2909
6 85222

60 478357
39 31•6705

Sowing density

Fin. 2.—Decrease in mean B frequency per plant with increasing sowing density shown in
S. cereale populations. Data pooled over experiments and replicates.
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The mean B frequencies per plant in each of the replicate densities for
the three experiments are given in table 2. The regression of mean B
frequency on sowing density showed that in each experiment there was a
significant decrease in the mean B frequency with increasing sowing density.
A further joint regression analysis showed that the three regressions could be
represented by one, highly significant, joint regression line (P = 0.001,
fig. 2). There were no significant heterogeneity items. It therefore appears
that the effect of increasing sowing density is to cause an increase in the
survival of plants without B chromosomes relative to plants with B's.
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TABLE 2

Distribution and frequency of B chromosomes among populations of Secale cereale grown at seven
different sowing densities, in three experiments. The distribution of the "standard" population is

also shown

Density B chromosome class Total Mean B
- plants frequency

0 1 2 3 4
Experiment I

5R1 11 — 9 — — 20 0•90
R2 7 — 12 — 1 20 140

10 10 1 8 — 1 20 l•05
10 — 8 — 2 20 120

25 Il 2 7 — — 20 0•80
14 — 6 — — 20 0•60

50 10 — 8 1 1 20 ll5
11 — 8 — 1 20 100

75 14 — 5 1 — 20 065
12 1 6 1 — 20 0•80

100 15 — 5 — — 20 0•50
15 — 5 — — 20 050

150 14 — 5 1 — 20 0•65
15 — 5 — — 20 050

Experiment II
5R1 14 — 4 — 2 20 0•80

R2 8 — 4 — 2 14 l•14
10 11 2 7 — — 20 080

11 1 4 3 1 20 1•10

25 12 1 5 — — 18 061
12 — 6 — 2 20 100

50 14 — 6 — — 20 060
12 — 4 — — 16 0•50

75 13 4 — — 17 047
11 1 4 — — 16 056

100 13 — 6 1 — 20 0•75
15 — 5 — — 20 050

150 15 — 5 — — 20 050
16 1 2 — 1 20 045

Experiment III
5R1 11 — 4 — 2 17 094

R2 8 — 10 1 1 20 l•35

10 9 — 8 — — 17 0•94
10 — 7 — — 17 082

25 11 — 7 1 1 20 l•05
11 1 8 — — 20 085

50 18 2 — — 20 020
10 — 9 1 — 20 l•05

75 14 — 6 — — 20 0•60
14 — 5 — 1 20 0•70

100 12 — 7 — 1 20 090
14 — 6 — — 20 060

150 16 — 4 — — 20 040
14 — 6 — 20 060

"Standard"
population 139 10 86 4 17 256 102
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As sowing density increases, it is expected that the proportion of plants
surviving to maturity will decrease, and that mortality will be particularly
high under the conditions of very high densities which apply in some of the
populations. This was indeed shown in each of these experiments (fig. 3).
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Fso. 3.—Regression of the percentage survival against sowing density for Secale cereale
populations. Due to the design of the experiments where the number of seeds per pot
varies in the different populations, and therefore the number of plants per pot varies,
the precision with which the percentage survival was calculated also varied in these
experiments, as shown by significant Bartlett tests of the variances. The mean percentage
survival data (in angles) were therefore weighted by the reciprocals of the variances for
the regression analyses.

However, as indicated by fig. 3, an analysis of variance also showed that
there were significant differences in the degree of mortality at comparable
densities (table 3). Since the percentage survival or, conversely, the mortal-
ity is a reflection of the selection pressure at different density levels, it would

510 25 50 75 100
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appear that there are different degrees of selection pressure operating at
comparable densities in the slightly differing environmental conditions
provided by the three experiments. The change in mean B frequency in

TABLE 3

Analysis of variance of the percentage survival of Secale cereale plants to maturity. Data transformed
to angles for analysis

Item d.f. M.S. V.R. P

Densities 6 6335471 1977 <0.001
Experiments 2 2945346 919 001
Densities x Experiments 12 320462 327 001
Error 21 98014

direct relation to mortality was therefore examined. The regressions of
mean B frequency on percentage survival for each experiment showed, as
expected, significant positive relationships. A joint regression analysis
(table 4) also showed that the joint regression item was highly significant.
The heterogeneity items were not significant, and therefore the slopes of all
the regressions were essentially the same. It is clear that a differential
mortality, due mainly to differences in sowing density, is causally related to
the variation in B frequency amongst the survivors.

TABLE 4

.7oint regression analysis of B frequency against percentage survival of Secale cereale

Item d.f. M.S. V.R. P

Joint regression 1 1 P4693 3797 <000 1
Heterogeneity of regressions 2 00370 097 n.s.
Heterogeneity of means 2 00670 147 n.s.
Error 36 00387

Since the same "standard" seed population was used throughout the
experiments, i.e. in all three "environments ", any deviation from the B
chromosome distribution of this population may be presumed to result
entirely from the density treatments. Comparisons between the" standard"
and the populations at varying densities will also provide details about the
change in B distribution. A x2 analysis of the data is given in table 5. This

TABLE 5

Comparison of the distribution of B chromosomes at different densities with the distribution in the
"standard" rye population. Data pooled over replicates and experiments

Density
5 73290 0.1 —005

10 21158 075—05
25 40035 025
50 94600 0025
75 123597 <0001

100 170102 <0.001
150 216613 <0001

shows that there is a marked deviation from the "standard" population at
high densities. Significant x2 were obtained at densities of 50, 75, 100 and
150 seeds per pot. This effect is illustrated in fig. 4, showing the deviation
of each population density from the "standard" population. It will be
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observed that the deviations at high densities are due to an excess of plants
without B chromosomes, and a consequent decrease in the proportion of B-
carrying plants. The results in terms of density are therefore very much like
those found by Rees and Ayonoadu (1973) in field experiments.

Density

5

FIG. 4.—Deviation from the" standard " ryepopulation of plants grown at varying densities
(summed over experiments and replicates).

The x2 value for the deviation of populations at a density of 5 seeds per
pot, as compared with the "standard" has a probability of just over 005.
It is not quite significant, but does nevertheless reflect an undoubted
tendency for a shift from the "standard" distribution. At densities of 10
and 25 seeds per pot there is no significant deviation from the "standard"
population.
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Fig. 4 confirms that in general the frequency of OB plants at low densities
is very similar to that in the "standard "population. There is, however, at
a density of 5 seeds per pot, a strong indication of an excess over expectation
of B-carrying plants, especially of those with 2B's.

These results therefore show that the" fitness "of Secale cereale plants with
and without B chromosomes varies with changing environmental conditions.
Although it appears that B-carrying plants are selected against under the
adverse conditions of high density, there is some slight indication from the
low densities, that there may be some conditions in which the selection would
favour B chromosomes. This evidence is, however, not entirely conclusive.
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FIG. 5.—Distribution of B chromosomes in Lolium perenne populations grown at six different
densities. Summed over replicates.
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More convincing evidence for an increased fitness of individuals carrying
B's comes from the results of the Lolium experiment.

(ii) Lolium perenne

The distribution of B chromosomes amongst the plants flowering in each
of the six densities are shown in fig. 5. During the screening, one trisomic
plant, one tetrasomic plant, and one plant with multiploid sporocyte
formation were encountered. These plants were excluded from the data.
The diploid numbers of B chromosomes in three mixaploid plants were,
however, recorded and included in the data. An overall contingency x2
analysis of the data (table 6) shows that there is no significant variation
between replicates and that the probability of significant variation between
densities is O l-OO5, nearly, but not quite significant.

TABLE 6

Overall contingency x2 analysis of Lolium perenne B chromosome distributions

Item d.f. P
Densities 15 23l596 O1—0O5
Replicates 18 144251 O75—O5
Total 33 375847

While the straightforward x2 analysis shows no significant difference in
B chromosome distribution, there is nevertheless an undoubted trend in B
frequency, namely an increase with increasing density (fig. 5). This is
especially marked with respect to the OB and 2B classes which decrease and
increase respectively as sowing density increases. A more sensitive test of the
variation, by means of regression, is described below:

The mean B frequency per plant for each replicate population at each
density is given in table 7. The regression analysis shows a significant

TABLE 7

Distribution and frequency of B chromosomes among populations of L. perenne grown at djfferen:
densities. The B distribution of the "standard" population is also shown

B chromosome class
Total Mean B

Density 0 1 2 3 plants frequency
5 R1 14 3 3 — 20 04500

R2 10 3 6 1 20 0.9000

10 8 5 7 — 20 09500
7 4 9 — 20 ll000

25 9 5 5 1 20 09000
10 2 8 — 20 09000

50 5 6 9 — 20 l•2000
6 4 9 1 20 l•2500

75 4 1 12 1 18 15555
10 2 8 — 20 0.9000

100 5 3 6 1 15 l2000
2 6 11 1 20 l5500

"Standard"

population 22 12 15 1 50 09000
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increase in mean B frequency with increasing sowing density (P = 005,
fig. 6). This contrasts sharply with the situation in rye, where, it will be
recalled, the mean B frequency decreases with increasing sowing density.

TABLE 8

x2 comparison of the distribution of B chromosomes at different densities with the distribution in the
"standard " population of Lolium perenne
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FIG. 6.—Increase in mean B frequency with increasing density in L. perenne populations.

In the Lolium experiment, unlike the rye experiments where at flowering
time each plant is represented by just one tiller, each L. perenne plant may
have many vegetative tillers. These are often intertwined with each other
and it is not possible to determine from which plant any flowering tiller
originated. Although the indications are that under high sowing densities
the numbers of flowering tillers per plant are reduced, and that each
flowering tiller probably represents one plant, sampling was limited to two
heads per pot within each replicate to minimise the possible bias of sampling
each plant more than once. In Lolium, therefore, the indications are for a
superior capacity for survival of B-carrying plants under the conditions
of increasing stress imposed by high density.
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Density x'
5 4•4772
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These indications are confirmed by means of a comparison, by means of
x2 analysis, of the B distributions of populations grown at different densities
with the B distribution of the "standard" population shown in table 7.
The analysis of the data pooled over replicates is presented in table 8. This
shows that there are significant deviations from the "standard" Lolium
population at the high densities of 75 and 100 seeds per pot only. Fig. 7
illustrates that the deviations are in the direction of an increased frequency
of plants with 2B chromosomes and of a corresponding decrease of OB plants.
These results confirm those found by Williams (1970) under field conditions.

Density

S
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B Chromosomes

Fio. 7.—Deviation from the "standard" Lolium population of plants grown at varying
densities (summed over replicates).

4. DISCUSSION

The present experiments have shown quite clearly that the B chromosome
frequency among populations may be altered quite easily by changes in
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population density. Variation in population density is an important factor
in the regulation of variability in populations due to the variation in fitness
of genotypes in competition with one another. As population density
increases, the competition for resources obviously becomes more severe, and
so only the fittest members of the population survive. This "population-
dependent "selection pressure may be resolved into two, possibly interacting,
components—frequency-dependent and density-dependent selection (Turner
and Williamson, 1968). When frequency-dependent selection is operating,
the fitness of any particular genotype is dependent on the frequency of that
genotype relative to other genotypes in the population. With density-
dependent selection, however, it is the density of the population as a whole
which is important, irrespective of the relative frequencies of the different
genotypes. In the present experiments, the same " standard" seed popula-
tions were used throughout the experiments, and so the relative B chromo-
some frequencies have been assumed to be constant. The changes in B
frequency resulting from increasing sowing density must therefore be
attributed to increasing density-dependent selection pressure.

In the Secale populations, as the sowing density increased, so the frequency
of OB plants among the survivors increased. This implies that in rye, the
fitness of OB genotypes is greater than that of genotypes with B chromosomes,
under the adverse conditions of high density. There is, in addition, a slight
indication that at low sowing densities there may possibly be a selective
advantage of the rye plants with B chromosomes (see fig. 4). The deviation
of the low-density populations from the "standard" population was
however not quite significant, and so this possibility is not proven, although
it must be pointed out that when the experiments were analysed separately,
significant deviations from the expected "standard" population were
obtained at a density of 5 seeds per pot in Experiment I (2 = 7.9445,
P = 0.05) and at a density of 10 seeds per pot in Experiment II (X2(3)
= 80987, P = 005-0025). This point obviously requires further experi-
mentation since it is important to find out whether there are environmental
conditions in which rye B chromosomes may have a selective advantage as
well as those in which they have a selective disadvantage. In the Lolium
perenne populations, on the other hand, the plants with 2B chromosomes
displayed superior fitness in comparison to plants without B chromosomes.

These experiments therefore show that, since the fitness of the individuals
carrying different numbers of B chromosomes varies with population density,
B chromosomes have an adaptive signficance. The adaptive value of B's
is also highly specific and may be advantageous or disadvantageous with
regard to population density, depending upon the species and possibly the
particular population, under consideration. It is especially important to
stress the increase in B frequency with increasing density as in Lolium. This
confirms not only an adaptive shift but also the superior fitness of individuals
with B chromosomes under these particular conditions of growth. This
would appear to rule out of court completely the concept of B's as intra-
nuclear " parasites ".
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