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| SECTION I

CYTOLOGICAL VARIATION IN

CHRYSANTHEMUM LEUCANTHEMUM L.

SENSU LATO




1.

INTRODUCTION

Within the last few years considerable interest has been generated
in the use of cytological characters for assisting in taxonomic

treatments of the Composite species Chrysanthemum leucanthemum L.

sensu lato, This species is extremely variable and numerous infra-
specific taxa have long been recognised. Recent works (see following
text) using North American and Continental material have suggested
that there might be sufficient grounds for splitting up the species
aggregate into specific taxa corresponding to chromosome races.
Although on the basis of their distribution of chromosome races
on the Continent, Bocher and Larsen (1957) have surmised that only
the diploid chromosome race grows in the.British Isles, the situation
is in fact, unknown. In this context Valentine (1961) has stated,
"It is too early to be certain whether all British forms of this group
belong to the diploid species, and further investigation is. needed."
In the following account I have attempted to analyse certain
aspects of variation within the species aggregate using a variety of
techniques. The enormity of the task has prevented representative
samples from the whole geographical and morphological range of thé
species aggregate from being considered. As avresult of this my attention
has been primarily confined to variation within British material and
diploid and teffaploid chromosome races of Continental material.
NOTE. The term *population® has been used throughdut the text to
refer to groups or samples of plants which have a close spatial relation-
ship with gach other and are distinguished from other populations by

the presefice of obvious discontinuities in that relationship. To
geneticall implications have been attached to the term "population’.
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CYTOLOGICAL VARTATION IN CHRYSANTHEMUM LEUCANTHEMUM L. SENSU LATO

Review of the literature

Tahara (1915, 1921) first reported the tetraploid number of
2n = 36. Subsequently, Orth (1926), Shimotomai (1938) and Dowrick
(1952) published counts of 36 for the species; Polya (1950) published
the first diploid count of 2n = 18 from Hungary and in 1956 Duckert
and Favarger found 2n = 18 in an alpine population from'the Jura. In
the following year, Bgcher and Larsen (1957) gave a cytotype distri-
bution of the species on the basis of some thirty locality counts
including a hexaploid count of 2n = 54. Baksay (1957) demonstrated the
existence of diploid, tetraploid and hexaploid plants in the Tatra of
Hungary and this was followed by a paper by Favarger (1959) on the
distribution of chromosome races.within Switzerland. Skalinska and her
co-workers (1961 & 1963) found a comparable distribution of chromosome
races in Poland to the Hungarian and Swiss ones of Baksay and Fa%argeg
respectively. Practically all the work cited above was confined f%o
mitotic counts without examination of cytological variation other than
chromosome number.

There has been very little work published on meiotic chromosome

variation in Chrysanthemum leucanthemum L. or in the rest of the genus

for that matter.

Cooper and Mahony (1935) published a count of n = 18 on material
taken from the Campus, University of Wisconsin, in which they found

18 bivalents. Dowrick (1952), while working on chromosome variation




within the genus, noted that in general the tetrabloids showed some
degree of multivalent formation and concluded that the most probable
origin for polyploids was by autopolyploidy. He did not make the
essential distinction between homologous chromosome associations and

associations resulting from interchanges. In an examination of tetra-

ploid meiotic material of Chrysanthemum leucanthemum L. he made the
important discovery that some anaphase 1 cells contained 36 chromosomes
at each pole. This resulted in diad formation and pollen with 36
chromosomes. Whilst examining the meiotic chromosomes of tetraploid

Chrysanthemum atratum L. Dowrick discovered the same phenomenon of non-

reduction of pollen and attributed it to the precocious splitﬂing of

the centromeres at anaphase 1. He suggests that it is the capacity of

the centromeres for further division which determines whether there is

a second division or not. Although the exampl;s described refer to

tetrgploids, it is quite possible that the same phenomenon could arise

in diploids and hence be a possible source of spontaneous autopolyploidy.
Favarger and Duckert (1956) descfibed the meiosis of a high alpine

diploid form of Chrysanthemum leucanthemum L. as being anomalous.

Several indeterminate line drawings and photographs are given in the

text which add little to the evidence for an ancmalous meiosis. In his

1959 paper on Chrysenthemum leucanthemum L. Favarger said that the

. abnormal diploid meiosis described in 1956 was probably confined to the
locality from which he sampleé.and that all subsequent investigations

on other material had revealéd normal bivalent pairing. On the
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tetraploid chromosome pairing, he comments that although he has no
counts of his own, previously published work indicates that pairing
is regular and hence indicative of an allopolyploid origin. All
publiéhed counts to date are given in Appendix II.

Mitotic chromosome variation

' Root tip analyses were made on potted plants using the methods
described in Appendix TII. All the plants of natural origin examined
were found to have numbers on the 2n, 4n or 6n levels of ploidy, thus
confirming the counts of previous authors. Other chromosome numbers,
as found by Favarger (1959), Villard and Favarger (1966), were not
detected. A list of material counted is given in Appendix I. Careful
observations on intraplant chromosome variation revealed that the
chromosomes were all more or less the same length and that the centro-
meres were either median or submedian in position. Satellites and
secondary constrictions were occasionally observed, but were most
irregular as regards visibility. The main factors which determined
this irregularity appeared to be excessive chromatin contraction due
tq excessive pretreatment and injudicious squashing during slide
preparation. In spite of these handicaps, it was decided to carry
out an analysis to try and determine whether the observable, slight
morphological differences could be interpreted in terms of intzrplant,
intér population, and interploid variation.

‘

It was thought at first that making camera-lucida drawings of
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chromosomes and.taking measurements from the drawings would be adequate,
but it was found that the inaccuracies introduced by an inability to
reproduce a chromosome outline precisely by means of a pencil line were
too great relative to chromosome size, and the more sensitive procedure
of making photomicrographs of standard enlargement and either pairing
and/or measuring the chromosomes from a.bromide print was adopted.

This procedure requires that all the chromosomes be in the same focal
plane to minimise the errors of converting an essentially three
dimensional light image into an observed two dimensional distribution
of silver grains. Naturally, the success of the process is also
dependent upon adequate resolving power of the.optical system and the

photographic techniques employed.§* As already pointed out there are

no particularly good mitotic chromosome markers in Chrysanthemum

leucanthemum L. and it would be useful to examine the variation pattern

of each parameter individually.to assess their taxonomic value.

For chromosome variation to be of taxonomic value one has to know
whether identical chromosomes from different cells and plants consistently
maintain the same position in the observed spectrum of variation for
a cell. This necessitates being able to identify positively a
particular chromosome in every analysable metaphase available. Such

a chromosome was detected in diploid seedlings germinated from seed

® N.B. In Appendix IV can be found details of the photomicroscopy
and the rationale for the various techniques used.




taken at Polzeath in Cornwall. See figs. 1 and 2, page 7. It is
interesting to note that of thirteen seedlings counted, three were
homozygous for the marker chromosome and ten heterozygous. This

leads to the most likely conclusion that the seed was taken from one
plant homozygous for the marker chromosome and that the plant.concerned
was outbreeding.:* The possibility that the parent plant was heter-
ozygous and inbreeding cannot be excluded but is less likely from the
observed frequencies. The chromosome concerned is one of the longer
ones and has a subterminal centromere. The nature of this heterozygosity
is unknown (meiotic material having not yet been examined), but it is
likely To be a pericentric inversion.

The value of such a chromosome is that not only can size variation
be studied but also arm ratio and the effects of differential contrac-
tion upon different lengths of chromatin. On the basis of this, a
coefficient of variation for the chromosome can be computed and this
can be used to assess the confidence limits for homologous chromosome

. s as . . 3
identification on the basis of long arm and short arm measurements.

** The extrapolation of a coefficient of variation computed for one
chromosome to others in the same genome does not appear to be a gross
liberty. Patau (1964) has calculated individual coefficients for length
variation of various hujan chromosomes and found them all to be about 5%
‘irrespective of the chromosome concerned. The inference is that D.N.A.varies
according to the same properties, no matter what size or shape of the
chromosome concerned is. i.e. as regard contraction and stretchability.

” This material was kindly provided by R. A. Finch of the Botany
Department, Oxford.







Chromosome Size

Dowrick (1952) has suggested that in the Chrysanthemidae,
‘¢hromosome length is negatively correlated with increase in polyploidy.
Comparative measurements are difficult to make owing to differences in
contraction, but maximum to minimum léngths for both diploid and
tetraploid chromosomes are not significantly different..

Maximum length Minimim length

2x longest

chromosome 8.0 microns 5.5 microns
iﬁrigggg;: 7.5 microns 5.5 microns
i}ﬁrf)ﬁg?sﬁ:t 3.5 microns 3.5 microns
ﬁﬁrﬁgggzgit 3.5 microns 3.5 microns

However, tetraploids appear to have a larger proportion of small
chromosomes iﬁ their complement. This would imply that there is less
than twice the amount of D.N.A. in tetraploid nuclei than there is in
diploid nuclei. A crude estimate of D.N.A. content can be reached by
measuring the length and breadth of interphase nuclei from squashed
prepargtions, The assumption is made that if sufficient nuclei are
measured then’'on average the thickness of nuclei will be more or less
the same and that length and breadth provide sufficient parameters for
D.N.A. quantity estimation. (fig. 3, page 9 ). Where the nucleus is

oval, an over-estimate of the true area by a factor of W /4 is derived.”
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(This technique has also recent}y been used for estimating the quantity
of D.N.A. in Barr Bodies and.relating this to differences in X-chromo-
some size. Taft, P.D. et al. (1965). Klinger, H.P. et al. (1965),
have increased the accuracy of the method by estimating nucléus thick-
ness by Feulgen—microphotometry.)x

‘Fig; 6, page 11 .shows that there appears to be a reduction in
average size and hence D.N.A. content below the expected amount when
comparing tetraploid nuclei with double that of the average gize for
diploid nuclei. 'However, the large standard deviations for the
measurements mean that there is only just a significant difference
between the observed and expected values for D.N.A. content. Estimations
of D.N.A. content using Feulgen-microphotometry would reduce the
standard deviations considerably and perhaps help to demonstrate the
slight difference indicated above on a sounder basis. |

In fig. 5, page 9 is plotted the length position of the marker
chromosome compared with the other chromosomes in the complement
against the absolute length of the marker. It can be seen that the
marker. chromosome varies in position from fifth largest to fourteenth
in the complement. The length is regarded as being the long arm + the
short arm length with an allowance made for the centromere position as

showvn in fig. 4. page. 9. The scatter indicates a negative correlation

* Dowrick at Wye College is at present researching into D.N.A. content
in the Chryvsanthemidae using the much more critical method of Feulgen |

microsphotometry (personal communication).

]
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between them. The correlation is -«-52,which is significant at the .01%
level. The reason for this curious relationship is the apparent length
polymorphism of the marker chromosome relative to other members of. the
complement, a point which will be discussed later.

Centromere position.

The position of the centromere is a cardinal character used in
chromosome discrimination. As already noted, except for the marker

chromosome, the chromosomes in Chrysanthemum leucanthemum L. tend to

be meta~ to submetacentric. In fig. 7, pagel3 is plotted % length
long arm against % length short arm for the merker chromosome. As
expected there is a strong positive correlation, but by no means a
perfect one, which could indicate that the short arm is not increasing
in length in direct proportion to the iong arm. In fig. 8, page 13

is plotted the ratio of % length long arm to % length short arm against
% length marker chromosome. The correlation of x upon y fér this
scatter is ~0.50 which is significant at the .01% level. This indicates
that as the marker chromosome increases in length relative to the rest
of the complement, then the ratio of long arm to short arm decreases,
which would mean a polyﬁorphism of the chromosome. As the measurements
were taken from cells from several plants, this polymorphism could

well exist between different plants.

The degree of variability of the marker chromosome was computed

using a coefficient of variation, Patau (1964), where the coefficient
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=100 2n ,/fé\(:xl - x2) 2/% (:xl + xz)

_  length long arm
and X = Length short arm x total autosome length

for one cell and X, the same parameter for another cell. The
comparison was made between every cell and the value of the coefficieht
was 6.8%. This variation is of the same magnitude as that computed
for chromosomes of other organisms. If the assumption is made that
other chromosomes within the complement can vary to the same extent

(a not unwarranted decision as pointed out on page 6 ) then the lack
of positive variation between chromosomes probably means that chromo-
somes cannot be consistently identified on the basis of length and
centromere position alone.

Satellites and Secondary Constrictions

Very few cells present the chromosomes in a form suftable for
secondary constriction and satellite analysis, probably due to the
contracting action of spindle inhibitors. A conservative estimate

of the number of good cells necessary to establish the position and

number of such chromosome markers is twenty or more in Chrysanthemum

leucanthemum L. The maximum number of satellited chromosomes observed

in a diploid plant is six, fig. 9, page 15 ,vand eight in a tetraploid
plant. Careful examination showed thet the marker chromosome had a

small satellite on its short arm but this was only observed in five

cells.
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The only secondary constriction which could be detected in
several diploid populations was one which divided the long arm into
two equal parts, Fig. 10, page 15. Three tetraploid plants from
Derbyshire showed a similar secondary constriction in one chromosome.
Fig. 2, page 7, shows a chromosome with a marked secondary constriction
in Jjuxtaposition to the centromere. This chromosome was present in
some of the Cornish pobulations examined,

In Appendix V is a set of karyotypes constructed for diploid,
triploid, and tetraploid cells, No assertions are made as to the
"correctness" of a particular arrangement other than it appeered to
be the best ﬁne far tHe cell concerned., Because of the uncertainty of

chromosome identification on these criteria, a generalised idiogram has

not been constructed for the chromosome complement of Chrysanthemum

jeucanthemum L. A tentative idiogram has been derived for British

diploids. This is given in Appendix V.

The following general points emerge from the mitotic chromosome .
examination.
1. With the exception of the marker chromosome no other chromosome

can be consistently recognised in either diploid or tetraploid bhrysanthemum

leucanthemum L. although examination of many cells permits one to

recognise at least three others in diploids.

2. Diploid plants show a remarkable polymorphism in that apparently
S

homologous chromosomes are frequently different in morphology

% The process of detection of chromosome homology is frequently oeeof
elimination in that quite often one has to accept the two chromosomes
"left over after pairing up all the others as being homologous. Naturally
an error at one stage produces an error im all subsequent matchings.
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3. Tetraploid plants do not appear to have such a polymorphism.

Whether or not this apparent lack of polymorphism is caused by the
greater number of pairing possibilities permitting the chromosomes

to be more easily forced into a paired karyotype than in diploids is

not fully known. Certain chromosomes, in particular Groug/%hromosomes
(see Table A , page 18 ) are most certainly disomic.

L. The chromosomes can be grouped for convenience into five groups
according to size, centromere positions and presence of satellites.

The demarcation between these groups is often indistinct and is based
upon observations made from a few cells which show the morphological
differences more distinctl&. Table,A; page 18 shows the various details
of the groupings.

5. Secondary constrictions appear to demonstrate heterozygosity in

" that only one of a particular sort of secondary constriction ever
appears in a cell, the other homologous chromosome not exhibiting it.
This situation is similar to that recently detected in human chromosomes,

Beutler (1963), Palmer and Funderburks (1965)®

* 1t is thought that chromatin areas bearing secondary constrictions
are late replicating and have other similarities to genmetically inactive
heterochromatin. This suggests the possibility of chromosomal inactiv-
ation in these regions which could be important in terms of genetical
adaptation of cells rather than organisms to variations in environment.
Heterochromatin bodies are not obviously apparent in resting-state
nuclei of Chrysanthemum leucanthemum L. Frequently darker staining
clumps of chromatin can be seen but whether these should be interpreted
as heterochromatin or simply aggregations of eu-chromatin is not known,
although absence of chromatin clumps in some cells makes the latter
alternative more likely. :

/



Group 1

Group 1

Group 2

Group 2

Group 3

Group 4

Group 4

Group 5

- Group 5

TABLE A
Morphological groupings of somatic chromosomes

Polyploid
2N

4N

2N

2N

4N

2N

4N

Position Size No.
centromere chromosonme chromosome
median 3.5-8 n =6
! ) 6-10
submedian 7-8 P 0-2
" i 2-6
submedian 5-6.5 p 6=10
to
subterminal
" 8-]-4
subterminal 4.5 = 5.5 n 2~4,
i 3.5 = 45 R 4
submedian 3.5 = 4.5 i 2
30.5 - 4-0 }1 2—4

Meiotic chromosome variation

18.

Satellited?

None

"

Two to four

All

None

(V]

Meiotic chromosomal analyses were carried out on anthers using

the techniques described in Appendix III.

The main aims of the investigation were as follows:

1. An analysis of chromosome pairing of natural and hybrid plants as

an indicator of genomic similarities and dissimilarities. Related to

this is an'analysis of chiasma frequency and position, in order to

discover the basis of differences in pairing behaviour other than the

genomic similarities mentioned above.
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2. To investigate the results of meiosis in terms of production of

viable gametes, especially in polyploids and hybrids.

‘Diploid meiosis
ﬁbiosis in all diploid plants examined was extremely regular
with the production of ring and rod bivalents. There was no
ovidence of translocations, inversions or the production of univalents.
The most common analysable stages were diékinesis, metaphase I and
telophase I.  Anaphase I preparations were rarely encountered.
Pachytene studies showed that there was complete end to end
pairing of homologues. Chiasmata were normally completely termin-
alised by metaphase (fig. 12, page 20) and almost so by diakinesis
. (fig. 11, page 20). No instance of more than one chiasma per chromo-
some arm was observed. Regulér telophase 1 configurations (fig. 13,
page 20) indicated that.disjunction during anaphase 1 was normal and
it was assumed that all the diploid plants examined would have produced
viable gametes. This'assumption was strengthened by examination of
stained pollen grains, which showed 95% or more of the grains to be
fertile. The reasoning and methodology of the technique used for this
are given in Appendix IIL An analysis of chiasma frequency in plants
from different populations was made using diakinesis as the stage of
division examined. The results are shown in Table B , page 2l.
Dowrick, 1952, found that the average chiasma frequency for

diploid plants in the genus Chrysanthemum was 1.50. In the
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TABLE B,

Chiasma Frequency in Diploids

Average No. Average No.

: Chiasmata Chiasmata

Plant No. Origin of Material per bivalent per cell.
1 Loggerheads, Flintshire 1.46 13.13
2 n w 1.56 14.03
3 " n 1.51 13.60
1 Aberdovey, Merionethshire 1.67 15.02
2 - n n 1.62 14.56
3 n " 1.59 14.30
1 Bearpark, County Durham 1.66 14.93
2 ' n " 1.70 15.30
3 u n 1.72 15048
1 Vallee d'Astos, C. Pyrenees 1.6 14.75
2 n n 1.69 15.20
3 w n 1.61 14.48
1 Malham, Yorkshire 1.55 13.95
2 n " 1.61 14.48
3 n " la 60 140 40

Chrysanthemum leucanthemum L. plants examined here,the chiasma frequency

asbshown in the Table above, ranged from below 1.5 to over 1.70 per
bivalent. As the plants were all grown under similar environmental
conditions, it seems most likely that such differences are genotypic.

A difference of 0.05 chiasmata per cell was significantly different at
the 5% level. Wide differences obaerved in chiasma frequency of plants
grown from éeed taken from the same capitulum indicate segregation of

‘the genes concerned and/or influx of differdéng genes by outbreeding.
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Triploid Meiosis

The meiotic behaviour of triploid plants produced by hybridisation
(see page 83) was examined and the following facts were discovered.
Meiosis, as examined at metaphase 1, was typical of an aﬁtotriploid,
with the production of univalents, bivalents and trivalents in varying
proportions, Figs. 15 & 16, page 23. The presence of unpaired univalents
could be seen in pachytene preparations, Fig 14, page 23, as single
threads, |

Most of the trivalents were orientated in a convergent fashion
with a rod of three as the most frequent configuration. ‘Frying pan'®
and 'Y* configurations involving multiple chiasmata were found fairly
frequently. This situation is different to that found in diploids and
tetraploids as discussed later. Few instances of linear or indifferent
orientation were Seen with the result that few chromosomes involved in
multivalent formation were léft at the équator on disjunction of the
trivalents. However, univelents were often left. (Pig. 21, page 27).

Fig. 18, page 25 shows the frequency of trivalents from seven plants
plotted against the chiasma frequency. There appears to be a similar
relationship for all plants, thg correlation coefficient of x upon y
being 0.92, significant at the 1% level., The trivalent frequency for
the most right hand plant in Fig. 18 has been modified., This plant

was an aneuploid containing 25 chromosomes instead of the normal 27.

S







The assumption was made that the two missing chromosomes were non-
homologous on a maximym likelihood hypothesis. This being so, then-
such a plant couid oniy be exhibiting seven-ninths of its potential
trivalent production and the observed frequency has been changed to
the expected. The modified value falls conveniently onto the x~y axis
of the other plants, a fact which reinforceé the assumptions mads.
Although the plants are derived from three different hybridisations
involving plants from various parts of Europe, they all show the same
" degree of chromosomal homology as evidenced by the trivalent-chiasma
relatibhship avan'important point which will be discussed later.™
Six hybrids symthesised from an Italian tetraploid and British
diploid, although exhibiting normal triploid metaphase pairings had
a curious nuciear,asynchrony at prophasic stages in which, while one
part of the nucleus could-be passing through pachytene, other parts
of the same nucleus were étill at léptotene, Fig. 20, page27. As
only a proportion of P.M.C's examined at prophase exhibited this

phenomenon, micro-environmental differences within the stamens must

have either induced or suppressed the asynchrony. This phenomenon

Metaphase configurations were used in the analysis and the 'lumpy!
appearance of some cells has probably led to an underestimate of
trivalent frequency, some 'frying pan' trivalents being scored as
separate bivalents and univalents. This error should equal ouf

for all samples.
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was probably caused by a developmental unbalance in: the hybrids
concerned. The other two types of hybrid did not show such an

unbalance.

After examining triploid Chrysanthemum frutescens L, Dowrick

(1952) suggested on the basis of pollen grain size measurements that
.there was production of grains with the haploid chromosome complement
and elimination of others with numbers differing from this. The
Size range of our measurements of triploid plant pollen grains
correspond well with Dowrick's data, Fig. 19, page 25, but the
distribution and interpretation of the data do not. Examination of
telophase 11, Fig. 22, page 27, ghowed that the pollen grains were
likely to contain chromosomes in a frequency which approximates to a
binomial distribution. The sample size was insufficient to justify
a test of significance for the distribution.

The assumptién that pollen grain size is directly proportional
to chromosome content is not applicable in this instance since the
smaller grain sizes are much smaller thén would be expected from a
normal haploid situation, as in diploids for example. The apparent
skew of the distribution giving a predominance of very small grains
possibly results from some hybrid developmental process and is not a

E

direct result of chromosomal content.

The presence of micronuclei during the tetrad stage of meiosis

-
The small grains were not empty and stained up in acetocarmine.
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“ indicates that some univalents are probably beiné eliminated by being
left on the plate at metaphase I and II. That some univalents must
pass'to the poles is obvious from the numerically balanced content
of most telophase nuclei examined.™

Attempts were made to ‘induce pollen grain division by germination
under different substrate, temperature and light conditions, but all
failed, This was tried not only for triploid grains, but also for
diploid and tetraploid ones.

Dowrick (1952) says that in Chrysanthemum frutescens L. the uni-

valents are lost at both meiotic divisions and this could partially
account for his curious explanation of his grain sizé distribution.

At any rate, it would still be necessary to invoke.some form of
unidirectional elimination of univalents and selection for haploid
grains. As regards the small peaks to the right of the maiﬁ hump, on
the. numbers of grains involved, these could well be variations in the
tail of the main peak or indeed, as Dowrick suggested; products of
higher numbers of chromosomes. In fig. 23, page 29, is the distri-=.

bution of cell classes containing different numbers of trivalents.

The distribution is not significantly different from a binomial

% In the examination of P.M.C's in which all the. chromosomes could be |
counted at telephase II, frequently the sum of the nuclear contents

“came to 54. In addition, no chromosomes were obviously left lying

between the groups and hence it would seem reasonable to expect all

the chromosomes to be included into the pollen grains. However,

only the examination of pollen mitosis would verify this point.

o
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distribution which indicates random pairing and chiasma formation
between homologues.

Tetraploid meiosis

Examination of tetraploid meiosis showed the following points:-
1. Multivalent associations were regularly found in between 65% and
90% of P.M.C's examined at diskinesis and metaphase I. These were
usually ring or rod quadrivalents, figs. 24 & 25, page 29 and
figs. 26, 27 & 28, page 31 . They were regarded as homologous
chromosome associations and not due to interchange heterozygotes for
the following reasons:-—

(a) Disjunction was always regular, (fig. 29, page 31) and only
some of the quadrivalents showéd the formation necessary for balanced
disjunction in translocation aséociétions.

(b) Up to four quadrivalent associations have been seen in one
cell, To account for this either a high degree of chromosome homology
or else several separate translocations or both must occur. Since no

associgtions involving more than four chromosomes have been seen,
the latter alternative seems unlikely. |

(¢) The high degree of pollen fertility, normally over 95%, is
a far higher value than one would expect in plants in which all the
multivalents.were not orientated necessary for balanced disjunction.

figble C, page 32, gives the quadrivalent frequencies for a range of

wild tetraploids and artificially induced autotetraploids. The







quadrivalent frequencies are scored as the mean number of quadrivalents
per cell.

TABIE C.

Quadrivalent frequencies in different tetraploids

Number of

Quadrivalents .

an:;li:d per cell Source of Material

35 1.41 Buxton 6, Derbyshire

30 1.63 42/3 Adtotetrapfoid

30 1.37 A2/12 "

80 1.33 A2/16 "

50 1.66 Malham 1

30 1.58 Fen End, Shropshire

50 1.48 - Central Bohemia

30 .78 Zagreb, Yugoslavia

30 67 Southern Czechoslovakia

It is obvious that the last two continental plants have much
lower frequencies of quadrivalents per cell than do the rest of the
plants. The difference between the quadrivalent frequencies for the
Zagreb and £2/16 plants was tested and found to be significant. This
difference may be,associated with taxonomic differences since the

.

plants have some morphological differences to the British tetraploids.

2. Pachytene pairing is normal with apparentlylcomplete bairing along
the whole chromosomes. The extreme length and number of the chrofhosome
threads makes a full analysis of 'incipient multivalent' pairing
impossible. The centroﬁeres appear to be fully paired at pachytene.

3. The mean chiasma frequency per plant varies between 23 and 28.




33,

There seems to be a relationship between the mean frequency of quad-
rivalents produced and the mean chiasma frequency of the plant
concerned. See fig. 30, page 34 . For the nine plants used the

correlation between these two parameters was =062, p being =0.05.

What the significance of a negative correlation between these parameters
_is, seems difficult to elucidate and an examination of thé factors
controlling multivalent formation will be more conveniently carried
out in the discussion. It must be pointed out that this value is
only just significant and more data on this point are required. It
does, however, raise ground for speculation.

In Table D is shown the chiasma frequencies for a range of
diploid; and tetraploid plants. It can be seen that generally the
tetraploids have a chiasma frequency.per chromosome somewhat less than

that of the diploids.™

§§3'E'Tic-iploids have not been included because of the possible error
of having underscored 'frying pan' configurations.

# It was discovered that fifteen cells were sufficient to accurately
define the mean chiasma frequency for a plant. However, thirty or
more randomly selected cells were necessary to define the mean
quadrivalent frequency, since when only well spread preparations were

analysed, these contained a higher frequency of multivalents than did
a random selection of cells. The size and characteristic shape of
quadrivalents, made them easy to identify even in poorly spread cells.
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TABLE D

Chiasma frequency for diploids and tetraploids

No. cell Chromo- Mean No. lMean No.
'-¢1-——a§' some Chiasmata/ Chiasmate/
ana.ysed count cell chromo some
50 2n =18 14.50 .806 Bearpark 7, Co. Durham
50 2n = 18 14.85 .825 Bearpark 10, Co. Durham
50 2n = 18 14.60 .812 Malham Moor 6, W.Y¥orks
75 2n = 18 13.20 . W35 Loggerheads 6, Flints.
50 2n = 18 14.30 795 Festiniog, Caerns.
50 2n = 18 14.20 .789 Aberdovey 9, Merioneth.
35 2n = 36 R27.32 .758 Buxton 6, Derbyshire
30 2n = 36 R4.73 .686 A2/3 ) artificial auto-
30 2n = 36 25.74 .716 A2/13) tetraploids pro-
80 2n = 36 27,78 772 A2/16) duced from
material from Logger-
heads, Flints.
30 2n = 36 24,27 675 Fen End, Shropshire
50 2n = 36 26,19 .728 Central Bohemia
30 2n = 36 22,85 .636 Zagreb, Yugoslavia
30 2n = 36 27.94 LT77 Southern Czechoslavakia

50 2n = 36 2441 .679 Malham, Yorks.

4. No micronuclei could be found in most planfs examined but some
were detected in the artificial autotetraploid 42/16 and this plant
was subjected to é thorough analysis. Out of 300 pollen tetrads
examined, 27 contained micronuclei, several being almost as large as
the normal nuclei but most being extremely small. An analysis of |
50 P.M.C*s at late anaphase - early telophase revealed no lagging
chromosémes and hence apparently normal disjunction. The reason for
normal disjunction of quadrivalent chromosomes is because chiasmata‘
are terminal and relatively few in number, thus allowing for the ;

efficient and regular separation of the chromosomes. As most of the

o
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cells were examined at diakinesis, it is not known what proportion of
quadrivalents were orientated in a linear or comvergent fashion.” At
metaphase I as in fig. 27, page 31, some of the quadrivalents were
certainly convergent. Instead of the normal distribution of 18
bivalents at each pole, three cells had 17 bivalents at one pole

and 19 at the other. This must be a possible source of unbalanced
gametes which could give rise to aneuploid plants.

Examination of cells at anaphase II - telophase II revealed the
source of the micronuclei. A small proportion of the cells at this
stage had univalents left lying on the metaphase plates. Slightly
later stages showed that these laggards were separated from the
normal nuclei on formation of the tetrad cell walls.

5. With the exception of a higher production of micronuclei indicating
a slight meiotic unbalance, the eight artificially induced autotetra-
ploids examined 'were identical in chromosome pairing and chiasma
production to all natural tetraploids examined - a fact of considerable
importance.

6. There was no evidence of interstitial chiasmata or configurations
-resﬁlting from mﬁltiple chiasmata. This leads to the conclusion that
some mechanism is working which is limiting the production of
chiasmata to one per chromosome arm.

7. There was a low frequency of trivalents and univalents, a fact
which adds to the high fertility of tetraploid plants. The possible

reasons for such low frequencies will be discussed later.
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Hexaploid meiosis

The meiosis of several heXaploid plants of continental origin
showed the following points:-~
1. Multivalents were produced and these were generally hexavelents
or quadrivalents, but rarely both (fig. 33, page 34). A maximum
of two quadrivalents was found in any one cell. It could not be
ascertained whéther the multivalent production was caused by chromo-
somal homology or by interchange heterozygosity.
2, A1l the remaining configurations were rod or ring bivalents.
3. Telophase I counts indicated that normal disjunction occured at
anaphase I.
4. Chiasmata were terminal at metaphase I, and there was no evidence
of interstitial chiasmata or configurations resulting from multiple
chiasmafa.
Discussion

It is apparent that somatic chromosome morphology does not give
a reliable insight to genome identity. This is due in part to the
variability with which the chromosomes present themselves under the
microscope and also due to slight genuine changes in morphology.
Recognition of similar patterns of variation between populations is
consequently a hazardous and time-consuming process. The evidence
suggests that chromosome similarities exist between diploid populations
of British plants and between tetraploid populations. There is some

small variation in chromosome morphology between diploid and tetraploid
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populations indicating at least partial genome differences. The

large numbe: of morphologically identical chromosomes present in both
polyploid levels confirm that similar chromosome morphology does not
imply chromosomal homology ~ usually a basic tenet of karyotype analysis.
Heteromorphic pairing in diploid plants probably results from out~
breeding between populations with slight chromosomal differences, of

a degree which 1s insufficient to affect the efficiency of forming
chiasmate associations. Unless selected against, cytological
heterozygosity of this nature is likely to remain within a population
-since chiasmata are confined to the ends of the chromosomes, Thus,
structural recombination only occurs near the end of the chromosomes
and leaves a long pericentric length of chromatin unchanged. Such link-
age groups can accumulate both gene and chromosome mutations and “
contribute immensely to the retention of successful genetical sequensss
within populations without danger of the sequences being split up by
recombination. This is a situation analogous to that postulated in

Anthoxanthum odoratum, Jones, K. (1964).

The presence of some certain disomic chromosomes in tetraploid
populations reflects either establishment of homozygosity by auto-
polyploidy or hybridisation at some stage in the evolution of the
populations concerned. It is tempting to suggest the former course
when Group 4 chromosome variation is examined. See AppendixV  pagelé8 .
The variation of these chromosomes is identical to that expected if the

tetraploids concerned had arisen from a population hetérozygous for the

o
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marker chromosome.

The use of chromosome pairing behaviour, and frequency analysis
of various chiasmate associations for detecting genomic differences
between closely related taexa, are hazardous tasks, since observed
differences may be an expression of gene differences rather than
genomic, a point appreciated by Jones and Borrill (1962). The
control of pairing behaviour and chiasma formation by single or
closely linked genes has now been well established, - Riley, Chapman
and Kimber (1959), Rews (1961),. and unless a péttern of relationship
between chiasma frequency and frequency of different chiasmate
associations can be established, then meiotic differences between
organisms are open to misinterpretation as being due to genomic
differences and not genic or vice versa.

Quadrivalent formation in the tetraploids indicates a higher
degree of chromosomal homology than would be expected from plants of
cqmpletely allopolyploid origin. However, when the frequencies of
.quadrivalents produced are compared to the values obtained in species
of known autoploid origin by other workers, there seems to be a consider-
" able reduction in the observed values (see Table E , page 41). The
exception to the other values is that of Oksala's, (1952) who noted
27.2% of the chromosomes oeccured.: as quadrivalents in spontaneously
produced spermatocytes in a dragon-fly species. The immediate

conclusion is to regard Chrysanthemum leucanthemum L. as a segmental

allotetraploid species, .Stebbins (1950),, exhibiting partial genome




homology. -The information from newly synthesised autotetraploids,
however, does not confirm this idea and Fig. 32, page 42, shows the
frequency distribution of cells containing various numbers of quad-
rivalents from eight artificial tetraploids, natural tetraploids and a
single artificial tetraploid for which there was sufficient data.

The distributions are not significantly different from each other or a
binomial distribution where p and q are Q.27 and 0.73, respectively.
MeCollum (1958) regards a binomial distribution as being indicative of
a situation in which the probabilities of quadrivalent formation are
the same for each set of four chromosomes in a cell and for each

cell in the organism concerned.

that chromosome pairing in hybrids between closely related species
is uniform from one set of chromosomes to another but in hybrids of
unrelated species is not uniform and therefore, does not correspond

to a binomial distribution. On this basis the Chrysanthemum data

Hall (1955) using data teken from the literature demonstrated
would fit a situation where there is non: hybridity, and hence an }
expectation for quadrivalent formation by chromosome sets. Some factor, ‘
other than lack of homology, is limiting the production of guadrivalents and
forcing the quadrivalent freqiency distribution towards the zero end

of its spectrum.

The similarity of pairing behaviour in natural and induced tetra-

ploid Chrysanthemum leucanthemum L. and the apparent cytological differ-

ences between these plants and other autotetraploid-like species warrants

an examination of the factors involved in chromosome pairing in an

autotétraploid.
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The formation of a quadrivalent rather than two bivalents;la
trivalent and one univalent or four univalents from a set of four
homologous or partially homologous chromosomes is dependent on (a) at
least one change of pairing partners during pachytene by at least one
of the chromosomes (b) the formation of sufficient chiasmata to
maintain the pairing configurations. The following generalisations

can be made about the pairing processes of Chrysanthemum leucanthemm L.

chromosomes. (a) The chromosomes are all approximately the same size
and have more or less metacentric centromeres. This means on face
value that probably each chromosome arm is just as likely to pair and

form chiasmata as any other, unlike the situation found.by John and

Henderson (1962) in tetraploid spermatocytes of Schistocerca paranensis,
where the longer chromosomes formed more chiasmata and hence quadrivalents
than did the shorter ones. (b) The lack of interstitial chiasmata

or configurations resulting from multiple chiasmata implies that a
mechaniém limiting chiasmata to one per chromosome arm is operating.

In terms of the pairing block concept, (Darlington and Mather, (1932),
Darlington (1937), Klinds';dt (1937),) this might be interpreted as
resulting from the initiation of pairing at only & single point in any
one éhromosome arm, i.e. each arm forms a single potential pairing

biock. Oksala (1952) and McCollum (1958) have postulated a similar

mechenism in the tetféploid organisms that they were studying. 1In

Chrysanthemum leucanthemum L. diploteﬁe observations show that the




chiasmata are first evident close to the chromosome ends, in most
instances situated about two-thirds of the way along the chromosome
arm from the centromere. See fig. 34, page 34. It is interesting

to note that the one chiasma per arm mechanism breaks down in the
triploid hybrids as evidenced by 'frying pan' and 'y! trivalents.

The precise correspondence between the number of chiasmata formed and
the number of linked chromosome arms means that theoretical models of
chromosome pairing and chiasma formation can be easily developed

and used to compare‘obsgrved values for chromosome configurations
with the expected. Changingrthe mechanics of the models employed to
derive a better fit to the observed data can be helpful in elucidating
the processes involved in meiotic division.

Durrant (1960) has developed a mathematical model for comparing
the chromosome association frequencies observed against the frequency
of associations expected,assuming that they arise from the random
formation of chiasmata between each set of four homologous chromosomes
in an auto-tetraploid. From four chromosomes the five possible types
of association for any given chiasma frequency P can be calculated
from the formulae given. As Durrant (1960) points out when calculating
the expected chromosome associations for any given.organisms, the
value of P cannot be derived from the observed mean chiasma frequency
and some assessment of the variance of P has to be taken into account.
In Table F , page 45 , are the expected association frequencies

calculated for various values of P.
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TABLE F

Expeocted agsociation frequencies calculated for various values of P.

Chiasmata 1(2) + 1(3) +
per cell £ - 2(1) 2(2) 1(1) m

31.18% 63.13%

33 3.66 .89% Lo 8% ,
31 3. 44 1.26% 5.5% 34..25% 58.92%
29 3.22 1.87% 6.84%  39.14% 52.14%
27 3.00 2,78% 8.33%  Lh bbb 45.55%
26 2,88 3.44% 9.20%  47.39% 39.96%
24 2.66 5,10% 11.01%  53.02% 30.87%
22 2,44 7.57% 12.96%  58.51% 20.96%
20 2.22 11.23% 14.92% 64 55% 9.30%

From this table the expected association frequencies were calculated
for one induced and one natural tetraploid plant and compared with

the observed frequencies. The distribution of P in Chrysanthemum

leucanthemum L. is unimodal and fits a normal distribution.

Malham tetraploid 1

2) = o5 x4y

2(1) 1(1)
Expected 5.3% 10.8%  49.5% 3o
Observed 1% 80.7% 1% 18.2%

Flintshire autotetraploid 16

1(2) + 1(3) +

201 2(2) (1) 1(4)
Expected 2.8% 8.9%  40.0% 48.0%
Observed 0% 85.1% 1% 1. 8%

The differences between the observed and expected values for

Durrant's model are highly significant. John and Henderson, (1962)
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have criticised this model on the basis of the high trivalent and
univalent frequency expected by it. Most published data (see Table H
page 47)_have a negligible frequency of trivalents and univalents

and a higher freqﬁency of bivalents and quadrivalents than would be
expected according to Durrant's model. They propesed an alternative
model based not on random, but partial obligatory pairing between
homologous chromosomes. Their diagram outlining this model is
reproduced in fig. 35, page 48 . Independently, a similar ﬁodel to that
of John and Henderson, was developed at Durham. It had two alternative
pairing patterns to it, version two being identical to that of John

and Henderson, and version 1, differing in that the second chiasma

to be inserted into any homologous set could occupy arny one of the

four remaining possible positions on a one chiasma per chromosome arm
basis. This is shown in fig. 36, page 4,8 . The third chiasma to be 1
inserted is obliged to occupy one of two posit%ons and the fourth has

no alternative. The two alternatives were reproduced in an Elliot 803
computer by simulating meiotic prophase using 9 homologous sets of
chromosomes and observed distributions of P. Fifty metaphase I cells
wéfe aﬁalysed, this sample size being considgreq large enough to
characterise the distribution of P. The computer approach was adopted
since the individual processes involved were much easier to conceive

in terms of physical rearrangement inside a computgr than in mathematical

formulae expressing such manipulations. The programmes and data print-

I

outs are given in Appendix VI page 169 .
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The Table below gives the expected values for the two versions

and observed values for the plant from which the P distribution was thken.

Univalents Bivalents Trivalents Quadrivalents

TABLE G
Version 2 5% 45.T% 0% 49.4%
Version 1 6.4% 40.2% lp 9% 48.5%
Observed .03% 85.1% .07% 14.8%

The following points arise:-
(a) Neither version fits the observed data well but both would
approximate to published date in other species.
(b) Version 2, similar to that of John and Henderson (1962), will
always give a zero value for trivalent frequency, a point which is
not normally realised in nature where a low but consistent production
is usual.

Version 1 appears to fit other data better for all chromosome
classes. In the table below this model is compared to McCollum's
(19583 data on the induced tetraploids of subspecies lusitanica,

juncinella and ibizensis of Dactyvlis glomerata.

TABLE H Univalents Bivalents Trivalents Quadrivalents
Version 1 6.4% 40.2% 409% 49.4%
D. glomerata
S.sp. lusitanica 2.5%. 39.2% 2.8% 55.5%
S.sp. juncinella R.75% 42.7% 2.0% 52, 6%
S. sp. ibizensis 1.1% 45.T% 1.1% 52,1%

Considering that the expected values have been worked out using

a different distribution of P from the one in Dactylis glomerata, the
