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PREFACE

In biological research it is found not infrequently that if
characteristics that arise when important processes become modified through
certain upsets are investigated, these investigations can contribute
much to an understanding of basic mechanisms involved. This is no more
clearly demonstrated in the field of cytology than in the classical
work of Creighton and McClintock (1931), which used a chromosome
interchange in maize as a cytological marker, and which established
a correlation between cytological and genetical crossing over. Similarly,
the recent studies of Brown and Zohary (1955) on a paracentric inversion
in Lilium, and of interchange heterozygotes by Zen (1961), Noda (1961),
Kayano (1960) and others, make it abundantly clear that chiasmata are
indeed indications of genetic crossing over, as originally hypothesized
by Janssens and Darlington. Today, gross chromosome mutations have
become nearly as valuable to chromosome cytology as point mutations have
to genetics.

The present studies, utilizing a group of Allium triguetrum plants

that are heterozygous for an interchange, offer some contributions to

cytological fact and theory.




INTRODUCTION

Interchanges (otherwise known as segmental chromosome interchanges
or reciprocal translocations), involving exchanges of segments of non-
homologous chromosomes, have been studied extensively in plants.
Probably the earliest observations were those of Gates (1908) on a

ring of chromosomes at meiosis in Oenothera rubrinervis. Belling's

reports of sterility in hybrids amongst certain velvet beans

(Stizolobium) were later attributed to a interchange of chromosome

segments (Belling, 1925). More clearly defined early cases were
provided by McClintock's (1930) cytological demonstrations of interchanges
in maize. Burnham's (1956) review indicates a sizable accumulation of
data in plants. The researches in maize by Brink, McClintock and Burnham,
and others, are by far the most extensive, and these data have
contributed much to our present understanding of many cytological
processes, particularly synapsis, chiasma formation and orientation
phenomena.

Few cases of interchange heterozygosity have been reported in
Allium, which is rather surprising in view of the large chromosomes
found in the genus, its readily observable meiotic divisions, and the
considerable amount of cytological work that has been done in many
species. Burnham (1956) briefly discussed six cases in his review,
the two most significant being those reported by Levan in A, ammophi lum
and A. cernuum. In the former (Levan, 1935) a ring or chain of four
chromosomes, or a chain of three chromosomes plus a univalent, were

followed through meiosis I; and in the latter (Levan, 1939) both

T
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meiosis I and pollen abortion were studied. Apart from my preliminary

report on the present interchange (Rickards, 1964), two other accounts

have come to my attention. Koul (1963) described an interchange in

A. cepa, following meiosis through from diplotene to tetrad formation

and estimating pollen viability; and in A. fistulosum Zen (1961)

studied chiasma formation in interstitial segments in the interchange

complex and resulting configurations at metaphase/early anaphase I.

Apart from these clear cases of interchange heterozygosity a number of

examples of associations of three or four chromosomes at meiosis (eeg.

Battaglia, 1957, 1963) have been described in Allium, some of which may

represent interchanges.

Following preliminary investigations on my own interchange material
it became apparent that a detailed study of some aspects of its cytology
and cytogenetics would prove informative. The major aspects studied
include:

(a) Identification of the interchange chromosomes in somatic cells:

(b) Pachytene/early diplotene in the interchange complex,

(c) Chiasmata in the interchange complex from diplotene through
to metaphase I, and €hiasmata in interchange cells as a whole.

(d) Orientation in the complex at prometaphase and metaphase I.

(e) Relative position of the complex in the metaphase spindle.

(f) Mid-anaphase I and mid-anaphase II, including a detailed
investigation on the developmental stages of pollen sacs in these
phases.

(g) Sterility on both the male and female sides, together with

information on seed setting.



(h) Pollen grain mitosis, including observations on delayed entry

of unbalanced pollen grains into mitosis.



BASIC CHARACTERISTICS AKD BEHAVIQUR OF CHROMOSOME INTERCHANGES

An interchange is an exchange of segments of two or more non-
homologous chromosomes arising by breakage and reunion. This general
section will deal with interchanges involving only two chromosomes.
More complex interchanges are basically similar in their general
characteristics and behaviour.

Interchanges arise under natural conditions (spontaneously) or
may be induced by X and other irradiations and other mutagenic agents.
Spontaneous and induced interchanges are basically the same in
characteristics and behaviour. They may arise during meiosis or in
somatic tissues.

The interchange chromosomes may or may not be identifiable in
somatic tissues, depending on the morphology of the chromosomes involved
and the inequality of the interchanged segments. The interchange
may or may not brinz about an identifiable alteration in the phenotype
of the individuals concerned.

The behaviour of the interchange chromosomes in meiosis permits
ready cytological identification of individuals carrying such

m heters mygous Comncte o
rearrangementsj (They may of course be identified genetically through
altered linkage relationships). Synapsis of homologous segments, skoww at
pachytene,results in the formation of a cross-shaped configuration in
which normal and interchange chromosomes alternate with each other.
The relative lengths of the arms of the cross vary according to the

chromosomes involved and the lengths of the interchanged segments.

The centre of the pachytene cross indicates the break points of the



interchange, so long as asynapsis or non-homologous pairing does not

occur to cause misinterpretations. If pachytene stages cannot be examined
with sufficient clarity, the innermost chiasma of the diplotene/
diakinesis complex will give an estimate of at least the minimum lengths
of the exchanged segments.

The nature of the complex at diplotene depends on the number of
chiasmata present and their distribution. 1f chiasmata form in each
arm of the pachytene cross a closed “ring®™ of four chromosomes will result.®
Failure of chiasmata in one pachytene arm produces an open 'chain"
of four chromosomes (four types corresponding to the four arms); while
failure in more than one arm produces trivalents, bivalents or univalents.
Rings and chains are the commonest configurations. Different meiotic
cells in the same individual may show different associations of the four
chromosomes.

Chiasmata in the complex may arise in two distinct regions: (a)
between the centromeres and the breakpoints (that is, in the inter-
stitial segments), or (b) elsewhere in the pairing segments,

Chiasmata in the interstitial segments give rise to special characteristics
and results, Alterations in chiasma frequencies and distribution, and

in crossover frequencies, may be brought about in the complex or

elsewhere by the interchange.

At metaphase a ring of four chromosomes (without interstitial
chiasmata) may be oriented in one of two basic ways: (a) in a zig-

zag fashion, with alternate centromeres oriented to the same pole,

The group of four chromosomes is sometimes referred to as a
quadrivalent, but this term should probably be restricted to
associations of four chromosomes in polyploid individuals
(Burnham, 1956).



or (b) in an open fashion, with two _ " adjacent centromeres
oriented to -@ack ~ Dole. There are two types of adjacent orientation:
one where homologous centromeres pass to opposite poles, the other where
non-homologous centromeres pass to opposite poles. The relative
frequencies of these orientations depend on a number of factors, some

of which are discussed in this thesis.

Of the three orientations above only theaternate one gives
haploid nuclei that are fully balanced and viable. The adjacent
orientations give rise to nuclei that are duplicated and deficient for
certain chromosome segments and these spores usually abort. Thus spore
abortion in interchange heterozygotes is governed largely by the
frequency of adjacent orientations of the complex at metaphase 1.

In chain forming complexes there is usually only one type of
adjacent orientation that arises in any appreciable frequency, depending
on which pachytene axis fails to form a chiasma.

The remaining stages of meiosis are generally normal in interchange
heterozygotes.

In the progeny of selfed interchange plants three classes of individuals
will be found; interchange heterozygotes, interchange homozygotes and
normal homozygotes, and theoretically these will occur in a ratio of
2:1: 1.

Interchange homozygotes are usually fully viable and phenotypically
indistinguishable from normal homozygotes.

Burnham (1956 and 1962) has published two excellent reviews on the

basic characteristics and behaviour of interchanges.



PREVIQUS WORK ON THE PRESENT INTERCHANGE

In September of 1962 three squash preparations of Allium triquetrum

pollen mother cells at anaphase 1 showing an anomalous chromosome

compleX were brought to my attention. The following is a summary of

the data and considerations that were recorded in my initial observations
on the interchange material (section 3, Rickards, 1962).

From early and mid-anaphase I stages it was deduced that the
meiotic cells were heterozygous for a chromosome interchange® between
one small chromosome (st) with a subterminal centromere, and one long
chromosome (1) with a median centromere. No conclusions were made as
to which of the long and short chromosomes of the complement were
involved in the interchange, though the approximate equality of the two
st and 1 chromosomes of the compleX was interpreted as indicating that
the exchanged segments had been of approximately equal lenzths.

The complex at anaphase I was always a chain of four chromosomes
(no unequal bivalents etc. had been identified). From the regular
occurrence of chiasmata in all homologous segments except the short
arms of the st chromosomes, it was considered that the exchanged
segments had involved the greater parts of the long arms of both the
st and 1 chromosomes.

Scoring of cells at early and mid-anaphase I indicated that the
chain complex was oriented in only two ways, (a) the alternate

arrangement and (b) the adjacent type in which homologous centromeres

* The term "reciprocal translocation” was used previously;

"interchange"” is now preferred.



were oriented to the same pole. These two orientations were found to
occur in a ratio of approximately 3 : 1 in the cells examined.

Chiasmata in the complex were described as being terminal or
subterminal and appeared to show a lower number than eXpected from
general observations on normal 1 and st bivalents (no details were
recorded tosupport this conclusion).

A discussion was presented on the orientation types and frequencies
found in this interchange. It was considered that in interchange
compleXes in general, pairs of linked, adjacent centromeres behave
essentially as bivalents in their orientation. In a closed ring of
four chromosomes in which there are four pairs of adjacent centroneres,
it was considered that independent orientation of these pairs would
produce a 2 ¢ 1 : 1 ratio of the three orientation types seen. This
was regarded as the basic ratio expected in complexes of four
chromosomes. More particularly it was thought that it is this independent
behaviour of adjacent-Pairs of centromeres that is the chief cause of
non-disjunctional (adjacent) orientation, rather than these being the
result of rigidity and hence “improper" orientation.

In the chain-forming complex examined it was suggested that the
presence of two "adjacent™ but non-linked centromeres, which are
consequently unable to interact as those of a bivalent, modified the
above expected ratio to 3 alternate to 1 adjacent type, and thus

accounted for the frequency noted.
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MATERIAL USED

The material from which initial observations on the interchange
were made (Rickards, 1962) had been lost, but it was known that one
of only a few local populations could have been its source. A search
during the winter flowerinz season of 1963 located a population of
plants showing a moderate incidence of pollen abortion. Though the
percentage abortion in these plants was less than eXpected, cytological
examination of the remaining young flowers (at anaphase I) identified
20 plants as interchange heterozygotes. These were separately potted
and labelled A, B, C etc. and their identification as interchange
heterozyzotes was confirmed in the following flowering season. These
plants and their asexually produced prozeny together represent the
interchange material used in these studies. Anaphase 1 cells in the
material now in culture are indistinguishable from those initially
examined.

Apparently normal plants were obtained from a number of localities
to provide material to be used as a control. Some populations of
Alljum triquetrum show rather distinct phenotypic differences and some
of these have been shown to persist when plants are grown under approxXimately
the same conditions. Attention was therefore given towards obtaining
normal material that was essentially identical to that from which
the interchange material had been derived. Plants from three different
populations from the Wellington area and from three others (Auckland,

Palmerston North and Napier) were potted during 1963/64 and examined

phenotypically and cytologically (meiotic and mitotic). Of these,
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plants from two populations proved to be heterozygous in satellite
configurations and one other was rather distinct in floral characteristicse.
These plants wer% subsequently used only for certain couparisons in
respect of general somatic chromosome complements and seed setting, but not
for any detailed comparative work. The remaining samples were essentially
identical as far as could be ascertained, and were indistinguishable
phenotypically and cytologically from the normal plants obtained from
the interchange nopulation.

In addition to the above plants, two othews, which did not show
even moderate nollen abortion nor anaphase interchange configurations,
were selected from the interchange population, potted, and some available
Flowering material (1963) from these plants was used in crosses with
other normal plants obtained from elsewhere. The seed obtained from these
crosses was sown and the F1 plants examined meiotically in 1965 for
interchange complexes at anaphase 1. HNo such complexXxes were found and
it was concluded that the parent plants from the interchange population
were normal (rather than interchange homozygotes). These plants and
théir derivatives (control 9) were used in nearly all of the detailed

comparative work done in this thesis.
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For root tip chromosomes. The basic technique used (2BD

fixation and Feulgen staining) was the sanie as that recorded previously
(Rickards, 1962). However, a number of modifications that warrant
recording were introduced into this basic technique. The following
summarises the schedule used.

1. Root tips were cut, washed, split lengthwise through the meristem
and then pretreated in an aerated aqueous solution of 0.2% colchicine
for 2% - 3 hours, or longer;

2. washed and fixed in La Cour's 2BD for 1% hours, followed by topping
up with an egqual quantity of 1% chromic acid for a further hour;

3 washed briefly in cold N HC1l, and then hydrolysed for 25-45 minutes
in Il HC1 at 60°C;

ba stained in freshly prepared Feulgen's stain for two hours in the
dark;

5. washed, then bleached in 50% hydrogen peroxide for 15 minutes,
transferred to 45% acetic acid and usually left overnight or longer

(at 4°C).

6. Single root tips were macerated in a drop of 45% acetic acid

on an albuminized slide and the cells spread out, gently heated and
sﬁuashed under a coverglass.

1s After 20 minutes the coverglass was removed in 45% acetic acid
and the material dehydrated through an alcohol series to absolute

alcohol, cleared in three changes of eucalyptus oil and mounted.
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The mitotic peak during the day in Allium triguetrum occurs around
noon (as in Allium cepa; Jensen and Kavaljian, 1958) , and cutting
root tips into colchicine at about 10.30 a.m. blocks many divisions.

Root tips from out=-door grown plants were used in preference to
those grown indoors over water, since the latter accumulate quantities
of fatty substances that stain heavily with osmium during fixation.

The prolonged bleaching necessary to remove this discolouration adversely
affects subsequent staining,.

Pretreatment with 0.2% colchicine was found the most satisfactory
for this material. For detailed chromosome analysis pretreatment was
continued for no longer than three hours, so that the chromosomes were
left in only a weakly contracted state, but for chromosome counts and
general karyotype analysis where it is desirable to have near to
maximum colchicine effect, this treatment was extended to 4 or 6 hours.

Bleaching to remove the bulk of cytoplasmic discolouration is a

necessary procedure. Bleaching after staining to remove this fixation

discolouration proved far superior to the more usual post-fixation
procedure in being more effective and in having no adverse effect on
staining.

Material that was not squashed immediately after bleaching was
stored in 45% acetic acid at 4°C. Material may be left for at least
one month in such a condition and pssibly indefinitely (Ford and
Hammerton, 1956; Battaglia, 1957; Wylie, 1963), ziving much more
satisfactory results than the more usual storaze following fixation.
Further, the prolonged treatment in 45% acetic acid greatly facilitates

subsequent maceration, which otherwise often proves somewhat difficult
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after 2BD fixation.
All permanent preparations were mounted in euparal.

Pollen mother cells. Two techniques were used with pollen mother

cells, the standard Feulgen method and Snow's alcoholic carmine method.

The Feulgen method was the same as used previously (Rickards, 1962).
Squash preparations were made from single anthers and were made permanent
by the alcohol/eucalyptus o0il method mentioned previously.

The alcoholic carmine method of Snow (1963) has some advantages
over Feulzen's in this material, because of its ease, and it gives good,
consistent results at all stages of meiosis, particularly at diplotene
where the Feulgen technique is not fully satisfactory. The procedure
is outlined below.

Inflorescences were fixed in acetic alcohol (1 : 3) for a minimum
of three hours and then transferred to 70% alcohol for storage at 4°c.
Material stored for 12 months still gives perfectly satisfactory results.
When required material was transferred to a saturated solution of carmine
in 85% alcohol and left to stain in the cold for 48 hours (minimum).
Material left in the stain for three months is still in very good
condition. Prior to making squash preparations the material was washed
in 70% alcohol and transferred to 45% acetic acid.

Under this technique the chromosomes and nucleoli stain very well,
but with only light colouration in the cytoplasm, even after prolonged
staining, and thus this technique has considerable advantages over the

standard aceto-carmine method.

Sectioned material. For certain studiées whole inflorescences or

dissected ovaries of appropriate age were fixed in MNavashin's fluids,
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dehydrated and embedded in wax by the standard TBA method, and
sectioned lonzitudinally at 10u. All sections were stained in Heiden-
hain's haematoxylin (rapid schedule, Darlington and La Cour, 1960).

Pollen grains. Snow's carmine method (above) was used throughout
for pollen grain mitosis. It overcame the difficulty experienced to begin
with in consistently procuring well stained preparations with contrasting
chromosomes.

Pollen abortion. Fresh anthers were cut across into three app-

roximately equal pieces and the middle section placed in a small

drop of aceto-carmine on a slide. The pollen grains were washed out
completely and the anther wall removed before applying a large cover-
slip. Further carmine was run in from the coverslip edzes (the initial
drop of stain was rezulated to make this always necessary), the
preparation warmed very gently (too much heat bursts the pollen grains),
and then sealed with vaseline.

Abortive pollen grains are smaller than viable ones and become
empty shortly after pollen grain mitosis I. When a coverslip is applied
to a carmine preparation of abortive and zood pollen the size and weight
differences cause many of the abortive grains to move, very readily
compared with good pollen, out towards the coverslip edges. Any sample
scoring from such a preparation is bound to give inaccurate data.

Addition of glycerine to the carmine before applying the pollen
reduces the amount of differential movement but not sufficiently to
permit random sampling of pollen. Also, with the conventional way of

applying a coverslip the pollen grains flow unevenly so that samples taken

through the slide centre from edge to edge also give inaccurate results.
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Thus it is necessary to dissect anthers prior to adding carmine
(to stop differential flowing out of grains from cut edges), and to

score the whole slide. A gmall drop of carmine was used in the early

stages of preparation to reduce the amount of flow and keep all pollen
grains well in from the coverslip edges. The whole preparation was
scored by counting from successive strips, using a mechanical stage and
a gratkxicule blackened out partially to present a square rather than
circular field of view in the ocular.

The above comments emphasize the precavtions necessary when
conducting pollen abortion studies. They will no doubt be necessary
whenever there are any marked size and weight differences between
abortive and good pollen. Burnham (1950) writes that in his pollen
abortion studies, successive strips over the entire preparation were
counted, sugzesting an appreciation of the basic problem. Also
~Marks (1954) comments on the problem suggesting the use of glycerol
jelly to avoid differential movement.

Pollination procedures. For artificial cross pollinations

flowers were emasculated at partial anthesis, when both whorls of

athers were still undehisced. Inflorescences were then covered with
polythene bags. When the stigmas became mature (judzed by an outfolding
of the stigma tips as three distinct lobes and accumulation on them of

a glassy secretion), the required pollen was dusted on in ample
quantities from a naturally dehisced anther, the tips of the perianth

segments were cut to indicate pollination had been carried out and the
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inflorescence then rebagged. All flowers in an inflorescence were
pollinated with the same parent pollen and appropriate records kept.

Ovaries begin to swell visibly two or three days after pollination.
They were left on the parent plant until ready to dehisce, when the
inflorescences were harvested into separate seed envelopes for future
usa.

Synchrony in an anther: isolation of pollen sac contents. In

certain analyses conducted in this study it was necessary to assess the
developmental age of an anther from the stage of meiosis of its mother
cells. The accuracy of this assessment will depend, amongst other things,
on the pattern of synchrony within an anther and within individual pollen
sacs. larked asynchrony in either would preclude any accurate
assessment. Some preliminary studies on longitudinally sectioned

anthers were carried out to determine the pattern of synchrony within

an anther. The following two basic facts were established.

(1) In the majority of cases the four pollen sacs comprising an anther
are at approXimately the same stage of division, particularly when this
stage is a prolonged one (e.g. pachytene). In some cases, however, there
is a substantial difference between the pollen sacs, usually one though
sometimes two pollen sacs being out of step with the others. Thus while
three sacs might be at diplotene for example, the fourth might be at
anaphase I. Differences of this order of magnitude are not infrequent,
though they are seldom of greater magnitude.

(2) Within a pollen sac at more prolonged stages of division (prophase
and metaphase e.3.), pollen mother cells are completely synchronized.

There is no noticeable difference in timing of meiosis from top to
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bottom of a pollen sac (cf. in tomato, Moens, 1964). In the shorter
division stages (e.g. anaphase) cells become a little asynchronized,
thouzh not markedly so, and asynchronized cells are apparently scattered
at random through the pollen sac.

Point 1 clearly meant that whole anthers could not be used in
developmental analyses. Individual pollen sacs could legitimately be
used, however, and the following technique was employed to isolate the
contents of these sacs for separate analysis. Snow's alcoholic carmine
technique was used througzhout these dévelopmental studies. The
alcoholic base of the stain causes the anthers to become well hardened,
which is very necessary for successful dissection. Dissection, however,
cannot be done in alcohol because of rapid evaporation. Rather, anthers
were placed singly in a small drop of 45% acetic acid immediately prior
to dissection. 1t is essential to carry out dissection as soon as
possible after transfer to acetic acid since the acid rapidly softens
the anther wall, making subsequent handling considerably more difficult.
Anthers were bisected longitudinally along the zgroove between adjacent,
lateral pairs of pollen sacs, using a surzgical scalpel under a binocular
microscope with x 25 magnification. Each half-anther was then
transferred to a new slide with a second drop of acetic acid. It is
a little too difficult to repeat this longitudinal bisection with
half anthers, since the groove separating the two pollen sacs is poorly
defined. Rather, a small snick was made along this groove at the very
tip of the half-anther, and then a second cut was made transversely
across gne pollen sac so as to remove the top of the sac. The contents

of the pollen sac were then partially forced out with pressure from
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behind and examined for their stage of division., If the stage of
division were appropriate to the analysis, the contents were fully
extruded (the meiotic cells usually adhere to each other during extrusion,
so the effect is much like squeezing from a tube of toothpaste!).
For further examination the pollen sac wall was removed, the contents
broken up and dispersed with a needle over the approximate area of a
large coverslip, a coverslip applied and the preparation squashed and then
sealed with vaseline.

After perfection of the above technique it is possible to eXamine
the contents of all the pollen sacs of an anther, though it is usual
to obtain mly one or two per anther that are at the desired staze of
division (assuming the anther was approximately at the desired stage
in the first place).

Chromosome measurements. Initial measurements were made with

an ocular micrometer. For subsequent critical analysis the following
technique was used. Chromosome complements were photozraphed at

10 x 100 magnification. Where necessary two or three negatives were

taken of the same cell at different levels of focus or with different
groups of chromosomes in the centre of the field of view. Critically
developed prints were then obtained from the negatives, the final enlarge-
ment of these prints being approximately x 2,400. Arm, centromere and
total lengths of each chromosome were measured from these prints, using

a pair of dividers and a millimetre rule. Measurements were recorded

in quarter millimetres. When curves had to be taken into account the

chromosome was measured in sections along its mid-line.

Preparations were selected for measuring only when chromatids were

,
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indistinct (i.e. not widely separated as after maximum colchicine action),
and where few if any curves or overlapping chromosomes were present.
Satellites were not included in the measurements.

Photography. All photographs were taken through a Leitz Laborlux
microscope with a x 10 photographic ocular, using an Asahi Pentax
Spotmatic camera. Agfa Agepe documentary film (very fine grain, slow
speed, high contrast) was used throughout and prints made through an

M‘l“ch
I1foprint machine. A&]Xphotographs shown (except the frontispiece)
p, thove of Lmerssis X/ 200

are of approximately x 1,300 magnificationg Line drawings were

constructed from images projected from photographic negatives.



SECTION 1

SOMATIC CHROMOSOME STUDIES
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1. THE NORMAL SOMATIC CHROMOSOME COMPLEMENT OF ALLIUM TRIQUETRUM

The normal somatic complement of Allium triguetrum was analysed

in some detail to provide a sufficiently broad basis for comparative
work with the altered interchange complements. Early studies in
interchanze material indicated that at least one and perhaps both of the
interchange chromosomes could be identified consistently from cell
to cell and plant to plant. The following detailed studies were
conducted to permit a precise identification of both interchange
chromosomes, arms involved and break points.

T, Brevious works

Levan (1932) and Kurita (1958) have published chromosome

morphological studies in Allium triguetrum.

Levan's studies were from the first pollen grain mitosis
in material from Sweden. He described the haploid complement of
n =9 as comprising (a) four long (1) chromosomes, 13 - 14,
with approximately median contromeres, two of them (11 and 12) each with
a secondary constriction dividing one arm into approximately equal
parts:
(b) two smaller, 6 - 94, median - submedianally constricted chromosomes,
one, the smaller, without a satellite (sm), the other (Sl) with a
very small satellite on the short arm: (c¢) three subterminally

constricted chromosomes, two without satellites (St., 7.5«; and St

2’
6.1 ), and the third (5&, 7.34) with a conspicuous satellite on its

1’

short arm. Levan described this S4 satellite as a compound structure con-

sisting of up to five "chromatin globules of unequal size arranged in
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a row". To reveal the full complexity of the satellite Levan applied
pressure to the coverglass to unwind the large terminal lump that usually
comprised the bulk of the satellite.

Fig. 1 (a = ¢) and Table 1 (a and b) are reproductions of Levan's
complement and data. Note in particular in Fig. 1 b and c¢ the compound
nature of his S4 satellite and presence of a second S1 satellite and
secondary constrictions.

Kurita (1958) has published a brief report on the root tip somatic
chromosomes of a single specimen of Allium triquetrum from Portugal. His
figures and measurement data are reproduced here in Fige. 1 d and Table 1 c.
He classified the diploid complement of 2n = 18, labelled a - i in
decreasing order of size®, into two groups. OUne group (a - e, and z)
included ".+.. 6 pairs of chromosomes with median or submedian con-
strictions, one of these pairs being nearly of the subterminal type."

The second group (f, h and i) consisted of ".... 3 pairs of subterminal
chromosomes, of them two pairs being furnished with small satellites
on their short arm." Kurita compared his results with those of Levan
and noted that his specimen is distinguished from Levan's" .... by (1)
the absence of secondary constrictions on two large V-shaped
chromosomes, (2) the lacking of satellite on one small V-shaped
chromosome and finally (3) the presence of normal satellites on 2 of
the o J-shaped chromosomes". In his discussion Kurita concluded, on
the basis of satellite and secondary constriction differences between

his own and Levan's material, that ".... Allium triguetrum seems to be

£

o

His material was pretreated with 8-oxyquinoline; measurements
excluded the centromeres (Kurita, 1952).



Table 1 a, Details of measurements from 5 pollen cells of

7 of the 9 Allium trigquetrum chromosomes dudied by Levan (1932),.

be Arm ratios (R1 long/short, R, short/long) of the

satellited and other subterminal chromosomes of Levan (1932).

Ce Details from the one root tip cell of Allium

triquetrum studied by Kurita (1958).
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polymorphic in karyotype".

A portion of the earlier work on Allium triquetrum by the present

writer (1962), based on Levan's published work, was an attempt to establish

the presence of the S, satellite and the compound nature of the

1

S4 satellite in some material available for study.* To summarise this
work: the material studied differed from Levan's in that (1) the Sl
satellite was not present, as determined from direct observations on
the relevant chromosomes and observations on the maximum number &
nucleoli present in diploid (two) and haploid (one) tissues; (2)

the conspicuous satellite (presumed S, - see later) was never compound

4
in nature, being consistently observed as in Fig. 7f.

At the time of these (1962) studies I was unaware of Kurita's
publication. The bulk of the present observations given below were also
recorded prior to Kurita's paper coming to my notice, and hence

appropriate comparisons and discussion are deferred until later.

I, Present Studies

Preliminary observations with an ocular micrometer were made from
root tip complements of plants from a number of different populations.
The details presented below were obtained from plants of one population
(control 9 - see under materials), using the photographic measuring
technique. Results from 10 cells selected on a basis of technical
suitability are detailed in appendix table 1. Figs. 2 - 5 exemplify

the complement and fig. 6 shows apparent photographic.and diagraqﬁ%ic

Non-pretreated root tip complements were examined; chromosome
lengths were not recorded.

|
-



idiograms with the chromosomes arranged to reveal relative lengths,
arm ratios, chromosome groupings and future terminology.

The chromosomes can be separated very readily into three groups (I,
II and III) according to sizes and centromere positions. These 3roups
correspond to Levan's zeneral classification. Groups I and Il together
correspond to Kurita's first group; group II1 to his second.

Group I chromosomes.

These comprise the four largest pairs of chromosomes in the
complement which I have designated here as pairs 1, 2, 3 and 4. They
have median - submedian® centromeres and are equivalent to Levan's
1 chromosomes and Kurita's a - d chromosomes. I found no secondary
constrictions on any of these chromosomes in my material. Close
examination of the chromosomes in the zroup (relative lengths and
centromere positions; appendix table 1) showed, however, that one
of the four pairs (number 4) can be distinguished very readily in all
reasonably spread preparations. It has two markers. Firstly the
two members of the pair are consistently somewhat shorter than all

the others in the group. Associated with this size difference is the

fact that members of the pair consistently have centromeres sufficiently

off centre to be able to recognize short and long arms. It is the
coincidence of these two features, relative length coupled with
asymmetry h arms, that permits clear identification of the pair in all

normal cells that are technically suitable for examination of all group

w* The terms median, submedian and subterminal are used here in
the rather loose, general sense commonly encountered in plant
cytology.
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I chromosomes, even without resorting to actual measuring of the chromosomes
(figs. 2 and 3 e.g.)s Only in poorly spread cells with indistinct
centromeres or badly twisted arms is any difficulty encountered in

their recognition. Evidence given below on somatic association of pair

4 supports their recognition as a homologous pair.

The relative length of pair 4 members based on the total complement
length was calculated from the data in appendix table I as 12.70 with
long and short arm lengths of 6.69 and 5.57 respectively. The mean arm
ratio (short/long) was calculated as 0.835 (1.22 for long/short) (tables
3 and 4).

In appendix table I the longer arms of members of chromosome 4
were paired as homologous in each cell, as were the shorter arms. In
view of known variation in lengths of homologous chromosomes and arms
such pairing conceivably might be introducing occasional arm reversals
(Matern and Simak, 1968); i.e. the occasional pairing of what are in fact
non-homologous arms. From a statistical analysis of this problem in

the complement of Larix decidua Matern and Simak concluded that the risk

of reversal of arms "cannot be disregarded if the average difference
in length between long and short arms is less than 20 percent of their
mean length."

From 10 measured cells the average difference in length between
long and short arms of pair 4 in my matedal was found to be 18.23%
(appendix table la). If technical procedures and patterns of variation
in the present material are similar to those in Larix it is likely,
therefore, that only rare if any instances of arm reversal occur in

pair 4. This conclusion is supported by two other facts. Firstly,



Table 2 Details of measurements of chromosomes 4 and 6 from

four normal cells of Allium triquetrum , chosen from the complete

data of Appendix table 1 to exemplify interhomologous and

interkaryotypic variation in chromosome length.

Tables 3 and 4  Mean absolute lengths, mean arm ratios (table 3)

and relative lengths (table 4) of the somatic chromosomes from
10 normal cells (details in Appendix teble 1). The data for
chromosomes 4, 6, 7 and 9 will be reasonebly accurate, and
probably nearly as accurate for chromosomes 5 and 8, since

few if any instances of arm reversals and reversals of order
occur in these chromosomes, The certain occurrence of such
reversals, however, do not permit accurate data to be presented
for chromosomes 1 = 3, since these chromosomes have similar
lengths and arm ratios. The mean and relative total lengths

given provide some tentative information for these chromosomes.




Chromosome 4

Tables 2~ 4.

Chromosome ‘6

Cell Total Long Short Ratio Total Long Short  Ratio
no. arm arm arm arm
> 38:50 | 20-25 17-25 | 0-852 27-25 | 2275 3:75 | 0165
39:50 | 20-75 17- 75| 0-855 28-50| 23-50 4-00 | 0171
34-75 | 18-25 15- 50| 0-849 27-00 | 22-00 4 -00| 0182
6 36-25| 19-25 16-00| 0831 26-75| 21 75 4 -00| O-184
30-00| 16-00 13-00| 0-828 22-00( 18 -00 3-25| 0180
° 30-00 | 15-25 13-25| 0869 22-50| 18-25 3-25| 0178
24 -75 | 13:00 10:75 | 0-827 18 ‘50| 14 -75 3-00( 0:203
10 25:25 13-25 11-00| 0-830 18 :25| 14 -50 3-00| 0-207
Table 2
Chr. Total Long C/m, Short Ratio Chr., Total Long Short
no. arm arm no. arm arm
11 4028 11 149
2| 3958 2| 1469
3| 3794 3| 1408
4| 34-15| 18:01| 1:14| 15:00| 0835 4| 1270 669 | 557
5| 2618 | 15-40| 1-13| 965| 0-627 5| 972 572 | 358
6| 515 | 2050 095 | 3-70| 0-182 6| o34| 761 | 138
7| 2306| 1879 | 092 | 3-35| 0179 7| 86| 698 | 124
8| 23-03| 12.68| 1:09| 9:26| 0731 8| 855| 471 | 344
Q| 19-96| 17:09| 0'82| 2-05| 0120 Q| 741| 634| 076

Table 3

Table 4
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in the data of apendix table 1 (and also in appendix tables 2 and 2a)
there are no instances in which long and short arms are not clearly
distinguishable in pair 4 members; and secondly, if frequent instances
of arm reversal occur, then the extent of variation in arm lengths in
pair 4 members must be considerably greater than that found in the
comparable long arms of pairs 6, 7 and 9, which is unlikely.

Any rare instances of arm reversal in the data of appendix table 1
will have exazgerated slightly the asymmetry calculated for pair 4 members.

Apart from pair 4 the remaining chromosomes of group I cannot be
identified clearly and consistently into homologous pairs. Some
suggestions are given by the data in appendix table 1 (see also fig. 6),
thouzh in view of the maznitude of variation known to exist between
homologous chromosomes (Patau 1960, Matern and Simak 1968 esBe) 5
arm reversals and reversals of order amongst these pairs cannot be
ruled out or reduced to a minimum, and hence exact characterisation of

these chromosomes in respect of relative length and arm ratios is not
possible.

There is no indication of an asymmetrical chromosome in Levan's
figures that would indicate a correspondence with pair 4 in my material.
Pair 4 here probably corresponds to d of Kurita's complement. It
agrees well in relative length, though only one of his pair corresponds
to my data in arm ratio, the other member has a nearly median
centromere. It is also interesting to note that the pairing into
homologues of the chromosome a - ¢ of Kurita's specimen (table 1lc and

fiz. d here) gives a picture somewhat similar to that for group I
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chromosomes of my material (fig. 6).

Group II chromosomes

This group comprises two pairs (5 and 8 here) with submedian
centromeres. DNeither carries a satellite, though they correspond

clearly to Levan's S. (satellited) and Sm chromosomes. They correspond

1
to Kurita's e and g pairs. They are distinctly smaller than pair 4
and generally a little more asymmetrical. Ileasurements of 10 cells
(appendix table 1 and tables 3 and 4 ) sugzested their classification
into a smaller less asymmetrical pair (8) and a larzer more asymmnetrical
pair (5). However, this classification is somewhat arbitrary, thouzh
some evidence given later on somatic association sugzests that the pairs
have been distinguished correctly with good consistency. Both Levan
and Kurita recognized a smaller and larger pair in this group of
chromosomes.

In view of their mean relative lengths the pairs have been designated
5 and 8, though in total relative length they are barely significantly
different from pairs 6 and 7 (group III below). The possibility of
occasional arm reversals and reversals of order amonzst these chromosomes
meaRds that the characterisation in respect of relative lengths and arm
ratios in table 3 are probably slightly inaccurate compared to certain

other chromosomes.

Group II1 chromosomes

Chromosomes 6, 7 and 9. These chromosomes have subterminal
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centromeres, and can be distinguished very readily from each other on
size, arm ratios and, most obviously, by satellites. Their relative

lenzths and arm ratios are shown in tables 3 and 4.

Chromosome 6.
This is consistently the largest of the three group 111 chromosomes,

in both long and short arm (and thus total) lengths. It As a mean arm

ratio of 0.182 from 10 cells (5.54 for longf/short) and does not carry

a satellite., It must., correspond to Levan's largest subterminal st

1

chromosome, and to Kurita's chromosome f.

Chromosome 7,

This chromosome is usually slightly smaller than 6, mostly in the
long but also a little in the short arm. It has, therefore, a very
similar arm ratio (mean 0.179; 5.61 for lonz/short). The distinguishing
feature, however, is the fact that the short arm bears a satellite, which
is extremely variable in morphology. The satellite or satellite complex
itself (excluding the attachment thread) is always very small. Most
commonly it consists of a very slight swelling attached to the chromosome
by a short, fine thread. At times, however, the satellite consists
of a distinct linear series of up to four minute swellings; or the
satellite may be absent altogether, there being simply a fine thread
at the chromosome end. The attachment thread is usually about the same
length as the arm bearing it, though at times it is much smaller,
being barely visible; or it may be very long, extending in some

instances up to two thirds the length of its chromosome. These latter

cases are most remarkable and require very careful observation to
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identify. Fig. 7 (a = ¢) illustrates the most common types of
satellites observed. The satellite morphology appears to vary equally
between cells from the same root tip and from different plants and
populations. There is no simple relationship between length of
attachment thread and size of the satellite though long threads have

a greater tendency to bear complex satellites.®

Chromosome 7 compares well with Levan's S, chromosome in respect

4

of relative length (no precise details given by Levan but cf. S4 and

St1 .2+ in table la here), arm ratio (0.19%and 0.179) and presence

of a satellite on its short arm. Also, Levan described his 34 satellite
as being compound in nature (fig. 1 b and ¢). However, the bulk of the
satellite of Levan's chromosome is much greater than found in my
material and it also appears rather less variable in morphology.

Brom relative lengths, arm ratio and presence of a satellite,
chromosome 7 must correspond to Kurita's chromosome h. Kurita refers
to both his and the other satellite in the complement (see below) as
being "small® though they are differentiated in his drawings (see here
Fig. 1d), that of chromosome h being noticeably the larger. Since
Kurita's data covered mly the one complement it is not possible to make
comparisons with the complex morphology of fhis satellite in Levan's

and my material. However, Kurita (p.5) does mention when comparing

his complement with Levan's that both his satellites are ‘normal"®

* Variation in morphological characters of satellites is well known.
Koopmans (1955) e.g. recorded thread-like satellites of extreme
lengths in trisomic Papaver.
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which suggests that no compound morphology was noticed in his material.

Chromosome 9

This chromosome is the smallest of the complement. The short arm
of the chromosome is consistently smaller than that of chromosome 6 and 7
by about 1/3 to 1/2. Ilts mean arm artio is 0.120; 8.34 for long/short.
The short arm bears a very conspicuous satellite. The satellite is about
1/2 - 2/3 the length of the short arm bearinz it and usually just a little
less in breadth. 1t never shows a compound nature., The satellite
attachment thread is sometimes very short so that the satellite is drawn
into the chromosome arm and thus becomes a little difficult to delineate,
though more often there is a conspicuous attachment thread of variable
length. Fig. 7 £ and g illustrates the two most frequently encountered
types of satellite on chromosome 9.

In total relative length chromosome 9 must correspond to Levan's
St2 chromosonie and Kurita's chromosome i. Levan's chromosome, however,
carries no satellite and has a somewhat different arm ratio from that in
my material (0.168 and 0.120 respectively) because of its relatively
larger short arm, * Kurita's chromosome carries a satellite as in my
material though his satellite appears somewhat smaller,

The earlier investigations on satellite morphology by myself (1962)
were on the conspicuous satellite of the complement, i.e. of chromosome

9. The satellite of chromosome 7 was not identified in the material

Arms of different lengths in a chromosome are distinguished as being
either short or long. Short or long arms that differ amongst themselves
are distinguished by the terms gmaller or larger. Hence the
descriptions, smaller and larger short or long arms.
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then under studye. As mentioned earlier it had been established that this
conspicuous satellite was not compound in morphology in comparison with
its assumed equivalent and conspicuous 54 satellite of Levan, The
conclusion on the simple nature of this satellite on chromosome ¢ has been
sbstantiated fully in the present studies. It is now not surprising

that no correspondence with the compound worpshology described by Levan

for his S

4 satellite occurs, since the chromosomes do not appear to be

equivalent. Rather, chromosome 7 in my material approaches Levan's

Sa chromosome in respect of size and satellite morphology.

Summarising the comparisons made above between the materials of
Levan,Kurita and myself, it can be seen that in general my material is
more akin to that of Kurita, though possible differences may be present
in arm ratios, relative lengths and satellite morphologies. Both my own
and Kurita's complements lack secondary constrictions on two of the
large chromosomes, bear no satellite on one smaller median - submedian
chromosome, and have satellites on two rather than one of the subterminal

centromered chromosomes.

The data presented above were obtained only from plants of one
population, though plants from other populations examined, including ones
from Palmerston North and Auckland, show essentially the same basic
complement. A number of variant individuals have been observed, however,
from different populations, the most frequent differences being those
associated with satellite numbers. Plants from one population in culture

appear to have consistent relative size and arm ratio differences in
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in chromosome 6 and those from another are triploid. These have yet

to be studied in detail.

populations.

No doubt other variations occur in different
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T Association of Homologous chromosomes

Association of homologous chromosomes in mitosis, or somatic
pairing, is a well established feature in dipterous insects. A tendewgy
towards homolozous association is also found to greater or lesser extents
in numerous other plant and animal materials (e.z. in human cells;
Schneiderman and Smith 1962 and in Ornithogalum (Liliaceae); Therman,
1951), and it is probably present to some extent in all mitoses though
requires statistical analyses of many cells to detect adequately. During
these investigations on normal and interchange root tip mitoses it became
evident that at least some homologous chromosomes of the complement tend
to lie closer together than expected with random distribution. A detailed
investigation of the phenomenon has been carried out in both colchicine

and non-colchicine treated cells. I shall describe certain aspects of the

phebamenon here as they give strong support to the identification of certain

chromosomes in normal and interchange complements. A much fuller account
is in preparation for publication.

In the studies using colchicine treated preparations the distances
between centromeres of homologous chromosomes were compared with distances
between one randomly chosen member of the homologous pair under study and
centromeres of randomly chosen non-homologous chromosomes. A total of
40 normal cells (and 35 interchanzge cells) were examined, initially from
the point of view of chromosome pairs 6, 7 and 9 (groué ITII), but later
also for pairs 4, 5 and 8. !Much care was needed in choosing cells
to be examined since in no way must the relative placement of homologous

members influence a decision to score a cell or reject it as unclear.

It was fortunate in this respect that 20 normal and 11 interchange cells



had already been selected and photographed for studies unrelated to the
present one, and these cells were found to show the same trends as cells
subsegquently chosen specifically for the present analyses. The following
procedure, designed to remove any possible bias, was used to select cells
for examination.

(1) Only cells which were intact (cell wall apparently unbroken during
squashing) were selected for study. In such cells the 18 chromosomes
were usually distributed rather evenly throughout the cell cytoplasm in

a rough circle (fig. 2).

(2) All intact cells observed were examined under oil immersion for
identification of all three pairs of group 111 chromosomes, 6, 7 and 9.
If each member of these three pairs were clearly identifiable through
presence or absence of their characteristic satellites, then these cells
were selected for further study. If one or more of these pairs of
chromosomes were not clearly distinguishable (pair 7 satellites are sometimes
difficult to observe clearly) then the cell was rejected as unclear and
not subsequently exXamined.

(3) The chosen cells were then examined for identification of chromosomes
4y, 5 and 8., In about 30% of cases recognition of chromosome 4, 5 or 3
pairs could not be made with absolute certainty, because of unclear
centromeres or chromosome ends or twisting of chromosome arms. These

30% of cells were not examined further for pairs 4, 5 or 8. It became
clear from a comparison of chromosome 4, 5 and 8 data from cells selected
for scoring in this way and those previously selected for reasons
unrelated to the present study that the selection is not a biased one.

The system of measurements and analysis used here followed that of
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Schneiderman and Smith (1962) working with human chromosomes. The
selected cells were photographed and the 18 chromosomes randomly numbered
on drawings, made from the photographic negatives, from left to right of
*

the group using Fisher and Yates (1963) tables of random numbers.
The distances between the central points of homologous centronieres of
chromosomes 6, 7 and 9, and 4, 5 and 8 when these were identifiable,
were recorded to the nearest millimetre. Then the distances between a
randomly chosen member of each pair and three randomly chosen non-
homologous chromosomes were recorded. The interhomologous distance for
each pair was then subtracted from the mean inter-nonhomologous distance.
If homologous chromosomes are distributed at random through the cell
then the difference (dx) will average out to approximately zero, while
dx will be positive significantly, on the average,if there is any tendency
for homologous chromosomes to associate with each other. The observed
dx values for each pair of chromosomes examined were tested statistically
by the standard t-test (mean dx for a particular chromosome pair over
all cells examined = DX in centimetres.)

Results from 40 normal cells are given in table 5a. This number
of cells was regarded at the beginning of these studies as being appropriate,
since evidence from a similar study in human complements by Schneiderman
and Smith (1962) suggested that many fewer probably would have given a
sample toossmall to reveal any tendencies as being statistically
significant. Pairs 6, 7 and 9 were examiﬁed in all 40 cells; pairs
5 and 8 in 27 cells, and pair 4 in 30 cells.

Examining first the data for pairs 9, 7 and 6 (group I1I) it can be

seen that in all three cases there is a tendency for DX to be positive
* F,gkg,, R A v . NMales. (14613). ‘Jht:t;h:uxﬂ T able, | O"'VC,I‘Y(%&-'J,LMM. b“" Edit |




Table §a.

Pair Dx (em) No.of S.E. t
cells
9 0.8 10 038 2,29 ©
7 4064 140 043k 1488
6 40,57 %) 0431 2,16 "
5 H0.7% 27 0e34 2418 *
8 +0.68 27 04k0 1,70
" 40464 0 0431 2,06

Teble 5a Summary of date on the association of homologous

chromosomes in normal cells,

Dx = mean dx values over all cells examined in centimetres,

¥
SeE. = standard error; t = Dx/SE,  Significant at the 5% level

of probability,

A1) Dx values are positive, four significantly so, thus providing

evidence for assc ciation of homologues in these cells,
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rather than zero, suggesting that homologous chromosomes of these pairs

lie closer together than expected if they were randomly distributed

through a cell, In pairs 6 and 9 the deviation from zero was significant

at the 5% level of probability, while in pair 7 this level was almost reached.

Following the method of Schneiderman and Smith (1962) a series
of control measurements were also recorded. Thus the distance between
one random memnber of the chromosome pair under study (only pairs 9,

6, 5 and 4 were examined here) and one other randomly chosen non-
chromosome was chosen . Them one Mdynn vt ber of Hoin o -hotmo fogous

homologous/pair was chosen and its distance from three other random

chromosomes recorded. As above, the values were calculated and mean

dx (Dx) tested statistically for deviation from zero. The data from

the same 40 normal cells analysed previously are shown in table 5b.

The data show no deviation from null hypothesis, thus emphasizing
the siznificance of the data obtained in table 5a.

Similarly, centromere distances between members of a random pair of
chromosomes, one from each of pairs 9 and 7 were measured, and then those
between a random member of this non-homologous pair and three other non-
homologues. The data in table 5b show that pairs 9 and 7 are not
associated as are homologous members of the two pairs.,

Pairs 6, 7 and 9 can be identified unambiguously in a cell, there
being no possibility of reversal of order within these pairs. As discussed
previously, however, there is a possibility of reversal of order in pairs
5 and 8, and conceivably also for pair 4, though in respect of the latter
it was shown that this is unlikely since it has two markers that together
distinguish it clearly from all other group I chromosomes. If there

is but little or no reversal of order in any or all of these pairs

then it might be anticipated that identified pairs will show the same



Table 8b,

Pair Dx (om) Nosof S.E. t
9/A 0429 40 047 0462
6/8 +0,.02 40 0454 0404
5/C +0.19 27 0458 0430
L/D 0422 30 0456 0439
9/1 -0.36 40 0430 1420
5/8 0otk 27 0450 0.28
6/4 =0 olidy 30 0440 1.10

Table 5b Summary of data on the association of non-homologous

chromosomes,

A,B,C and D represent the non-hBfiologous chromosome tested with a
chromosome 9, 6, 5 and 4 member respectively., Other abbreviations
as in ta2ble 5a, Dx values are both positive and negative round

zero. t values are not significant, Compare with teble 5a,
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tendency for homologous association, if indeed they are genuinely

homologous. This need not necessarily be so since association may =

conceivably be restricted for some reason to subterminal type chromosones

of group III. But positive evidence for association will be strong

support for correct or very nearly correct identification of homologues.
Table 5a shows that Dx for these pairs is also positive, to a degree

very similar to that for group III pairs. In pair 5 the deviation was

significant at the 5% level of probability, while for pair 8 the level

of probability was between 10% and 5%. This evidence therefore suggests

that pairs 5 and 8 are classified into genuine homologues with good if not

perfect consistency. It is also informative to note from table 5b

that random members one from each of pairs 5 and 8 show no tendency

towards association as did members within each pair. Similarly for pair

4 in table S5a. The Dx value for this pair is very similar to that

for other pairs and is significantly positive at the 5% level of probability.

This evidence thus supports the contention made previously that pair 4

chromosomes can be readily recognized and correctly paired in normal cells.
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Variation in chromosome lengths

[zl

Variation in chromosome lengths and arm ratios are clearly manifest
in the data obtained in the present gudies (Table 2 and Appendix table 1).
It is necessary to recognize and possibly explain the types and extent
of these variations, particularly in certain chromosomes, in order to
interpret those differences found between normal and interchange chromosome
complements described later.

Battaglia (1957) recognized two types of variation in chromosome
lengths in his studies on Allium, viz.
(1) between homologous chromosomes of the same nucleus - inter-
houologous variation;
(2) between homologzues of different muclei (of the same or different

root tips or plants) - interkaryotypic variation. (In part, inter-

Karyotypic variation covers variation in the relative lengths of
different chromosomes between different nuclei.)

Variations were attributed by Battaglia to both extrinsic (e.g.
different cytological techniques) and intrinsic (e.g. stage of
contraction) factors. Variations in arm ratios were also recognized
by Battaglia.

Bajer (1959) found possible variation between homologous chromosomes
of the one nucleus in his studies on living Haemanthus endosperm cells.

Sybenga (1959) in his studies on Secale cerecale recognized “natural®

variations within a complement (see also Patau, 1960; Essad et. al.
1966) and "artificial" variations introduced by the experimenter. The

latter were clearly divided into: (a) variation in actual chromosome
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lengths caused throuzh cytologzical techniques, and (b) variation caused
through inaccuracies of measurements. Thus, for example, he found
differences in lengths between moderatély and heavily squashed
preparations showing that the chromosomes become stretched under pressure.
He found some chromosomes of a set showed this stretching while others
did not, and, uneXpectedly, that long arms are stretched proportionately
ore than short arms. Secondly, Sybenga found in his detailed studies
that the main factors that introduce variability in repeated measurements
of the same chromosome are vagueness of chromosome ends and constrictions,
and errors when curves have to be taken into account.

Sybenga concluded that variability introduced by additional
squashing, though statistically significant, is appreciably smaller
than the variability already present (intrinsic variability). This will
probably also apply to the variability introduced by inaccuracies in

photographic procedure and actual measurements.

Interhomologous variation

Interhomologous variation is clearly evident in the data of
Appendix Table 1 (sez table 2 for some immediate details), as both
variations in total chromosome lengths (with and without centromeres)
and variations in arm ratio. These differences cannot be attributed
to inaccuracies in photographic and measuring procedures alone. To
what extent squashing during preparations is a cause of variation has
not been exXamined in this material. Undoubtedly some of the variations
are caused through natural differences in contraction patterns of the

chromosomes.



Table 2, Details of measurements of chromosomes 4 and 6 from

four normal cells of Allium trigquetrum, chosen from the complete

data of Appendix table 1 to exemplify interhomologous and

interkaryotypic variation in chromosome length,

Tables 3 and 4. Mean absolute lengths, mean arm ratios (table 3)

and relative lengths (teble 4) of the somatic chromosomes from

10 normal cells (details in Appendix table 1)+ The data for
chromosomes 4, 6, 7 and 9 will be reasonably accurate, and

probably nearly as accurate for chromosomes 5 and 8, since few

if any instances of arm reversals and reversals of order occur

in these chromosomes. The certain occurrence of such reversals,
however, do not permit accurate data to be presented for chromosomes
1 = 3, since these chromosomes have similar lengths and arm ratios.
The mean and relative total lengths given provide some tentative

information for these chromosomes.




Tablas 2-4,

(duplicate ),
Chromosome 4 Chromosome 6
Cell Total Long = Short Ratio Total Long = Short Ratio
no. arm arm arm arm
5 3850 | 20-25 | 17-25| 0-852 27-25 | 2275 3:75 | 0165
39-50 | 20-75 | 17- 75| O- 855 28-50| 23-50| 4-00 | 0-171
6 34-75| 18-25 | 15- 50| 0-849 27-00| 22-00 | 4 -00| 0:182
36-25| 1925 | 16-00| 0831 26:75| 21:75| 4-00| 0-184
30:00| 16-00 | 13-00| 0828 22-00| B8:00| 3-25| 0180
° 30-00| 1525 | 13-25| O-869 22-50| 18:25| 3-25| 0-178
24-75| 1300 | 10:75| 0-827 18 50| 14-75| 3-00| 0:203
10| 26.25| 13.25 | 11-00| 0830 18 25| 14 -50| 3-00| 0-207
Table 2
Chr. Total Long C/m_ Short Ratio Chr., Total Long = Short
no. arm arm no. arm arm
1| 4028 11 149
3958 14 -69
3794 14-08

34-15| 1801 1-14 | 15°00| 0-835 1270 669 | 557

2618 | 1540 113 965 | 0-627 972 5721 358

2515 | 2050 0-95 3:70( 0-182 9-34 761 1-38

23:06| 1879 0-92 3:35| 0179 856 6 -98 1-24

23:03| 12-68 1-09 9:26| 0731 8551 471 3-44

O O I OO || DWW
O DI | H|]W N

19-96| 17-09| 0-82 2:05| 0120 7 41 6:34| 076

Table 3 Table 4
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An indication of the extent of interhomologous variation was souzht
in this material in respect of the recognizably distinct chromosome pairs
4 and 6, from the 10 cells fully measured. It will be shown later
that the present interchange involved pairs 4 and 6, and hence it was
desirable to obtain information on variation in lengths of normal members
of these pairs, so as to interpret differences found between interchange
and normal pairs in the interchange material. For this purpose differences
in lenzth between homologzous chromosome arms were calculated as: length
of larzer arm minus length of smaller arm divided by the mean length of
the two arms. Values were calculated in this way since cells showing
different degrees of contraction were used in the analysis. Absolute
differences are smaller in more contracted cells but proportionately
much the same as in more weakly contracted ones.

Mean differences were calculated for each arm pair from the 10
normal cells analysed in detail. Deviations between homologous arm_
pairs were used in preference to deviations in total chromosome lengths
as the former may be cancelled out and therefore unnoticed in total
length differences. Also, arm differences proved useful in interpreting
alterations in arm lengths caused through the interchange to be
described.

Mean differences and standard deviations for the arms of pairs 4
and 6 are shown in table 6. There are no significant differences in the
variances nor the mean deviations between the two arms of pair 4, nor
between these arms and the long arms of pairs 6. The short arms of
pairs 6 (and 7 and 9) appear to show a much lower degree of variation

than their long ams. Of the 10 cells contributing to these data only two



Table 6.

Chromosome 4,Long arms.

Cell dy Mean length Dy = dy/mean
of arms

1 1425 214375 0.058

2 0.50 204500 04024

3 0475 19375 04039

4 0450 20,250 04025

5 0425 184125 0.014

6 1,00 18,750 04053

7 1400 16,750 04060

8 0.50 16,250 0.031

9 0475 154625 0.048
10 0.25 134125 04019  Mea™n Dy= 0,037

Chromosome 4, Short arms. B Bl

1 1400 16,750 0.060

2 0450 17500 0.029

3 0.75 164125 04047

L 0475 164625 0.045

5 0.25 154125 0,017

6 0.50 15750 0.032

7 0425 e 125 0.018

8 0450 14,000 0,036

9 0425 134125 0.019

10 025 10.875 04023 Mean Dy= 0.033

S= 0.015

Table 6 (Cont. on next page).




Chromosome 6, Long arms,

Cell dy Mean length Dy = dy/mean
of arms

1 0475 234125 04032

2 0475 234125 04032

3 0450 224000 0,023

4 0475 224375 04034

5 0425 21.675 0.012

6 0425 21.875 0,011

7 1.00 19.250 04052

8 0475 18.875 04040

9 0.25 184125 0014

10 0425 144675 0.017  Mean Dy= 0,027

Table 6 (Cont. from previous page).

S= 00014

Interhomologous variation in

the long and short arms of chromosome 4 (previous page) and the long

arm of chromosome 6 in the 10 normal cells of Appendix table 1.

dy = larger arm - smaller arm,

S = standard deviation.
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showed a detectable difference (0.25mm at approximately 2,400
magnifications) between the two homologous short arms of chromosome

6, for example. These two cells each had the relatively hizh Dy value

of 0.-645 (relatively hizh because of the small total length of these
chromosome arms), while the remaining eight cells showed no detectable
difference in length of these arms, thus giving a mean Dy value of 0.013,
which is somewhat lower than that of the long arms.

It seems probable that much of this apparent difference in variation
between long and g$ort arms of pairs 6 (and 7 and 9) is attributable to
the measuring technique. If the short arms of chromosomes 6 say were
to show a mean Dy of say 0.027, this would indicate an average difference
in length between the two arms (of say 2.875 mm mean length at 2,400
magnifications) of approximately O.lmm. This value would probably not
be detected since lengths were recorded in 0.25mm's, there being little
chance of procuring finer resolution in the face of inaccuracies in
interpreting chromosome ends, actual measuring etc. Thus in measuring
the short arms of chromosome 6 it is probable that only extreme
differences (approaching 0.25mm and greater) have been recorded while
somewhat smaller differences, though being present, have not been
detected.. Thus in part at least the low mean Dy value recorded for the
short arm of chromosome 6 may be caused through the inability to
record small differences which, because of the small total length of the
arms involved, would contribute a relatively high dy value to the cal-
culated mean per cell. This undoubtedly also holds for the short arms
of chromosomes 7 and 9. Of course, these small differences will remain

undetected in long arms as well, but they would, if detected, contribute



but little to the mean Dy value for these arms (because of the relatively
large total length of the arms involved). The smaller the arm is, the
more important these undetected differences become in assessing i1iean Dy
values, and this may account for the observation that very small arms
tend to show relatively lower Dy values than longer arus.

To some extent (to how much exactly is difficult to assess) the
effect of inabilities to record small differences will be offset by
overassessing detectable differences; i.e. where a difference is
detected, recording it as a 0.25mm difference in cases will be an
overassessment. Corresponding underassessment of detectable differences
is unlikely to be important since when a difference is noted (> 0,

7 0.25,> 0.5 etc.) it is recorded to the next unit of measurement, at
this resolution one being unable to say with confidence which is the
closest 0425mm,

Any overestimation of differences as above will have a very
noticeable effect on the assessument of Dy values in very short arms.
This is probably the reason why, in some cells, comparisons of short
arms in group 1I1 chromosomes sometimes show rather high values of
Dy (esg. 0.06) whereas these are seldom found in long arms.

Overestimation at least to some extent will balance out undetected
differences. However, since only in two out of 10 cells was a difference
in length noted for chromosome 6, this balancing out is probably not
large compared to the effect of undetected differences. The mean
difference and standard deviation shown for this pair is thus probably
biased on the low side. It is most likely that all arms of the pairs

of chromosome 4 and 6, (and other pairs) show approximately the same
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pattern of variation. Magzuire (1962) found this to be so in her
detailed analyses of maize chromosomes.

In addition to the 10 cells fully measured a further 10 were
examnined in connection with interhomologous variation in the lonz and short
arms of pair 6., In all 20 cells the mean Uy for the long arm was 0.029
with S = 0.013, TFor the short arm the mean Dy value was 0.017. These
values are ziven since they will be compared later with values for chromosomes
6 and 46 in interchange cells.

Homologous chromosomes may sometimes show abnormally larze differences
in lengths. These extremes occur in isolated cells rather than being
peculiar to groups of cells or particular root tips. The reason(s)
for such large differences is unclear. In my analysis one cell was
rejected from those to be measured since it showed eXtreme variation
in lengths in a number of chromosomes, making it impossible to pair

homologues with any accuracy.

Interkaryotyoic variation

Interkaryotypic variation is likewise clearly evident in the data
of table 2 (see also Appendix table 1. Compare e.g. figs. 2 and 4). To
a very large extent this is a parallel variation of all the chromosomes
of the complements compared, and the different patterns of variation are
found between cells of the same root tip as well as between cells of
different roots. Throughout these variations, arm ratios of particular
chromosomes remain approximately the same (details below), showing

that the two arms of a chromosome, as wellas all the chromosomes, behave



-
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in proportionately equivalent ways in interkaryotypic variation.

This large bulk of variation is generally attributed to the effect
of colchicine or other analogous agents on the contraction patterns of
chromosome complements (Levan, 1938; ‘Levan and Ostergren, 1943;
Osterzren, 1944). These agents are considered to induce an extra
contraction on the chromosomes. Cells of a root tip may differ in their
time of contact with colchicine and, probably more significantly, differ
in their stage of division at the time of colchicine application (hence
different effective durations of the influence of colchicine on
contraction in these cells¥).

A second part of interkaryotypic variation is seen as differences in
relative lengths of non-homologous chromosomes which, rather than being
colchicine induced, is probably akin in extent and cause to inter-
homologous variation within a nucleus. Though the data available have
not been analysed in detail it can be seen that in general the range of
variation in relative chromosome lengths is not greatly different from
that expected from the known exXtent of interhomologous variation.

Of particular note in this respect is the fact that chromosomes 4 and 6
are invariably distinguishable on relative lengths from other similar
chromosomes (Appendix table 1). This is important for the distinction
between F_ interchanze homozygous and normal homozyzous plants (described

1

later) .

¥ Some data available suggest that this is not the complete answer.

Cells of different root tips obtained from the same plant and treated
together appear to show different ranges of interkaryotypic variation
in this material: and prolonged treatment with colchicine will not
necessarily induce maxXimum c-mitotic contraction. This problem has
yet to be examined fully.




. Differential contraction of chromosomes

In recent years considerable data have suzgested that contraction
may not affect small and large chromosomes in strict proportion to their
lengths. Conclusions obtained from cultured animal cells are somewhat
conflicting at present. Sasaki (1961) and Fitzzerald (1965) found that
at least in some different human cells longer chromosomes tend to contract
proportionately more than shorter onz2s, and that longer arms may contract
more than shorter ones. On the other hand, Levan, Hsu and Stixch (1962)
and Matthey (1962) found no such differential behaviour in other
cultured animal cells.

I have examined the available data of Allium triguetrum for the

possibility of gross differential contraction of large and small
chromosomes and chromosome arms, because of the influence such a phenomenon
might have on the identification of interchange chromosomes and chromosome
arms, and on the interpretations given to interchange pachytene

configurations presented later.

1. Contraction in long and short chromosomes Six strongly

contracted complements were compared with six weakly contracted ones.

Each set of six comprised those “Fewr normal complements and two interchange
complements that were in total chromosome length, (A) the shortest and

(B) the longest fthe cells measured in detail (appendix tables 1 and 2).
(Fizs. 2 and 4 e.g. were members of the strongly and weakly contracted

sets respectively.) The chromosome lengths (excluding the centromeres)

of (a) the large, group I chromosomes 1 = 4 and (b) the small, group III



chromosomes 6, 7 and 9 were summed for each of the six strongly and
weakly contracted complements®. The summed lengths of the large chromosomes
are denoted X hereafter and the small chromosomes Z..

Mean X and Z values were obtained for each set of six complements.
The mean values for each set were eXpressed as a ratio, mean X / mean Z.
The two ratios obtained were compared.

If long and short chromosomes contract in strict proportion to their
lengths, then the above ratios from strongly and weakly contracted
complements should be approximately equal. On the other hand the ratio
obtained from the highly contracted complements should be significantly
lower than that of the weakly contracted complenents, if larger
chromosomes in general contract more than shorter ones.

The data are shown in table 7a. The difference between the mean X /
mean Z values for highly and weakly contracted complements (0.014) is
in the initially exXpected direction but is not significant (» > 0.8). Long
group I and short zroup III chromosomes thus contract in
proportion to teir lengths.

It might be argued that the above is not as critical a test as
desirable. The long arms of group III chromosomes are roughly the same
size as each of the two arms of group I chromosomes, and thus the two
groups may for this reason be behaving similarly in contraction patterns.
A more critical test perhaps is that which compares the long group I
chromosomes with the short group II chromosomes, the latter being

similar in length to group III but with median-submedian centromeres as

In the interchange complements the actual interchanze chromosomes
were not included in the surmations, their places being taken by a
double scoring of the appropriate normal chromosome. A slight
error will be introduced here but this will have no significant
effect on the general conclusions to be made.



Table 1.

Mean X/
X Z Mean X Mean Z Mean Z
Weakly contracted 1961450 861.75 326,917 143.525 2,276
complements
Strongly contracted 1407625 622425 2344542 103,708 2,262
complements
Table 7a
Mean X/
X 4 Mean X Mean Y Mean Y
Weakly contracted 1961450 633,50 326,917 105,58 3,096
complements
Strongly contracted 1407625 444 e50 2344542 74408 34166

complements

Table 7b

Teble 7 Summary of data on differential contraction of long and

short chromosomes, For X, Z, and ¥ values from weakly and strongly

contracted complements see text.

The two ratios obtained in each

table do not differ significantly from each other, indicating no

differential contraction of long and short chromosomes.
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in group I. The data for this comparison are given in table 7b, Y here
regoresenting the summed lengths of group II chromosomnes for the same stronzly
and weakly contracted sets as used above.

It can be seen here also that there is no significant difference
between the two ratios obtained, Indeed, the difference (0.07) is in the
wrong direction if longer chromosomes contract proportionately more than
shorter ones.

It can be concluded, therefore, that in Allium triquetrum long and

short chromosomes contract uniformly within the ranzge of lengths studied
here. This conclusion vindicates the calculation of standard, relative

lengths of the distinct chromosomes in this species (table 4).

11 Arm ratios in lonz and short chromosomes Arm ratios were also compared

in strongly and weakly contracted complementse. 3iven though long and short
chromosomes have been shown above to have proportionately equivalent patterns
of contraction, long and short arms within a chromosomemight still show
differential behaviour; relatively greater contraction in one arm being
offset by relatively less in the other arm.
(8"'\0““)

The summed arm ratios for (1) all nsvye{group III chromosomes - those

with very asymmetrical arms - (designated W), and (2) the two(larger)

chromosome 4 members with only moderately asymmetrical arms (designated V)

were obtained for each of the six strongly and weakly contracted
complements used above. Complement mean values for each set (W and V)
were then calculated and compared. If longz and short chromosome arms
contract in proportion to their lengths then the summed and mean values
from the two sets of complements should not be significantly different;
whereas if long arms contract to a greater extent than smaller arms, then

the summed and mean values from highly contracted complements

should be significantly greater
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than those of weakly contracted complementse.

The data obtained are shown in table 8.

(a) Chromosome 4. The difference between the weakly and strongly
contracted mean values 0,033 is in the expected direction if long arms
contract proportionately more than short arms in a chromosome, but this
difference is not significant statistically (compare with (b) below).

Thus in this chromosome pair over the ranze of contraction examined there
appears to be no clear tendency for differential contraction of arms within

a chromosome. The result from this analysis was not unexpected since in

a very stronzly contracted chromosome complement as that in fig. 5, chromosome
4 and indeed also the suggested pairs 5 and 8 retain clear asymmetry in

their two arms.,

(b) Group III chromosomes. Here the difference is also in the
expected direction if long arms contract proportionately more than shorter
ones. This difference (0.114) is statistically significant (t=4.0p.

<0,05>0,01), though on a per chromosome basis it is very small and
imperceptible without these detailed measurements. Thus visually both
long and short arms of these chromosomes contract proportionately, as suggested
from e.gs fige 53 though on a finer analysis some indication of
disproportionate contraction is givene.

Some observations were made on chromosome 9 in non-colchicine preparations

at metaphase. In three chromosomes measured the arm ratios were 0.120;
0.109; and 0.118*% (cf. for chromosome 9 in table 3). Thus even over this
extended range of contraction both small and long arms behave very
similarly.

The significant difference detected in the above analysis thus

required some further consideration. The difference may be the result of

* It is somewhat more difficult to delineate centromeres in non-colchicine
preparations.



Table 8,

Armn ral-'los

Chromosome 4 Totals Mean per cell
Weakly contracted 9.975 1,662
complements
Strongly contracted 10,168 1,695 Difference (strong = weak)
complements = + 0,033
Chromosomes 6, 7 and 9 together Totals Mean

per cell

Weak 06902 04872 04921 0,965 0,942 0,964 54566 0.928

Difference (stirong - weak)
= + Oel14.

Table 8 Differential contraction of long and short arms of

chromosomes 4 (top table) and chromosomes 6, 7 and 9 together, For
chromosome 4 the totelled and mean arm ratios in weakly and strongly
contracted complements ame not significantly different, For chromosomes
6, 7 and 9 together the details from each cell, totals and mean per cell
are significantly larger in strongly contracted complements than in
weakly contracted ones, suggesting differential contraction of long and

short arms of these group III chromosomes. See, however, explanation

in text.
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sampling error. On the other hand there may be a real, though very slight,
tendency in these chromosomes for long arms to contract a little more than
shorter ones. Thirdly, however, and most likely to me, the difference
detected may be caused through extrinsic errors in measurements.

In measuring chromosomes some difficulty is encountered in delineating
arm extremities because of diffraction fringes. Further, because of this,
there is in the measuring technique used here, I feel, a tendency to gver
measure chromosome arms by a slight amount, rather than under measure the,
In long arms this error will be very insignificant, though in small arms
it could assume important proportions, and the smaller an arm becomes during
contraction the more significant this error will be, In calculating the
arm ratios of group III chromosomes in weakly and strongly contracted
preparations, the above error introduced will have most effect at levels
of extreme contraction, and I feel, has been revealed in the above analysis
as statistically significant differences between the two sets of
complements. In chromosomes with both arms moderately long the error will
not be revealed without more exXtensive data than used here; and thus
remains statistically undetected in chromosome 4 (though suggested, note -
see table 8). This will likewise account for the fact that though
differences in arm ratios in group III chromosomes were detected, no signifi-
cant difference was noted in comparing whole chromosome contraction patterns

between groups I and 1II chromosomes.

General conclusions and comparisons on contraction patterns

In general it is evident that in Allium triguetrum there are no major

differences in contraction patterns in long and short chromosomes and
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chromosome arms over the ranje of lengths studied here. What very slight
differences have been deteéted are probably artefacts of measuring.

These results contrast sharply with those obtained e.zg. from human
chromosome measurements.

The summed lengths of the group I chromosomes in my material ranze from
98-110 e in the strongly contracted complements, and from 142 - 150 .
in the weakly contracted ones; there is thus a reduction in leagth from
one to‘the other of about 30%. Sasaki (1961) studied the ratio of the
longest human chromosome over the shortest, in preparations treated for
two and five hours in colchicine, these showing approximately the same
dezree of reduction in length as in my complenents (see his figs. 6 and 8).
Mean long/mean short values showed a very siznificant reduction from 5.72 -
3.76 over this range of contraction, showing clear differential contraction
patterns for these long and short elements. Similar data were obtained
by Fitzgerald (1965), also in human chromosones.

Similarly, Sasaki (1961) found a significant difference (p = 0.3)
of 0.38 (approximately 20% reduction)beCWeen mean arm ratios of the
submedian chromosome 2 in cells treated for two and five hours in
colchicine. This is a consideraby greater difference than detected in
my group 1II chromosomes (11% reduction), and in my material three pairs of
chromosomes were jointly examined, whereas Sasaki examined only one.

It seems unlikely that the larger, significant differences in
contraction patterns between long and short chromosomes and chromosome
arms observed by Sasaki and Fitzgerald, amongst others, are attributable

to measuring errors as in my material. Rather, they strongly sugzest
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some form of differential contraction in these complements. Why
different materials should show such marked differences in this respect
must remain unexplained at present. Clearly more investigations are

neaded in other materials to clarify the phenomenon.
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2., SOMATIC CHRQOMOSOMES OF INTERCHANGE PIANTS

As ind{cated previously the interchange material studied here is
indistinguishable from that which provided the meiotic cells studied
previously (Rickards, 1962). Also, all the wild interchange plants
examined show the same basic irregularity and are undoubtedly clonal and

possibly F, or other derivatives of one original plant in which the

i
interchange arose.

Anaphase I preparations had previously established and have
subsequently confirmed here (details later) that the interchange involved one
chromosome from each of groups I and 1II, The somatic chromosomes of
interchange plants were studied to establish more precisely if possible the
chromosomes and chromosome arms involved. Full detailed measurements were
recorded from eight root tip complements from seven different plants
(Appendix table 2). In addition measurements of 3 of the four interchanze
chromosomes that are always clearly identifiable were recorded from 8 other
cells (Appendix table 2a).* Relative lengths and arm ratios of recognizably
distinct chromosomes are summarized, from the full detailed measurements, in
tables 9 and 10.

Figse 8 - 11 exemplify the interchange complements, and apparent
diagrammatic and photographicidiegrams are shown in Fig. 12, Comparisons
are made below with the observations already reported on normal plants.

The interchange chromosomes are described in the order in which they

were first recognized.

"‘_

These additional 8 were a random selection from 35 which had been
selected previously on a basis of recognition of pairg 7 and 9 (and
thus also the other two group III chromosomes 6 and 4 ) for purposes
unrelated to obtaining measurements of particular chromosomes. In
all 8 the relevant interchange chromosomes were clearly recognizable
and easy to measure.



Tables 9 and 10 Mean absolute lengths, mean arm ratios

(table 9) 2nd relative lengths (table 10) of the somatic chromosomes
from eight cells from interchange plants (details in Appendix

table 2), Comments here as in caption to tables 3 and 4.

The data for chromosome 6A'daspr0bab1y somewhat incorrect

because of likely instances of confusion with asymmetrical

members in pairs 41 - 3,




Tables 9 v1o.

Chr. Total , Long C/m. Short = Ratio Chr, Total Long ., Short
gle! arm arm no, arm arm
1 40-28 1 1496

2| 4020 2| 1494

3| 38-00 3| 1411

| 26:00 | 15-31 | 1-19 | 950 | 0620 5| o66| 569 353
7] 2264 | 18-41 | 0-92 | 331 | 0181 7| 41| e84| 123
8| 2275 | 1253 | 119 | 9-03 | 0719 8| 845| 4e66| 335
Q| 1984 | 1694 | 085 | 2:05 | 0122 Q| 737| 629| o076

I Table 9 I Table 10

Chr, Total Long C/m_ Short Ratio Chr. Total , Long & Short
no, arm arm no. arm arm
l | 3447|17:97 | 141 | 15:09 | 0-839 | 1281 668 | 561

46 21:44| 1725| 1:03 | 316 | 0-184 46 7-96| 641| 117

6| 2463 | 19.94| 1.06 | 3863|0184 6| o915| 7a1| 135

6438-38 2069 135 | 16:34| 0-788 6" 1426 | 769| 607
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I. The chromosomes imvelved in the interchenge.

Group II1I chromosomes

Chromosomes 7 and 9 agree well with those of normal plants in both

relative lengths and arm ratios.
6 . - . ,b6

The two members (6 and 4 in tablesand figures - symbolism of 4
explained later), superficially identifiable through arm ratios and
absence of satellites as beingz akin to chromosome 6 members of normal
plants are, however, very different from each other, in both long and short
arms, and in total lengths.

(a) The lonez arms. The lengths of these two arms relative to the whole

complement are 7.41 and 6.41 for chromosomes & and 46 respectively. In

the 16 cells examined (appendix table 2 and 2a) the mean Dy value for these
arms is 0.140. This value is very much larger than that found between the
long arms of pair 6 in norual cells (table 6) and the difference is clearly
very significant. The important points to note are that in all cells

a difference was notad, and the smaller of the two arms (that of &6) is
always borne by the shorter chromosome: (table 11).

(b) The short arms. Similarly the relative lengths of the short arms

of these two chromosomes are very different, being 1.35 and 1.17 for 6

and 46 respectively. In the 16 cells of appendix table 2 and 2a the

mean Dy value is :0.134, This value again is very much larger than that
between the short arms of pair 6 in normal cells (0,013 see p. 1 ) and

is clearly very significant. In every case a difference was detectable, and
the smaller chromosome always carried the smaller short arme.

Table 11 compares the long and short arms of chromosomes 6 and 66

in all 16 cells in which these chromosomes have been measured. When

compared to the values for the long and short arms of members of pair



6 Table 11,
Chromosomes 6/

Long arms Short arms
Cell dy Mean of Dy dy  Mean of Dy
arms arms

1 3425 21,375 04152 0425 34625 0.069
2 2450 204750 0.120 0e75 34625 06207
3 3.50 20.750 04169 0425 34525 0,069
& 3.00 19.250 0.156 0«50 34500 0143
5 2,75  19.625 0,140 0450 34500 0utk3
6 3425 17125 06190 0.25 3125 0.080
7 2,00 15,500 04129 0.50 3,250  0.154
8 1425 14375 0,087 0.75 2.875 0,261
9 3,00 21,750  0.%8 0.50 3,750 0133
10 2,75 19875 04138 0.75 3.625 0,207
11 2475 19.875 0.138 . 0425 34625 06069
12 275 47875 04154 0.50 3,500 04143
13 2,50 174750 0.4k 0,50 3,500 0,143
142,25 2425 154625 Oe1lk 0425 3125 0,080
15 175 15.375  O.14k 0.25 2.875 0,087
16 2,00 164250 0,125 0650 34250 Oe154

Taeble 11 Comparison of the long and short arm lengths of chromosomes

6 and l..g in 16 cells in which these chromosomes were measured (Appendix
table 2 and 2a), AMbbreviationsas in table 6. In all cells the
chromosome 6 arms were the longest. Mean Dy values; 0,140 (long arms)

and 0,134 (short erms]; compare with table 6,
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6 in normal cells it is clear that the differences found in interchange

cells cannot be attributed to interhomologous variation alone.

Chromosome len2th as a whole.

As indicated above the shorter chromosome bears hoth the smaller
long and the smaller short arms. un the average the total length of the

shorter chromosome is smaller than the larger by about 1/8th.

Arm ratios.

There is virtually no difference between the mean arm ratios of the
two chromosomes (0.18412 and 0.18400 for 6 and 46 respectively - table
9). This identity in arm ratios in the face of differences in
chromosome size arises because the differences were present, and

proportionately nearly the same, in both the long and short arms.

The normal and abnormal chromosomes

These can be identified through relative length comparisons with
other nopmal chromosomes in the interchange complements and with the
relevant chromosomes of normal cells. In relative length chromosome 6 falls
above chromosome 7 in interchange cells and agrees well with the
relative length of chromosome 6 in normal cells (9.15 and 9.34). The
difference is Qithin the mnge of variation met with in comparisons with
other chromosomes of normal and interchange cells. Chromosome 46 on
the other hand falls well below chromosome 7 and a little above

chromosome 9 in both normal and interchange cells, and the relative

length difference (1.38) between 45 of interchange cells and 6 of
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normal cells is clearly significant,
Chromosome 6 of interchange cells must therefore be the normal member
whilst 46 must be the abnormal one,

Group II chromosomes,

The measurements obtained for the appaerent chromosomes 5 and 8 in
interchange cells agree well with those of normal cells,

Group I chromosomes,

In interchange cells there is only one chromosome that in relative
.length and asymmetry cen be identified clearly as chromosome 4 of normal cells,
The data for this chromosome agree well with those for chromosome 4 of
normal cells (compare tables 4 and 10). The remaining seven chromosomes fall
essentially into one group comprising pairs 1 = 3 of normal cells plws the
‘partner' of chromosome 4, In the cells examined at least one, though
usually two or three, chromosomes somewhat approaching member L4 in respect
of asymmetry, but always larger than it, can be identified (see 64? in figs,
8 - 11 e.,g.)« It is probable that one or other of these chromosomes is the
'partner! of member L4, It is not possible to identify and characterise the
'partner! chromosome because of confusion with other group I members,
particularly those tentatively regarded as pair 2 of normal cells (compare
6#? with the top, left hand, horizontal group I chromosome in fig, 9 €e8e) e
The measurements and apparent idiograms for chromosome Gh (tebles 9 & 10;
Fig. 12) are dnly suggestive, The conclusion made below regarding the
arms involved in the interchange requires the second interchange chromosome

to be a large, asymmetrical member ( Fig, 19 and discussion below) .
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It is concluQEd from the observations above that one of each of
chromosomes 4 and & are involved in the interchange. This conclusion is
reinforced from further observations given below. In each of the two
pairs of chromosomes in interchange cells the apparently normal chromosome
is the unaffected member while the abnormal one represents the interchange
chromosome. The two pairs of abnormal and normal members complement each
other quite accurately in total length in each cell, within the limits

imposed by the inability to be fully certain of the identification of

/2
yd

chromosomne 6@ = e.2+ in cell No. 1 of appendix table 2 where the total

7
length of 4 plus 6 is 65.00, and for 46 plus 64, 66.75, Thus in a broad
analysis, what has been gained by one of the inerchange chromosomes has

been lost by the other, as theoretically expected.

IT.The arms involved in the interchanze.

From the general nature of the interchange complex at anaphase I
it had been concluded in ny previous work (1962) that the interchange
involved the long arm of the group 111 chromosome (6) and one or other of
the group I chromosome (4). It is now recognized that this does not
necessarily follow (see Rickards, 1964, p. 141), The exchange might have
involved the ghort arm of the group II1 chromosome. Fig. 13 (1) and (2)
illustrates the two general types of interchange involving a zroup I and
group II1 chromosome that can be expected to give rise to anaphase 1

confizurations of the types that are seen. UIo attention has been paid

to exact relative chromosome lengths in this fizure, nor to actual break

points. In (1) the interchange involved the long arm of the group III
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chromosome, and in (2) it involved the ghort arm. Both of these types
are likely, theoretically, to produce alternate and adjacent orientations
at metaphase I when involved with either arm of the group I chromosome,
In (1) the general group classification of the resulting chromosomes
remains the same as the unaffectéd ones. In (2) however, it is important
to note that the centromere of the norual group I chromosome has become
that of a group III type, and that of the normal group IlI chromosome
become of a group I type. Also, in (1) the interchanged segments

are roughly equal; while in (2) the interchanged segments are grossly
vnequal. (Important differences in (1) and (2) concerning pachytene
centromere positions and adjacent orientation at anapgge I will be discussed
later).

The problem of which of types (1) and (2) occurred in the present
interchange material was initially answered from studying the lengths
of the short aris of the normal and interchange group IIl chromosomes
involved. If there are consistent and significant differences in the
sizes of these two arms, then this can be taken as direct evidence
that the interchange involved the short arm of 6 and was thus of type
(2). If no differences can be detected then a conclusion either way
is not possible.

As indicated above, consistent and significant differences in the
short arms of chromosomes 6 and 46 in interchange cells have been
established (table 11). These differences cannot be attributed
to natural interhomologous variation or measuring techniques alone; they
must be attributed very largely to the interchange, and it is

concluded from this evidence that the interchange break occurred in the
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short arm of chromosome 6. The break was such as to produce a group III
chromosone (46) from chromosome 4, having a slightly smaller short

arm than that of the normal chromosome 6. The interchange was of

type (2).

From a general point of view as in Fig. 13 it is possible for the

interchange to have involved either arm of the group I chromosome. However,

since the wo arms of the involved chromosome 4 are asymmetrical in
length and since chromosome 6 has lost a noticeable length in the
interchanze, then it should be possible also to conclude which arm of
chromosome 4 was involved. aring in mind that only slizht differences
occur between the short arms of chromosome 6 and 46, the followingz points
arise from the two possibilities -
A, If the interchange involved the long arm of chromosome 4 then

(a) the long arm of the resulting chromosome 46 should be

approximately equal to the short arm of 4, and

s 4
(v) the resulting group I type chromosome (6 ) should be almost
symmetrical i its two arms (since the long arms of 4 and 6
are similar in lenzth).

B. If the interchange involved the ghort arm of chromosome 4, then

(a) the long arm of the resulting chromosome 46 should be
approxXimately equal to the long arm of 4, and

(b)  the resulting chromosome (6&) should be very noticeably
asymmetrical (since the long arm of 6 is considerably larger'

than the short arm of 4).

In the eight interchange cells fully measured the relative lengths of

the short arm of 4 and the long arm of 46 show a considerable difference



59

(5.61 and 6.41). In all 16 preparations examined == innone was the long
arm of 46 equal to the short arm of 4, wbut~ in all 16 -cases it was
clearly larzer. Overall these two arms show a systematic pattern of
variation and show a much zreater difference than expected from normal
interhonologous variation (table 12a). Mean Dy for these arms is 0.146
which is much greater than in table 6. Hence homology between these two
arms is very unlikely. On the other hand, the relative length of the
long arms of &4 and 2° are approximately the same, (6.68 and 6.41). Over
all 16 cells examined, in five the long arm of 46 was shorter than that of
4ty in two the arms were of equal length, while in nine, that of Aﬁ was
larzer than that of 4. The mean Dy for these arms (0.04%) is comparable
to that for the long arm of %4 in normal cells (table 6). Statistically
the differences met between these two arms are not significant and are no
greater than expected from known interhomologous variation of homologous
lonz arms of pair 4 in normal cells. Thus these long arms of 4 and 46
are considered to be homologous, and therefore the interchange must have
involved the short arm of chromosome 4. This is supported further by the
fact that the odd group I chromosone that can be identified occasionally
in interchange cells is noticeably asymmetrical rather than symmetrical,
as expected on the above ground.

It is evident from the above, then, that B is the correct
interpretation. The interchange involved the short arm of chromosome
4 as well as that of 6.

Two other expectations follow from these considerations.
(a) The long arms of chromosomes 64 and 6, being homologous and unaffected

by the interchange should be approximately equal.



Table 12,

() Chromosomes 4/25 (b)
Short arm 4/long arm h§ Long arm 4/long arm h§
T B e 7 Wy T Dy
1 +3s50 18,000 0e19% +0.25 19,625 0.013
2 +2,00 18,500 04108 0475 19,875 0.038
3 +2,00 18,000 0e111 =1425 19,625 0,06k
4 +1.25 17750 0.o010 ~2.25 18.875 06119
5 +300 16,750 04179 +0425 184125 04014
6 +1450 144500 0.103 =2.00 164250 04120
7 +1.75 134625 0.128 =050 14750 0.034
8 +2425 12,625 04178 +0.50 134500 0,037
9 +3.50 12,675 0.189 +0450 20,000 0,025
10 +2,00 18,500 Oel1l =1,50 19,250 0.078
b +3.25 16,875 04193 +0.25 184375 04014
12 +2.75 154125 0.182 0 - 16,500 0
13 +2450 154250 04164 0,50 164750 0,030
1% +1¢50 13750 04109 -0.75 14875 0.050
15 +1s75 134625 0.128 =050 144750 04034
16 +2s75 13875 0.198 0 154250 0
Mean = 0,148 an= 0,042

Table 12 Comparison of the long arm of chromosome 4  with the long

and short arms of chromosome 4 in 16 measured cells (Appendix table 2 & 2a).
In (2) the dy values are all positive o™ Lo % 2o and mean J:DYVis
much greater than expected if these arms are homologous. In (b) the dy
values are positive, negative and zero and mean bey -, is as expected

if these two arms are homologouss



(b) The short arm of 6 should be consistently larger by a small

amount than the short arm of 4 (since what has been lost in the interchange
from 6 must have been gained by 4), It is not possible to verify these
points fully since an accurate characterization of chromosome 64 is not poss-
ible., However, in those cells where chromesome 64 appears to stand out

in the complement as somewhat atypical as compared with normal cells,

then appropriate comparisons show the points to be borne out in these

cases (e.g. cell 1 in appendix table 2),

In conclusion it is worth rementioning that the two main points:

6

(2) significant differences in the short arms of chromosomes 6 and 47, and

(b) the short arm of 4 being consistently smaller than the long arm of

make it very unlikely that the interchange involved any combination of arms

other than the short arms of both chromosomes 4 and 6,

IIT, Symbolism of interchance chromosomes,

The interchange chromosomes have been symbolised h6 and 64. The
reason for this is now clear from the considerations on the arms involved
in the interchange, The bases refer to the non-interchanged segments that
carry the centromeres, while the superscripts refer to the segments that
were interchanged and indicate the chromosomes from which they were derived.

This symbolism is most commonly used (Burnham, 1956, 1962 etc,),

IV, The interchange break points,

The interchanged segments must have been grossly unequal, The exact
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lengths of the segments cannot be ascertained from somatic dataalone, though
since the short arm of chromosome 6 was involved, narrow limits can be
placed on the location of the break points.

(a) Distal limits. For chromosome 6 this is at the distal end of the

short armes This would mean that this arm contributed nothing to the
formation of the short arm of chromosomue 46. Hence the corresponding
break point in chromosome & wotild have been at a position the

length of the short arm of chromosome 46 from the centromere.

(b) Proximal limits. On the other hand the short arm of chromosome

6 could have contributed all to the formation of the short arm of 46, the
break point in this arm being at a point the length of the short arm of
46 from the arm end. The corresponding break point in chromosome 4 would
have been at the proximal end of the arm (at the centromere).

Fiz. 14 illustrates these points. The main feature to note is that
the breaks must have been fairly close to the centromeres of both

chromosonies.

The evidence presented above indicated that the interchange was of
type 2 in fige. 13, involving the short arms of both chromosomes 6 and 4.,
Chromosome &6, therefore, though superficially very similar to chromosome
6, is homologous with it in respect of only a small piece of chromosome on
the short arms of the pair, at the most. On the other hand 46 is largely
homologous with the long arm of chromosome 4 and carries a chromosome
4 centromere.

Members of pair 6 in normal cells have been shown to exhibit a degree

of somatic association (table 5a) as do members of pair 4. No somatic
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association is shown however, between members representative of each

of these two pairs (6/4 in table 5b). If, as suggested above, chromosome
46 is largely homologous with the long arm of chromosome 4 and carries

a chromosome 4 centromere, rather than being largely homologous with
chromosome 6, then it will be expected that 46/6 members in interchange
cells will show no somatic association, but rather that chromosomes 46
and 4 will. Data on somatic association have been obtained from 35
interchange cells; a portion of this information is presented here since
it is directly relevant to the above suggestions.

The 35 preparations examined were selected on a basis of technical
suitability and recognition of all group III type chromosomes, as in the
40 normal cells discussed previously. In all of these cells chromosomes
6 and 46 were clearly distinguishable; 1in 30 cells chromosome 4 was clearly
identified, in the remaining five this chromosome being indistinct because
of unclear centromere and/or chromosome ends. Measurements were
conducted as described previously for normal cells. The relevant data
are presented in table 13. Firstly it will be seen from these data
that homologues of pairs 7 and 9 show association as they did in normal
cells. But there is no evidence of association between chromosomes
46 and 6. These two chromosomes are separated on the average at least
by a distance expected if they are non-homologous and randomly distributed
in respect of each other. Secondly, the data show evidence of assodation
between chromosomes &6 and 4 in these interchange cells.

The above observations provide good supporting evidence (a) for the
identification of chromosome 4 as one of the two chromosomes involved

in the interchanze, and (b) for the nature of the interchange as involving

the short arm of chromosome 6,



Table 13,

Pair Dx (cm) No.of S.E. t
cells
9 +0,80 35 00369 2,168 "
7 40478 35 04360 20167 *
6/°  0.37 35 0426  1.402 ns
6 &
L/% +0463 30 04308 2,045

Table 13 Summary of data on association of homologues and of
chromosomes 6/1.;.6 and 4/14.6 in interchange cells, Abbreviations &s
in teble 52, For pairs 9, 7 and 4/46 Dx velues are significently
positive, For 6/1‘.6 the Dx value is negative, thus showing en

ebsence of associetion between these two chromosomes,
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llormal and interchanze homozvzotes. A number of normal and interchange

homozyzotes have been produced in culture from selfed interchange
heterozyzotes. The somatic root tip complements of these have been

examined and compared with the normal and nterchange heterozygote complements
described already. Some information is presented here to reinforce

conclusions mmde previously.

Normal homozyzote complements

Three complements have been examined critically. Fig. 15
illustrates the complement and fig. 16 is an apparent photographic
idiogram from a second cell. bMean relative lengths and arm ratios of
chromosomes 4, 6, 7 and 9 from the three cells measured are shown in
table l4. When these data and figures are compared with tables 3 and 4
and figs 2 = 4 of normal cells it will be seen that there are no basic
differences between these complements and those of normal plants examined
previously. Of particular note is the presence of two normal members

of chromosomes 4 and 6.

Interchange homozyzote complements.

Three complements have been examined here also. The complement is
illustrated in Figs. 17 and 18 and table 15 summarizes relative lengths
and arm ratios of the appropriate chromosomes from the three preparations
measured. The homologous pair of interchanged chromosomes &6 is
readily identifiable on relative sizes and arm ratios. Its values agree
very well with those of chromosones 46 from interchange heterozyzotes

(compare with Figs. 8 - 12 and tables 9 and 10). Worthy of emphasis here



Table 14 Mean absolute lengths, mean arm ratios and relative

lengths of the somatic chromosomes from 3 cells of a normal
plant derived from selfing an interchange plant, Compare with
tables 3 and 4, noting in perticular the occurrence of two
normal members of chromosomes 4 and 6., Comments in respect

of chromoscmes 41 = 3 as in caption to tables 3 and 4.




Table 14.

Chr. Total Long C/m. Short  Ratio Chr.  Total Long  Short
no. arm arm no, arm arm
11488 11 1494
2| 4192 2| 1495
3| 3875 | 3| 1383
(| 3579 | 1892 | 149]| 1538 | 0-818 | 1277| 675 | 545
5| 2713 | 1617 1:29| 967 | 0-600 K| oe68| 577 | 345
| 2542 | 2046 | 1.08| 388 | 0190 6| 9o7| 730 137
7| 2367 | 1917 0'87| 363 | 0189 7| &45| 6:84| 1-30
8| 2483 | 1363 | 128| 9:92 | 0729 8| 8e5| 486| 354
Q[ 2092 | 1796 | o-88| 208 | 0-117 Q| 74| 641 | 074
Table 14




Table 15 Mean absolute lengths, mean arm ratios and relative

lengths of the smatic chromosomes from 3 cellx from interchange
homozygous plants derived from selfing interchange heterozygous
plants, Measurements of the interchange chromosomes are given
separately in the lower portions of the table. Compare with
table 14 on one hand and with tables 9 and 10 on the other,
noting in particular the absence of normal chromosome: 4

and 6 members, Comments for chromosomes 1 - 3 and 64 as

in caption to tebles 9 and 10,




Chr. Total Long C/m. Short = Ratio Chr, Total Long , Short
no. arm arm [ale) arm arm
] 4113 ‘] 15.12
2 4054 2 1492
3| 3721 3] 1370
5| 2571 | 1500| 104 | 9670644 Bl 947| 5852| 356
i
7| 2329 | 1863 | 0.99| 367|098 7| 857| 686| 135
8l2320 | 1321 1.04| 904]|0682 8| 857 | 486 333
9 2021 | 17729 | 088 | 204|0-118 9 7-44| 637 | 075
ITable 15
46 21.96 | 17771 | 092 | 333 | 0188 46 808| 652 | 1-23
64 3838 | 2063| 137 | 16-38| 0795 SAI 14-13| 760 | 603
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is the size of the short arm of chromosome &6 members which is very
noticeably smaller than that of chromosome 7 (cf. in normal plants, in
figsse 2 = 4). Also in figs. 17 and 18 two chromosomes can be identified
which are somewhat larger and more asymmetrical than expected from normal
cells. These possibly represent chromosomnes 6a, though their confusion
with apparent chromosome 2 members cannot be ruled out,.

Altogether the information on these normal and interchange
homozygotes fits exXpectation very well, thus supporting the identification

of the interchange chromosomes.
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l. A GELERAL SURVLCY OF MEIOQOSIS

Meiosis in normal and interchanze material was studied in pollen
mother cells. OSome caution is necessary in making detailed extra-
polations from pollen meiosis to ovule meiosis in Allium (and other)
species since differences are known to exist e.3e in chiasma frequencies
(Ved Brat, 1964).

Feulgen and alcoholic carmine preparations were used for the
majority of these studies. OSome haematoxylin stained sections were
employed for certain aspects.

In describing the results dbtained a general account of meiosis will
be ziven first for both normal and interchange cells, followed by

a fuller account of certain aspects that were studied in detail.

(a) [arly stages of prophase to pachytene. The early stages of meiosis

(leptotene - pachytene) are difficult to study in detail in Allium
triguetrum. The zeneral course of events over these phases, however,
appears to follow closely that described by @ksala and Therman (19582)

as being representative of liliaceous type plants in zeneral, with pollen
mother cells at tie early stages of meiosis showing the chromatin clumped
together on one side of the nucleus as the so called "synizetic knot",

as most commonly found in plant material.

The number and lengths of the chromosomes make detailed studies
at pachytene very difficult in Allium triquetrum. Synapsis is virtually

complete in normal cells, although occasional short, intercalary or

terminal, unpaired segments may be seen. I have been unable to identify
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centromeres positively at this stage, and no pronounced chromomeres
are visible. It is only rarely possible to follow chromosomes
throuzhout their lengths at this stage. Une or two large nucleoli
are present.

Parts of the complex association of four chromosomes have been
identified at pachytene in interchange material by first looking for
the larze unpaired segments that characterize the confizuration. Details,
however, were obtained only from very late pachytene/early diplotene stages
where the chromosoiies are considerably more contracted and thus more
accurately studied and measured. 7Ixtra caution is needed in using these
late pachytene/early diplotene stages since desynapsis may confuse
some interpretations. Desynapsis begins at the chromosome ends in
this material, when the chromosomes have become considerably contracted;
and there is little or no difficulty in distinguishing between non-
synapsed portions of late pachytene and desynapsed portions of diplotene
in the interchange complexes described.

Fig., 13 (1) and (2) shows the pachytene configurations expected
from each of the wo general types of interchange that were originally
considered possible for this material. In each configuration chiasmata
can be expected to arise in the three long pairs of chromosome arms;

a failure of chiasmata in the short arm pair will lead to chains of four
chromosomes being produced at diakinesis, and these will give the
alternae and adjacent orientations that characterize anaphasé I cells.

In the type (2) interchange, involving a break in the short arm of

the subterminal contromered chromosome, the centromeres at pachytene are

on the horizontal axis; while in the type (1) interchange, involving a



68

break in the long arm of this chromosome, the centromeres are on the
vertical axis. In each case the 'centre"” of the configuration, where
homology changes, represents the break points of the interchange.

The studies reported on somatic chromosomes in interchange cells
showed that the interchange was of type (2) above, involving the short
arm of the subterminal chromosome 6. The short arm of the other, median-
submedian chromosome 4 was also involved in the interchange. Fig. 19
more precisely illustrates this interchange and its expected pachytene
configuration, using the most proximal break points that are compatible
with the somatic chromosome data.

Fige. 20 illustrates the interchange complex as it commonly appears
at late pachytene-early diplotene. Accompanying the photograph is
an outline diagram and an interpretative figure. In the latter particular
portions of the complex are labelled as follows: the two portions of the
vertical axis as la, 1lbj; and of the horizontal axis, 2a, 2b. Bracketed
portions in axis 1, labelled x, X'; y, y', are unpaired segments. Arrows
in the outline diagram indicate attenuated segments. Centromeres are not
included as these are not visible in the preparations.

The interchange configuration at this stage (and later at diplotene)

is somewhat difficult to interpret at first because of the unusual features

of asynapsis and attenuation in certain segments of the complex. The
general appearance of the config<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>