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SUMMARY

A computer model has been developed to simulate the transmission characteris-
tics of the B chromosomes in rye, and to provide a basis on which to identify,
and to understand, the main factors responsible for determining the equilibrium
B-frequency levels in open pollinating populations. The model has been devised
by expressing the behaviour of the Bs, at various phases of the life cycle, in
terms of mathematical equations. These equations contain parameters which
determine the behaviour of the Bs at meiosis, pollen grain (and egg cell) mitosis
and during the development of gametes and sporophytes.

By exploring a range of values for the parameters it has been possible to
ascertain that variation in the amount of meiotic elimination of Bs, as well as
in their direction rate during nondisjunction in the pollen grain and egg cell,
influence the final B-frequency equilibrium. Variation in the rate of nondisjunc-
tion on the other hand, affects the number of generations required to attain
equilibrium more than the final equilibrium itself. Selection against gametes
and plants containing Bs, even at levels which are higher than can reasonably
be expected to occur naturally, cannot prevent the accumulation of Bs within
populations, provided that high rates of directed nondisjunction are also
occurring.

The results are discussed in relation to the B chromosome polymorphism
in natural populations of rye.

1. INTRODUCTION

IN wild populations and primitive cultivated strains of rye there is an
extensive polymorphism for the presence of supernumerary B chromo-
somes (Müntzing, 1950, 1957a, b; Kranz, 1963; Lee and Mi 1965a, b;
Zecèvié and Paunovié, 1967). Japanese populations have a B frequency
in excess of 90 per cent, with the majority of individuals having 2Bs
(Kishikawa, 1965). The range of B chromosomes usually extends from
0—4, with higher numbers than this, and with odd-numbered combinations
being present in very low frequencies.

The frequency, and the pattern of distribution, of the B chromosomes
varies widely between populations of different origin and habitat and the
reasons for this variation are not understood. B chromosomes could have
arisen, or could have been introduced, into different populations at different
times. No datum is available on the change in frequency over a number
of generations and we have no idea which, if any, of the populations studied
are at equilibrium. It has not been possible either to associate the incidence
or distribution of Bs with any particular environmental variable, or to
demonstrate any influence due to natural selection which may be significant
in determining the pattern of the polymorphisms.
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It is known of course that, given the existence of B chromosomes within
a population, the polymorphism can be generated and maintained by the
very nature of the mode of inheritance of the Bs themselves. They are
mitotically stable in rye and the same number of Bs is found throughout
the somatic tissues of the sporophyte. At meiosis they pair exclusively
among themselves and are distributed effectively into the products of both
male and female meiosis—notwithstanding the complications due to poly-
somy and some loss when they occur as univalents. Their unusual and
nonmendelian behaviour is manifested at the first mitosis in the gametophy-
tes. At first pollen grain mitosis they undergo directed nondisjunction and
are included, in an unreduced number, in the generative nucleus—and
thereby into the sperm nuclei. An equivalent act of self preservation takes
place on the female side leading to their inclusion in unreduced numbers
in the egg cell. This property of directed nondisjunction not only ensures
their survival in the progeny but also boosts their frequency, in even
numbered combinations, over successive generations of open pollination.
The effectiveness of B chromosome transmission through meiosis, and
through the gametophyte phase as well, varies for different populations,
and is, to a large extent, a property of the particular B present in a given
population (Jones, 1975). The structure of B chromosomes, as judged from
an analysis of the chromomere pattern at pachytene, also varies for Bs
derived from diverse sources (Lima-De-Faria, 1963).

A further complicating factor affecting the B chromosome polymorph-
ism is the effect that the Bs have on individuals in terms of their physiological
and reproductive fitness. When more than 2 Bs are present they lead to a
loss in vigour, loss of fertility and reduced genetic activity at the nuclear
level (see Jones, 1975, for references). To what extent these harmful effects
modify the B frequencies at the population level, through differential
selection, is not known either, although it is almost certain that selection
for phenotype variation induced by Bs in rye could only be expected to
counter the build up resulting from their accumulation mechanism. There
is also the further consideration that the various processes contributing to
transmission rates (pairing, chiasma formation, nondisjunction) are them-
selves sensitive to environmental variation.

In the context of the genetic system as a whole there are benefits which
could accrue to future generations through the regulatory effects that Bs
have over recombination at meiosis. They increase the variance of chiasma
frequency of the A chromosomes both between and within pollen mother
cells, and this leads to an enhanced level of variability among the progenies
of B containing plants. The effect is on the population as a whole, in future
generations, rather than on the individual plants which actually carry the
Bs, and which may be disadvantaged by so doing (Jones, 1975). It is difficult
to judge the significance that this kind of effect could make to the
equilibrium frequencies of B chromosome populations.

We have taken a fresh look at the dynamics of the B chromosomes in
rye, and have attempted to unravel some of the complex interacting factors
which contribute to their polymorphism in populations. Our approach has
been to identify the main factors affecting their transmission rates and to
derive equations representing their behaviour at different stages in the life
cycle. These equations have been transcribed into a computer programme
which can be used to calculate frequency changes over large numbers of
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generations in random mating populations. In this way we can evaluate
the different parameters which determine their inheritance and find out to
what extent their selfish mode of inheritance is in itself responsible for the
polymorphism, aside from any effects due to differential fitness and natural
selection.

2. METHODS

The methodology involves the development of a computer model which
simulates the inheritance, and change in frequency, of the rye B chromo-
somes over a large number of generations of random mating. It is not
intended that the model should describe the system exactly but that it
should simplify and isolate the main factors contributing to the polymorph-
ism in order that we may understand it more easily. The method depends
upon a precise characterisation of the mechanism of heredity of the Bs,
and a description of the mechanism in simple mathematical terms. The
procedure is possible because the Bs in rye have been thoroughly investi-
gated (Jones, 1975) and we know that their transmission rates from parents
to offspring are determined by certain prescribed events occurring at (i)
meiosis, (ii) pollen grain and egg cell mitosis, (iii) gametophyte development
and fertilisation and, (iv) the sporophyte phase of the life cycle, including
effects upon seed fertility. Plants with more than four Bs are virtually
sterile (Jones and Rees, 1967) and make no contribution to the next
generation. In the development of the model therefore we have only taken
account of plants within the range 0—4Bs, and any with a greater number
than this have been ignored as far as the calculation for B -frequencies in
the next generation are concerned.

(i) Derivation of equations describing B chromosome transmission

(a) Meiosis

Meiosis is complicated by the fact that the B chromosomes are all
homologous with one another and we are dealing with individuals that may
have 1, 2, 3 or 4 Bs. In plants with a single B the situation is relatively
simple; the B is univalent, it regularly divides at anaphase I, and is included
in the telophase nuclei. At the second division it is out of phase in its
division cycle and subject to loss by lagging. When the Bs are present as
a pair their behaviour is at its most regular: they usually form a bivalent
at metaphase I and are distributed regularly to the micro- and megaspores
at the end of meiosis. With 3 Bs and 4B s present in the meiocytes the
situation becomes more difficult to describe due to the formation of multi-
valents as well as bivalents and univalents. For simplicity it is assumed that
a trivalent behaves as a bivalent and a univalent, and a quadrivalent as
two bivalents. This may not be strictly true, but it is close enough to the
real situation for the discrepancies which do occur not to affect the model
greatly. Two parameters can thus be seen to determine the transmission
characteristics of the Bs at meiosis: these are /3, the rate of nonpairing
when more than lB is present, and A, the rate of loss of the nonpaired
univalent Bs, which appear as micronuclei at telophase. In deriving for-
mulae to describe B chromosome behaviour at meiosis the terms used
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relate only to the male side, and it is assumed that equivalent processes
are occurring with respect to female meiosis. Evidence that this is so comes
largely from experiments by Müntzing (1945) and cytological studies by
HAkansson (1948). Each B chromosome class of plant is taken separately
and the mathematical relationship between the frequencies of each type
of microspore produced, and the two parameters 3 and A,are determined.

The derivation of equations giving the meiotic output and frequencies
of the different kinds of microspores in terms of 13 and A, produced by a
2B plant, are shown in fig. 1 and table 1. Corresponding equations for the

Tetrad configurations arising as a result
of random distribution of univalents St

anaphase II

1/4 1/2 1/4® EO en
1/2 1/2

coco
Metaphase I

Anaphas I

Metaphase I
bivalent

1-Is)
a C

An.phaae I

FIG. 1.—Meiotic output of microspores produced by a 2B plant.

meiotic output of OB and lB plants are relatively simple to obtain, but
those for the 3B and 4B classes are more complex and involve many more
assumptions and possibilities; the details are given by Matthews (1981)
and are presented here only in summary form in table 2.

The parameter 13 can be estimated by observing metaphase I and
counting the number of cells in which the B chromosomes are unpaired,
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TABLE 1

Frequencies of the different class of microspores (OB, lB. 2B) produced by a 2B plant, calculated
by following each pathway in Fig. 1 back to source and multiplying together individual frequen -

ciescontributing to the outcome

OB: (3[(1—A)4(1/8 + 1/8)+ A(1 —A)3(+ 1)+A2(1 —A)2(3/4+9/8 + 3/2)
+A3(1—A)+A4] :1/4i3(1+A)2

1B: j3[(1 —A)4+ 2A1 —A)3 + 5/2A2(1 —A)2+A (1 —A)]+ (1 —f3) :1 —(3(1 +A
2B: (3[1/4(1 —A)4+2A(1 —A)3+ 1/4A2(1 —A)2] :1/4(3(1—A)

and A can be estimated from counting the number of micronuclei present
in tetrad microspores, working on the assumption that each micronucleus
represents lB.

(b) Pollen grain and egg cell mitosis

Experimental matings, as well as direct cytological observations, have
shown that the B chromosomes are capable of undergoing chromatid
nondisjunction at the first pollen grain mitosis, and that the Bs are
frequently directed into the generative nucleus in an unreduced number
(Müntzing, 1946). Equivalent behaviour happens at first mitosis of the
megaspore, in the female gametophyte (HAkansson, 1948). On both the
male and female side, however, there is a certain amount of infidelity in
both the nondisjunction event itself, and in the direction in which the
nondisjoined chromatids move. When more than lB is present in the
developing gametophyte there are of course more complex combinations
of events to be taken into account, but notwithstanding this problem two
parameters can again be used to describe the behaviour of the Bs at this
stage, and these are , the rate of nondisjunction and a, which denotes the
proportion of the nondisjoined chromatids included in the germ line—
termed the direction rate, It is assumed that nondisjunction and direction
are two independent processes. A microspore carrying 2B chromosomes
is used as an example (fig. 2 and table 3) to show how equations are derived
which give the frequencies of the different classes of gametes produced, in
terms of and a. As with meiosis the derivation of these equations is less
and more complex, respectively, for microspores with lower and higher
numbers of Bs. A summary of the equations which give the frequencies
of different types of gametes, produced by the five classes of microspores
concerned is given in table 4, and the full details of their derivation can
be found in Matthews, (1981).

(c) Male gametophyte development
B chromosomes affect the physiology and competitive ability of the

pollen grains which carry them, and although it is known that in certain
cases, i.e., 2B pollen, the Bs may actually promote higher germination and
faster pollen tube growth (Puertas and Lacadena, 1974; Puertas and
Carmona, 1976), we have taken the simple view that in general Bs are
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FIG. 2.—Possible types of gametes produced from a 2B microspore.

detrimental to cell physiology and that increasing their numbers will lead
to a progressive impairment of pollen grain function. Weighting factors
have therefore been introduced to take into account the variation in fitness
levels of the different B -classes of male gametophyte (no corresponding
adjustments have been made on the female side). The effect has been
described using a parameter called the gametic selection gradient, g, which
is a measure of the gradient of a line on a graph that begins at 1O, where
the B-class is zero, and passes through to a value of 1 —g where the B-class
is 4. Thus the equation for calculating the gametic weighting factors for
each B-class is given by 1 —Bg, where B is the value of the B-class
(0, 1, 2, 3, 4) and g the value of the selection parameter. The weighting
system is only approximate and takes no account of any odd-even effect
(Jones and Rees, 1969) or of the stimulatory effects found for 2B pollen.

TABLE 3

DYNAMICS OF B-CHROMOSOMES 351

neither
nondisjunct ion

(i-nt)
one undergoes
nondiujunction

20 microspore

N both undergo
nondisjunction

Frequencies of each class of gamete produced by
a 2B microspore, found by multiplying together
the frequencies in each pathway of the diagram

in fig. 2

Gamete B-class Frequency
2 2

OB t(1—a)
lB
2B 2ii a(l—a)+(1--IL)2
3B
4B tL2a2
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It does, however, facilitate the study of gametic selection effects by using
a single parameter which can be tested at various values while other
parameters are held at a constant level.

(d) Sporophyte phase of the life cycle

It is well established that plants with differing numbers of Bs also have
differing, and usually inferior, competitive abilities. Plant weighting factors,
similar to the gametic weighting factors, have been introduced to make
some allowance for this variation in physiological and reproductive fitness.

(ii) The computer model

The equations that have been derived for describing the behaviour of
the Bs at four stages of the lifecycle form the basis of the model for
calculating changes in B -frequency, and for elucidating the principal factors
involved in determining the equilibrium level of B chromosomes in popula-
tions. A computer programme was developed so that the many calculations
required over a large number of generations could be performed quickly
and accurately. The resulting changes in B chromosome frequency were
then displayed using a graph plotter linked to the computer. Provision is
made in the programme for one parameter at a time to be varied between
certain limits, while the others are held at constant specified values, so that
the effect of altering that one parameter can be investigated (Matthews,
1981).

3. RESULTS

The computer simulation programme can obviously be manipulated to
generate numerous graphs displaying changes in B chromosome frequency.
It is possible to consider the consequences of setting the initial B -levels,
and the individual parameters, at many different values, as well as investigat-
ing the effects produced by different combinations of parameter values.
We have avoided as many of these diversions as possible, and have concen-
trated on presenting some simple graphs obtained by varying one parameter
at a time, at relatively few values, and this has enabled us to identify and
evaluate the contribution that each parameter makes to determining the
B-frequencies in populations. For the purposes of presenting the graphs
the average B-level per plant is defined as the total number of B chromo-
somes in the population divided by the total number of plants, and can be
expressed as=B1+2B2+3B3+4B4, where B1, B2, B3 and B4 are the
frequencies in the population of 1B, 2B, 3B and 4B plants respectively.
As the model assumes that plants with more than 4B chromosomes are
inviable or sterile, then obviously the maximum average B-level that can
be attained will be 4OBs per plant, when all the individuals in the popula-
tion are 4B plants.

In fig. 3 is shown the effect of different levels of nonpairing of the Bs,
from 00 (all paired) to 1.0 (all univalent), when the nonpaired loss rate
is set at O3O and the other parameters are all held at their maximum
positive values. A nonpaired loss rate of 03O, rather than 000 (no loss),
was used for this graph because it gives a wider separation of the lines and
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makes for a clearer appreciation of the effect due to variation in nonpairing
rates. In the simulation shown in fig. 3, as in most of those that follow, the
initial B-level is set at a low value of 001 B/plant, and the graph shows
the build up of Bs over an arbitrary 65 generations of random mating.
The accumulation of the Bs is rapid, and it is interesting to note that it
takes place even with a non-pairing rate of 10, i.e., when all of the Bs
are univalent. The build up proceeds even faster, and results in higher
equilibrium levels, when the nonpaired loss rate is given values lower
than 03.

Clearly there are numerous interrelationships that could be considered
between the different parameters, but the main outcome is that the model
has identified that the effect of different rates of nonpairing of the Bs is
to generate different equilibria in populations, corresponding to the
different rates of elimination of the Bs at meiosis.

Estimates of values of the nonpairing rate (f3), together with those for
the other parameters, will be discussed in some detail in a subsequent
publication in this series. Suffice it to say for the time being, that the mean
estimated value for nonpairing in rye is of the order of 0.2, and the maximum
O7. The values used in the graph in fig. 3 (below 0.7) are therefore quite
realistic and well within the range that may be encountered in natural or
experimental situations.

Variations in the nonpaired loss rate parameter (A), given a nonpairing
rate of 0•50 and maximum positive values for the other parameters, pro-
duces a virtually identical outcome, as is shown in fig. 4. The effect is again
to regulate the final mean equilibrium B-level per plant, and the number
of generations taken for the equilibrium levels to be attained. The maximum
equilibrium level of 4B/plant is not reached because the nonpairing rate
has been arbitrarily set at a value of 0•50. We note also, the remarkable
fact that even with a nonpairing rate of 0•50, the Bs are still capable of
accumulating in the population in the face of a nonpaired loss rate of as
high as 90 per cent, provided of course that directed nondisjunction is
operative. If minimum values are given for nondisjunction and direction
rates, and the nonpairing rate is again set at 0•50, the B-level quickly falls
from an initial mean of 2B/plant down to zero, if there is any degree of
nonpaired loss rate. Estimates of the nonpaired loss rate parameter A, made
from the literature, gives a mean value of 034 and a range from 000 up
to 086 (Matthews and Jones, in preparation).

Thus it is evident from the results displayed in figs. 3 and 4 that variation
in both nonpairing and nonpaired loss rate can provide a means for adjusting
the level of B-frequencies in populations.

In fig. 5 is shown the consequences of varying the nondisjunction rate,
given maximum values for all other parameters. The outcome contrasts
with that for meiotic elimination, in that the differing rates of nondisjunction
have much less effect upon the final equilibrium B -level/plant and relatively
more upon the rate of build-up of Bs. The final equilibrium frequencies
rise very high and are reached very quickly, over a wide range of values
for the nondisjunction parameter /L. If the direction rate parameter a is
set at 075, instead of 1•00, a similar result follows, but it is modified in
that the population never reaches the maximum level of 4B/plant. The
mean estimated value of , from the literature (Matthews and Jones, in
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Fros. 3—9.—Computer generated simulation graphs showing how parameters controlling the
transmission of B chromosomes in rye affect equilibrium frequencies in populations.
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preparation), is of the order of 086 and the range is narrow, from 076—
0•95.

The consequences to the polymorphism of varying the direction rate
(i.e., whether the nondisjoined B chromatids pass into the generative or
the vegetative nucleus at first pollen grain mitosis) have hitherto received
scant consideration. The results of the simulation for changes in this
parameter are shown in fig. 6, under conditions where the other parameters
are held at maximum positive values. The outcome is as expected, in so
far as the Bs are only able to accumulate when they nondisjoin to the
generative pole with a frequency greater than 0 5. Values for the direction
rate inbetween 05 and 10 give the appropriate range of equilibrium
B-levels between 0 and 100 per cent. A similar graph is produced even
when the nondisjunction rate is set as low as 05. With an initial B- level
of 2B/plant the frequency of Bs in the population declines to complete
loss with a direction rate parameter a of 05 or less (fig. 7). Direction
rate is therefore a highly significant parameter in regulating the equilib-
rium B -frequency level in rye populations, and it is essential for the sur-
vival of Bs in the first place to have a value of a which is in excess of 05.
Estimates from the literature suggest a mean parameter value for rye
of 085 and a range of values from 065—10O (Matthews and Jones, in
preparation).

The effect of varying the gametic weighting factors, by introducing a
bias in fitness against the male gametophytes is shown in fig. 8. As explained
earlier, equivalent levels of reproductive and physiological fitness are
assumed for all the B classes of gamete on the female side. In the simulation
the parameters for nondisjunction and direction rate have been set at
realistic values of 090, and all the other parameters at their maximum
positive values. The outcome is surprising: over the full range of gametic
weighting parameter variation from 00—10 there is only a small drop of
some 15 per cent in equilibrium level, and a slight delay in the number of
generations taken to attain equilibrium. It is possible therefore, with the
gametic weighting factor set at 10, to remove all the 4B male gametes
(with correspondingly reduced levels of bias against the 3B, 2B and lB
classes) at each generation, and to have remarkably little effect upon the
polymorphism. Such high levels of impaired gamete fitness are unrealistic
of course, and although we have not obtained any reliable estimates for
normal values of this parameter there is no reason to believe that any such
large bias against B containing gametes is ever found in nature. On the
contrary, and as already mentioned, there is some evidence to suggest that
the competitiveness of gametes can actually be enhanced by the presence
of low numbers of Bs. In any event the system, if necessary, could cope
easily with heavy selection against Bs at this stage of the life cycle. The
final equilibrium level which is reached naturally depends upon the values
given to the other parameters as well, but when viewed in isolation, as the
graph in fig. 8 clearly shows, the effect of gamete selection is relatively
small and over the range of variation found in nature is not likely to have
much impact upon the population dynamics of the B chromosome system
in rye. If the nondisjunction and direction rate parameters are given their
maximum values of 10, then the build up of the Bs proceeds to the
maximum of 4B/plant and the selection against them is quickly and com-
pletely overcome.



DYNAMICS OF B-CHROMOSOMES 363

Selection at the plant level has a more significant and severe effect upon
the equilibrium levels reached, and as fig. 9 shows selection at this stage
of the life cycle is a very effective way of adjusting the equilibrium levels
in populations. In the graph shown in fig. 9 the nondisjunctionand direction
rate parameters are again given levels of 09, and as before variation in
both of these parameters will modify response to the plant weighting factors
themselves. In reality this parameter is expected to be an important one
because of the severe effects of Bs upon seed set, which is the main factor
concerned. Estimates from the literature (Müntzing, 1943) suggest values
within the range 5 5—77 per cent selection against 4B plants, with corespond-
ingly smaller levels for the other classes. As the graph shows, however,
the build up of Bs will proceed even with a plant weighting factor of 08.
At the lower end of the range, up to the level where 50 per cent of the
4B plants are being eliminated, the effect of loss of the B-containing
individuals is relatively minimal, and easily countered provided of course
that nondisjunction and direction rate are operating at high levels. In
summary, it would appear that the elimination of Bs by plant selection is
a sensitive mechanism for adjusting equilibrium B levels, but that high
levels of elimination can be tolerated without any likelihood of the poly-
morphism itself being run down.

4. DISCUSSION

The model described here is to some extent a statement of the obvious;
namely that the B chromosomes in rye can increase in number and spread
throughout a population, once they have arisen or have been newly intro-
duced. It asserts also that not only is the mechanism of inheritance effective
in accumulating Bs, but that it can by its own nature, and potency, account
entirely for the observed B chromosome polymorphism in natural popula-
tions, without any recourse to natural selection. The system can generate
and develop a widespread polymorphism even in the face of heavy selection
against gametes and plants that carry the B chromosomes. It can do this
because the inbuilt mechanism of directed nondisjunction, with which the
Bs are endowed, is operative at such a high level of effectiveness, that it
can counter the negating effects that arise from loss at meiosis and by
reduced levels of seed fertility. Any positive selective advantage at either
the gamete or plant level will simply provide a further boost to the rate at
which the Bs increase in frequency.

The impetus for this work arose in the first instance from observations
by the authors on a small open pollinating population (ca. 600 plants) of
B chromosome rye originating from Korea. At the initial planting the
frequency of Bs in the seed sample (mostly the 2B class) was of the order
of two per cent. Within the five generations for which the population was
monitored this had risen to more than 40 per cent, and led to the feeling
that such a dramatic rate of increase was possibly inevitable, and quite
independent of any superior (or otherwise) form of fitness conferred upon
the individuals which carried the Bs. The results of the computer simulation,
taken together with our experience and knowledge of the transmission
characteristics and phenotypic effects of the Bs in rye, now confirm and
substantiate this feeling. The only way in which a "fit" B chromosome can
fail to survive, and fail to selfishly propagate itself, is by having unusual,
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and consistently low, values for the parameters to which we have referred.
We will consider the question of estimates for, and variation in, the values
to be ascribed to these parameters, in a subsequent paper. The question
is quite an involved one, but as far as we can see, and as we have already
suggested, the values of the parameters concerned are naturally found at
extremely high levels and are fully consistent with the claims that the spread
and accumulation of the Bs, albeit to varying degrees, is inevitable.

In the simulations that have been described the starting points have
been set at an arbitrary, and low, level of 001 B/plant. It is appreciated
that it could take many generations to arrive at even this low frequency,
where the initial origin of the Bs in a population is confined to only one
plant. Nothing is known about the origin of Bs in rye, and we can say little
about the nature of the early stages of their establishment. The only
statement that can be made with certainty is that if a new B arises, complete
with the vital property of directed nondisjunction, then it will only have
to survive the rigours of passing through one cycle of meiosis before it is
provided with a homologue. From then on its inheritance is secure.

Another aspect of the polymorphism which we have not considered in
any detail, and one which may impose its own constraints and limitations
upon the output of the model, is the question of population size. We have
made the assumption that mating takes place completely at random and
that every male gamete has potential access to every female one. This
condition would only apply where the initial distribution of Bs was thinly
and widely spread and the absence of this circumstance could hinder the
accumulation processes in the very early stages of establishment. The
accumulation could be modified as well by the fact that there is a certain
degree of assortative mating in B chromosome rye. Plants with Bs have a
slower rate of development and come into anthesis later than those without
(Jones and Rees, 1968).

One further question which arises, as a result of the findings of this
model, is how widely distributed are the B chromosomes in rye, and why
is it that we do not find them at levels of 100 per cent frequency in all
populations? The latter part of the question is the most easily dealt with
because it has already been answered by reference to estimates of parameter
values taken from the literature: the parameters which determine the. -frequency are high, but are not at their maximum positive values in
natural situations. On the question of distribution we are only really
concerned with "natural" or "primitive" strains of rye, and not with the
more highly selected cultivated varieties from which B chromosomes are
virtually absent. The highest B-frequencies that have been recorded are
over 90 per cent in a "native" Japanese rye population (Kishikawa, 1965).
In populations from Korea, Lee and Mm (1965a, b) found Bs in all 32 of
the populations that they investigated, in frequencies ranging from 2—73
per cent. In a separate study Müntzing (1957a, b) found them in all seven
of his Korean populations and they ranged in frequency from 19—90 per
cent. The other major survey was done in Yugoslavian rye (Zecévié and
Paunovié, 1967) where all 25 populations sampled had Bs, and where they
ranged in frequency from 10—55 per cent. The only surveys reporting on
the absence of Bs in some population samples, are for primitive rye strains
from Iran (Kranz, 1963) and Afghanistan (Müntzing, 1950). In none of
the populations mentioned above do we have sequential samplings over
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several seasons, and in none of them do we know whether or not the Bs
have reached their equilibrium frequencies. What is important, however,
and what is fully at one with the model, is that natural populations of rye
do exist with B-frequencies of up to 90 per cent or more, and in these
populations there is no evident explanation for the existence of these Bs
other than that they have the facility to increase in number in the germ
line, in comparison to the A chromosomes of the basic complement.

The model that we have developed here could readily be adapted to
cover many variations in the transmission characteristics of Bs, as found
in other species. We have in fact run the programme assuming the more
common situation of directed nondisjunction on the male side only, and
found a similar result: the main difference being one of time scale for the
accumulation. We have not attempted to test any other variations.

It is important to emphasise too that because the B chromosome
polymorphism in rye and other species can be generated and maintained,
and accounted for, through the agency of an accumulation mechanism,
that this mechanism is not necessarily the only means by which the Bs may
survive and be regulated in populations. Species are known where there
is no apparent mechanism of increase, and no obvious favourable
phenotypic effects either, yet the Bs still exist (or are continually arising?)
at high frequencies within their populations, e.g., Allium cernuum (Grun,
1959) and Allium schoenoprasum (Bougourd and Parker, 1979). There
are other well known cases too, where the distribution pattern of the Bs
is closely correlated with variation in one or more components of the
environment, such as humidity (Centaurea scabiosa, Frost, 1958); soil
composition (Festuca pratensis, and Phleum phleoides, Bosemark, 1956,
1967); temperature and rainfall (Myrmeleotettix maculatus, Hewitt and
John, 1967, 1970; Hewitt and Ruscoe, 1971); and in all of these cases it
is usual to find the Bs in their highest frequencies under conditions which
are most favourable to the species concerned. Precisely how selection is
operating in these cases is not known. It could be effective directly by
acting upon the differential fitness of individuals with and without Bs, or
indirectly by influencing the transmission process of the Bs themselves.
There is evidence from experimental studies for both kinds of effect.
Experiments in rye and perennial ryegrass, in which plants have been grown
under extreme conditions of density stress, have demonstrated that selection
may discriminate both against (rye) and in favour of (ryegrass) the
B-containing individuals (Rees and Hutchinson, 1973). The situation in
ryegrass is unique in that it is the only case known where the Bs have been
shown to confer a selective advantage upon the individuals which carry
them, albeit under experimental conditions (Hutchinson, 1975). Studies
by Kishikawa (1970), again in rye, have shown that the transmission rates
of the Bs can vary in different environments. We have also carried out
experiments under controlled growth conditions which demonstrate how
differences in environment can modify the transmission and accumulation
of Bs in rye, and these results will be described in a separate publication.

The idea that B chromosomes may be more useful to themselves than
they are to the organism that carries them is not a new one. It was first
proposed in a discussion paper by Ostergren in 1945, in relation to the Bs
in rye, and has more recently received strong support from Kimura and
Kayano (1961), working with Lilium callosum, and from Nur's studies on
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the mealy bug, Pseudococcus obscurus (Nur, 1966, 1969) and the grasshop-
per Melanoplus femur-rubrum (Nur, 1977). Nur has shown that in both of
these species the Bs are harmful to the fitness of the individuals that carry
them, and are maintained at equilibrium frequencies in populations only
by virtue of their respective accumulation mechanisms. There is evidence
for selfishness too from crossing experiments and from population surveys
in Myrmeleotettix maculatus (Hewitt, 1973a, b, 1976), although the data
are more equivocal than that for the three species mentioned above.
Mechanisms of "drive" which lead to B chromosome accumulation have
been described in numerous species of both plants and animals, and they
are principally of three kinds.

(a) Premeiotic drive is based on mitotic nondisjunction and preferential
multiplication of B-containing cells in the germ line tissues, as commonly
found in the follicle cells of the testis in male grasshoppers, e.g., Locusta
migratoria (Kayano, 1971).

(b) Meiotic drive whereby univalent Bs segregate at either the first or
second division to be preferentially included in the functional meiotic
products is known in plants and animals. In females of Myrmeleotettix, for
example, the Bs are distributed on an asymmetrical spindle at first meta-
phase with a bias towards the egg side, and preferentially included in the
secondary oocyte, rather than the polar body, at anaphase I (Hewitt, 1976).
In Lilium callosum the majority of univalent Bs lie outside the metaphase
I plate and in the direction of the micropylar end of the embryo sac, which
includes the egg cell (Kayano, 1957). In the mealy bug, which has a
"lecanoid" chromosome system and an inverted meiotic sequence, the Bs
segregate preferentially into functional sperm nuclei at anaphase II (Nur,
1962).

(c) Post-meiotic drive, as in rye, is the commonest system in plants and
generally involves directed nondisjunction at the first pollen grain mitosis
with inclusion of Bs in the generative nucleus. The system operating in
rye with accumulation through both the male and female side is unique,
as is that in maize where nondisjunction occurs at the second pollen grain
division and would not in itself lead to accumulation without the element
of selective fertilisation which favours male gametes containing the B
chromosomes (Roman, 1948). Further details of these accumulation
mechanisms, and of some other lesser known ones, are described in Jones
and Rees (1982).

In the wider context an analogy can be drawn between the drive
mechanisms operating in B chromosome systems and those found for some
other kinds of genetic elements located within the A chromosome comple-
ment. Mechanisms of meiotic drive in this wider sense, as reviewed by
Zimmering et al. (1970), involve various components of the A chromosome
genome ranging from whole chromosomes, e.g., the X chromosome in
some Drosophila groups (Novitski et a!., 1965); or parts of chromosomes,
as in the preferential segregation to the functional megaspore of the large
heterochromatic knob on abnormal chromosome 10 of maize (Rhoades,
1952), down to the level of the classic t allele polymorphism in natural
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populations of the house mouse, Mus musculus (Dun, 1953; Lewontin,
1968). In homozygous recessive combinations the t alleles are either lethal
or they cause complete sterility—yet they are found in natural populations
at high frequency. There is a meiotic drive mechanism which generate
sperms containing t alleles in excessive frequencies (85—99 per cent,
Lewontin, 1968) from heterozygous males. The polymorphism is maint-
ained by a balance between elimination of the alleles in inviable homozy-
gotes and their accumulation through abnormal segregation at meiosis.
The dynamics of the system have been presented by Lewontin (1968) and
a more general population model of meiotic drive can be found in Harti
(1970). The B chromosome system, while analogous to these other mechan-
isms of drive, differs in that the polymorphism involves dispensible supernu-
merary chromosomes which have no known function within the organism,
no qualitative effects upon the phenotype, and which may be present in
multiple copies in excess of the normal disomic number.

In terms of their redundancy, and their lack of phenotypic expression,
the Bs in fact are much closer in their functional aspects and behaviour to
what Orgel and Crick (1980) have defined as the "selfish DNA" component
•of the (A chromosome) genome, i.e., transposable elements, insertion
sequences, middle repetitive sequences and other forms of so called junk
DNAs. Orgel and Crick have defined selfish DNA as that fraction which
can spread by forming additional copies of itself and which makes no
specific contribution to the genome: examples are the Ty —1 transposable
element of yeast, which has no obvious phenotypic effect, which is present
in some 35 dispersed copies and which comprises 2 per cent of the genome,
and the middle repetitive sequences that make up 30 per cent of the
eukaryote genome. Mechanisms of spread of these selfish DNAs have been
discussed by Doolittle and Sapienza (1980) and their population dynamics
is described by Ohta (1981).

This general debate about selfish DNA is a relatively recent affair (the
last 10—15 years) and has its roots, according to Orgel and Crick, in Dawkins
book on the "Selfish Gene" (Dawkins, 1976). We would respectfully like
to suggest that the roots of this idea can be traced much further back than
that, and can be found in the paper by Ostergren, published in 1945,
entitled. . . "The parasitic nature of extra fragment chromosomes" . . . i.e.,
B chromosomes.
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