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FOREWORD

This thesis is written in the paper stYle, specified
in the 1976 Plant Science Thesis Preparation Guide. It
contains four manuscripts. The first, entitled "The geno-
mic origin of the unpaired chromosomes in triticale", was
published in the Canadian Journal of Genetics and Cytology,
volume 18, pages 687 to 700. The second, entitled "A
bouguet-like attachment plate for telomeres in leptotene
of rye revealed by hete?ochromatin.staining" was published
in Heredity, volume 36, pages 155 to 162. The third,
entitled "The effect of colchicine on chromosome pairing",
was published in the Canadian Journal of Genetics and
CYtology, volume 19, pages 231 to 249. The fourth paper,
entitled "The effect of chromosomes 1B and 6B on nucleolus
formation and first metaphase chiasma freouency in
hekaploid triticale" is currently under review by the

Canadian Journal of Genetics and Cytology.
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ABSTRACT

Triticale planté, aneuploid for chromosomes 1B and
6B were used to inveétigate the patternypf nucleolué
formation in hexaploid triticale. Active chromosome
movement within the meiotic nucleus was investigated
using both nucleoli and telomeric heterochromatin as
interphase and prophase markers for the chromosomes.
Chromosomes of triticale which were unpaired at first
meiotic metaphase (MI) were identified as to théir genome
of origin by use of differential staining of telomeric rye
heterochromatin and telocentric chromosomes.

| Nucleolus formation in hexaploid triticale was
restricted to chromosomes 1B and 6B'of'the wheat genome.
Complete fusion of all nucleoli occurred between late
premeiotic interphase and early zygotene in rye, in .
triticale and in hybrids between dufum wheat and hexaploid
triticale (pentapléid triticale). During nucleoclus fusion
" in rye and triticale a chremocenter waé formed out.of all
or most of the telomeric rye heterochromatin. Formation of
the chfomoceﬁter'occurred on an annular shaped regiOn of
the nucleax meﬁbrane, adjacent to the tapetum/archeéporium
interface. Inhibition of chromosome pairing followiﬁg

injection of a 0.03% solution of colchicine into the boot
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triticale is probably unrelated to any of the principal
control points of meiotic pairing that have so far been

described in the Triticinae. Instead it was suggested

that chiasma formation in triticale tends to be more
terminal than it is in rye. Since chiasmata are unlikely
to be formed in heterochromatin, the result would be a
low freaguency of chiasmata in those rye chrqmosomes

with the most terminal heterochromatin.



INTRODUCTION

Triticale (X Triticosecale Wittmack) refers to the

hybrid complex derived from the crossing of members of the
Wheat genus (Triticum L.) with the rye genus (Secale L.)
(Gustafson, 1976). Triticale is believed to have certain
potentiél as a cereal crop in its own right (Hulée and
Spurgeon, 1974; Zillinsky, 1974; Zillinsky and Borlaug,
1971). In general, triticales suffer from four
reproductive disorders. These are meiotic irregularity,
partial sterility, endosperm shrivelling and premature
sprouting of the embryo (Gustafson, 1976; Zillinsky and
Borlaug, 1971). The principal symptoms of meiotic
instability are the presence of univalents at first
meiotic metaphase and the high frequency of aneuploids in
general popuiations of triticale (Kaltsikes, 1974; Scoles
and Kaltsikes, 1974; Tsuchiya, 1974); This thesis deals
with the topic of meiotic instability in triticale and

general mechanisms of pairing in the Triticinae.




REVIEW OF LITERATURE

General Cytology of Triticale

The Chromosomes of Rye and Wheat

In a general way the karyotypes of rye and wheat are
similar. Chromosomes of fhe A and B genomés are mostly
median or submedian (Giorgi and Bozzini, 1969) whereas most
of the rye chromosomes arebsubmedian or subterminal
(Bhattacharyya and Jenkins, 1960; Heneen,.l962). The
‘nucleolus organizing chromosomes are satellited close to
the short arm telomeres in both species. There are two
pairs of prominent satellites in wheat (AABB), and one pair
in rye (RR). Following inclusion into triticale, the
prominent secondary constriction of the main rye satellite
becomes indistinct. This may have led to some confusion in
the karyotype analysis of triticale (Merker, 1973;‘Shigenaga
and Larter, 1971). The major distinction between wheat
chromosomes and rye chromosomes is in their size. Per
chromosome, the fye genome contains about 40% more DNA
than the wheat genome (Kaltsikes, 1971). This size
differential is maintained in triticaie, where the rye
chfomosomes are conspicuously larger than most wheat

chromosomes (Merker, 1973; Pieritz, 1970; Shigenaga'and



Larter, 1971). This 1s in accordance with the conclusions
of Pegington and Rees (1970) that the DNA content was
linearly related to both chromosome mass and volume, and
that none of these characters was disturbed through
incorporation into a polyploid. In one long established
triticale line however, the DNA content of the nucleus
was significantly below the sum of the two parental
cultivars (Kaltsikes, 1971).

Particular segments of wheat and rye chromosomes
can be differentially stained with what are known as "C"
band techniques (Gill and Kimber, 1974a; Sarma and
Natarajan, 1973; Verma and Rees, 1974).. "C" band tech-
nigues were discovered when it was found that the centro-
mere and other areas could be specifically stained with
Giemsa, aftér procedures modified from those used in the
in situ hybridisation of DNA and RNA (Arrighi and Hsu, 1971,
Pardue and Gall, 1970; Yunis et al., 1971). Because areas
stained by these techniques were known_to be constitutive
heterochromatin on other criteria, it was logical to call
them "C" bands (Cooper and Hsu, 1972; Hsu, 1971; Hsu and
Arrighi, 1972; Schweizer, 1973). "C" bands around the
centromeres of mouse chromosomes contain highly repetitive
DNA sequences that are homologous to the light (A-T rich)
satellite of mouse DNA (Jones, 1970; Pardue and Gall, 1970).

Because of the association between repetitious DNA and the



"C" bands it was proposed that the téchnique depended on
the staining of preferentially re—annealedvrepetitious DNA.
However, in addition to repetitive DNA, constitutive
heterochromatin may carry a large proportion‘of uniqué
sequences (Comings, 1973; Ockey, 1973). Also in situ re-
annealing of DNA is rapid in all segmeﬁts of the chromo-
some, although “C" bands may be fastest (de la Chapelle et
al., 1973; Comings, 1973). The weight of evidence is that
the final basis of "C" banding is some protein-DNA inter-
action specific to constitutive heterochromatin (Comings,
1973; Comings et al., 1973).

Large heterochromatic blocks occupy up to 11 out of
the 14 telomeres of the rye genome (Darvey and Gustafson,
1975; Mérker, 1975; Vosa, 1974). These large terminal
segments in rye'are late replicating relative to the median
and proximal euchromatin, to chromatin around fhe centro-
meres and to the chromatin of B chromosomes (Ayonoadu and
Rees, 1973; Darlington ahd Hagque, 1966; Lima-de-Faria and
Jaworska, 1972). Wheat chromosomes lack the large terminal
blocks of heterochromatin that are characteristic of rye
chromosomes (Gill and Kimber, 1974b). However, in both
wheat and rye chromosomes many small intercalary bands are
found, including variable staining of the centromere.

In addition a band adjacent to the nucleolus organising

regions of chromosomes 1B, 6B and 1R stains with Giemsa.



The function of the large terminai blocks of
heterochromatin fdund in rye is unknown. A large guantity
of highly repetitive DNA has been isolated from the DNA of
rye (Ranjekar et. al., 1974) and it is probable that this
repeated DNA is located in the terminal "C" bands. Wild
species of rye tend to have less DNA per chromosome and/or
smaller tefminal bands than those found in cultivated rye

(Bennett et al. 1977).

Nucleolus Formation in Triticale

In octoploid (8x) triticale, Shkutina and Khvostova
(1971) found four bivalents attached to the nucleoli in
diakinesis, and a maximum of seven to eight nucleoli per
root tip cell. 1In hexéploid,(6x) triticale, they found
only two bivalents attached to the nucleoli in diakinesis,
but in particular 6x derivatives of octoploid x hexaploid
crosses, they found three bivalents attached to the nucle-
olus. Darvey found that only two pairs of organisers were
active in root tip cells of primary hexapldid t£iticales
(Darvey, 1973) but that in the case of Chinese Spring x
Imperial rye (8x), the 6R chromosome also formed nucleoli
in addition to the activity of the wheat chromosomes 1B,
6B and 5D (Darvey, 1972; Driscoll, bers. comm.). No nucle-
olar activity of the princival nucleolus organising chromo-
some of rye, chromosome 1R has been demonstrated in triti-

cale.



Meiotic Cytology

The Leptotene Bouquet

The leptotene houquet is formed when points at
‘thch the chromosomes are attached to the nuclear membrane,
become concentrated on a restricted area of the nuclear
membrane (attacﬁment plate of Kaufmann, 1925); in most
cases this grouping of attachment sites in&olves the telo-
meres (Wilson, 1934). At some point in time, the regions
of the chromosome adjacent to this attachment plateAcan
- become orientated parallel to each other and perpendicular
to the attachment.plate (Marengo, 1949), or they may ac-
| quire an appearance of "whirling" around the attachment
plate (Hiraoka, 1941) .. |

Synapsis usually begins in theichromosome regions
close to the attachment plate and spreads along the polar-
ised threads toWard the interior of the nucleus (Darling-
ton, 1937; Hiraoka, 1941; Rasmussen, 1976; Wilson, 1934).
- Since the bouquet is usually recognised from the character-
istically polarised chromésomes, it should be remembered
ﬁhat‘there is some polarisation in all interphase nuclei.
Because centromeres are drawn to the pole at anaphase, the
nucleivbegin interphase with the centromeres closely group-
ed at the polar end of the nucleus and the telomeres loose-
ly grouped at the equatorial end (Rabl orientation, Rieger
et al., 1968). 1In wheat,‘this polarisation commonly per-

sists from one mitosis to the next (Darvey, 1972).



In the presence of a leptotehe bouguet in both
Psilotum (Hiraoka, 1941) énd'Onoclea (Marengo, 1949),
the entire leptotene nucleus was displaced toward the cell
margin on the side of the attachment plate. Thus there is
a mechanical interaction betweeﬁ the nucleus and the cyto-
plasm associated with the bouquet. Wheh a centriole is
‘present in the cytoplasm, it is found close to the attach-
ment plate of the bouquet (Wilson, 1934). A variety of
changes may occur in the astral activity around the
centriole, which correlate with polarisations of chromo-
somes within the prophase nucleus. In mantids, the
- attachment plate of the leptotehe‘bouquet to the nuclear
membrane was formed ciose by an active centrioie complex
in the cytoplasm (Hughes—Schrader, 1943). After the aster
disappeared in mid-prophase, bouquet polarisation was lost.
When asters reappeared in diplotene, telomeres were again
attracted toward them. Consequently, the bivalents in the
nucleus were polarised toward the asters in the cytoplasm
by their telomeres. ’Polarisation laésed as the nuclear
membrane dissipated‘at diakinesis. At the same time the
centromeres became active énd began to orient the bivalents
for meiotié metaphase. Perhaps, during the meiotic cycle
the telomeres have an ability to interact with é spindle-
like system in the cytoplasm but only through association

with the nuclear membrane.



Centromere-like activity (neocentric activity) of
particular telomeres has been found in the meiosis of rye.
In certain inbreds of rye, particular telomeres have the
ability to polarise part or all of the chromosome to one
pole or the other during‘either first or second meiotic
metaphase (Prakken and Muntéing, 1942; Rees, 1955).
During root tip divisions these telomeres wefe inactive
(Prakken and Muntzing, 1942). Therefore, neocentric
activity is probébiy unique to the metaphases of meiosis.
Incomplete degradation of’membrane attachments after‘
meiotic prophase could allow the telomeres to retain
properties normally concerned with the processes bf
chromosome pairing and so behave like centromeres on the

meiotic spindle (Ostergren and Prakken, 1946).

Meiotic Cytology of Cereals

The premeiotic interphase is initiated by a Gl hold
of the asynchronous archesporium (Bennett et al., 1973).
The premeiotic interpﬁase can be divided into three seg-
ments basea on the staining and appearance of the inter-
phase nuclei. Pollen mother cells (PMC) in the first stage
of the premeiotic interphase (S1) contain large nuclei that
stain poorly with acetocarmine (Bennétt et al., 1973).
During the Seéond period of the_pfemeiotic interphase (S2)
the nuclei are gquite round and stain darkly with aceto-

carmine. The last period of the premeiotic interphase (S3)



was reported by Bennett and_coworkersv(Bennett and Smith,
1972; Bennett et al., 1971, 1973) to be the period of DNA
replication (premeiotic "S"). PMC in the premeiotic inter-
phase contain one to several nucleoli and at some point in
the meiotic cycle, the average number of nucleoli per PMC

is reduced to one by a process of active nucleolus fusion
(Bennett et al., 1973). Bennett gE'gi. (1973) assigned the
period of nucleolus fusion to the S3 period. Other workers
(barvey, 1972; Dérvey et al., 1973; Roupakias and Kaltsikes,
1977a) assigned nucleolar fﬁsion to leptotene. The number of
nucleoli per PMC nucleus is easily determined whereas the
visual criteria of leptotene are descriptive and subject to
individual differences in interpretation (Bennett, pers.
comm.). It therefore appears that the S3 period has been
assessed as leptbtene by some workers and as interphase

by others.

The description of meiosié codified by Wilson (1934)
is applied to the ceréalé (Bennett gg_gl;, 1973). When
chromosome threadé-first appear they are single (leptotene).
Later on, double stretches appear, sometimes connected to
pairing forks (zygotene). After synapsis is completed,
it remains stable for a certain period (pachytene) and then
breaks down (diplotene). After the bivalents open out, the
localisation of chiasmata can be seen.. From late diplotene'
onward, the distribution of chiasmata is usually heavily

proterminal. Because chromatids do not become visible
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until first anaphase, diplotene in cereals is not visibly
four stranded. Consequently it is not known for certain
whether extensive terminalisation of chiasmata occurs in
the cereals. Fu and Sears (1973) reported good correlation
between diplotene‘chiasmata and genetic recombination for
two heteromorphic bivalents in bread wheat; however byv
first meiotic metaphase (MI) there were insufficient
chiasmata to account for the number of crossovers.
Chromosomes involved in these experiments were heterozygous
for a terminal, nonhomologous translocation. If all
chiasmata were formed proximally to the breakpoint, then
at least some chiasmata must have terminalised for the
complete length of the translocation. Perhaps chiasmata
terminalise more easily through nonhomologous chromatin.
Sears (1972) found that there was a decreased
tendency for the formation of proximal crossovers in the
pairing of telocéntrics, compared to the pairing of the
whole chromosome in wheat. The same result was reported in
cotton (Endrizzi and Kohel, 1966). Therefore, it is un-
- likely that the centromere is an important pairing site
in_wheat, because crossover on one side of the centromere

is enhanced by syhapsis on the other side.

Symptoms of Meiotic Disturbance in Triticale

A variety of premetaphase disturbances have been

reported in triticale (Scoles and Kaltsikes, 1974). Most
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reports are hard to evaluate because of the failure to
compare with parental varieties.

Shkutina and Khvostova (1971) reported that an
octoploid triticale which was unstable in the premeiotic
mitoses tenaed to form more than one nuéleolus at diaki-
nesis, in contrast to a stable octoploid which formed
only one nucleolus. Pachytene is usually normal in
triticale, although some chromosomes may remain at pachy~
tene while othersvpass on to diplotene in certain isolated
cases (Stutz, 1962; Shkutina and.Khvostova, 1971). Diplo-
tene and diakinesis are frequéntly less clear in triticale
than they are in wheat (Tsuchiya, 1970; c.f. Fu and Sears,
1973) . At diakinesis chromosome pairing is practically
complete (Lelley, 1974; Tsuchiya, 1970). The first con-
sisteﬂt sign of meiotic distufbance in triticale is the
appearance of numbers of rod bivalents and univalents at
MI (Scoles and Kaltsikes, 1974). Because pairing at
diakinesis is normal, it is probable that most of the
pairing failure arises from the desynapsis of existing
bivalent associationé before MI. Whether these bivalents
never formed chiasmata, or whether they did form chiasmata

and then lost them is unknown (Thomas and Kaltsikes, 1974a).

Genomic Distribution of Pairing Failure in Triticale

The genomic origin of the chromosomes which were

unpaired at MI has been the subject of several studies.
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Muntzing (1957) suggested that univalents present in
octoploid triticales were mostly rye chromosomes because
lines with many univalents reverted to wheat. Other studies
have identified the chromosomes that were missing in spon-
taneous aﬁeuploid plants of triticale. Larter et al. (1968)
reported that wheat chromosomes 1B and 6B were never de-
ficient in hexaploid triticale. 'Pieritz (1970) found that
in two octopldid triticales, most aneuploids were aeficient
for rye chromosomes. However, Shiéenaga et al. (1971),
Merker (1973) and Weimarck (1974) éll found that wheat and
rye chromosomes contributed to aneuploidy in proportion to
the ‘genomic makeup of the triticale, |
Other studies have examined the univalents at MI.
From comparison of the range of univalent lengths in poly-
haploid Rosner to the range of univalent lengths in mono-
somic 1B Rosner, Larter and Shigenaga (1971) concluded that
- both wheat and rye‘chromosomes could appear as univalents.
Thomas and Kaltsikes (1972) showed that within the genome
of triticale, there was a group of chromosomes which was
leés likely to pair than the rest of the complement.
Subsequently, by use of "C" banding it was éhown to be rye
chromosomes which failed to pair at MI (Lelley, 1975;

Thomas and Kaltsikes, 1974b; see also Lelley, 1976)
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Control of Chromosome Pairing in the Triticinae

~Homoeologous Pairing

Although wheat contains three sets of closely
related chromosomes (genomes, Sears, 1966) there is usually
not much pairing between them. Pairing usually occurs
between strict homologues so that wheat is genetically a
diploid. The major determinant of this disemic behaviour
of wheat is a gene system located distally on the long arm
of chromosome 5B (Wail et al., 1971). When chromosome 5B
is deficient, pairing may take place between nonhomolegous
chromosomes (Okamoto, l957;vRiley, 1960; Riley and Chapman,
'1958; Riley and Law, 1965; Sears and Okamoto, 1958). Most
of this nonhomologous pairing occurs between chromosomes
that are geneticaily equivalent or homoeologous (Riley and
Kempanna, 1963; Sears, 1966).

Two theories have been advanced to explaiﬁ the
action of SBL. Riley (1968) sﬁggested that SBL cqt short
the time available for effective pairing so thet only the
most efficient pairing partners (in other words homoloéues)
would have time to paif. However, Bennett et al. (1974a)
reported that various wheat genotypes, with and without
SBL, had the same duration of prophase stages. This was
also true of other genotype comparisons with different
levels of homoeologous pairing. Feldman and Avivi (1973)

reported that SBL'suppressed somatic associatien between
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homoeologous chromosomes in root tip cells of wheat. By
placing homoeologues but not homologues at a distance
from one another in the premeiotic interphase, SBL could
diminish the chance of effective pairing between homoeo-
logues in meiotic prophase (Feldman, 1966, 1968). SBL
appears to change the properties of microtubules and>
related systems, especially the mitotic spindle, perhaps
through biochemical modification of microtubule subunits
(Avivi and Feldman,_l973; Avivi et al., 1970ab). On the
other hand, two independant investigations have failed to
detect any evidence for somatic association between full
homologues in root tip cells of wheat (Darvey and Driscoll,
1972b; Dvorak and Knott, 1973). |

Various other gene systems affect the level of
homoeologous pairing in wheat and its hybrids (Do?er and
Riley, 1972ab; Driscoll, 1972; Dvorak, 1972} Mello-Sampayo
and Canas, 1973; Miller and Chapman, 1976).

The pairing bf chromosome sets derived from Secale
montanum Guss. (Rm);and cultivated rye (S. cereale L.) (R)
was ‘inhibited by the presence of the genomes of both
hexaploid and tefraploid wheats (Miller and Riley, 1972;
Riley and Miller, 1970; Thomas and Kaltsikes, 1971).

Riley and Miller (1970) interpreted this as an inhibition
of homoeologous pairing between the partly related genomes

of R® and R™ through the action of SBL. However, this
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effect is not one sided. An increase in the dosage of rye
chromosomes led to an increase in homoéologous.pairing among
wheat genomes when these.were in the polfhaploid condition
(Lelley, 1976; Miller and Riley, 1972). At least some of
this effect was replaceable by chromosome 5RS alone (MillerA
and Riley, 1972). Conseqguently, there is>bilatera1 control
of pairing in triticale. Rye chromosomes promote homoeolo-
_gousvpairing among wheat chromosomes, whereas wheat chromo-
somes inhibit pairing among rye chromosomes (Lelley, 1976);‘
Two doses of 5BL allowed homologous chromosomes to
pair without disturbance in bread wheat, whereas four and
six doses led to asynapsis and bivalent interlocking (Feld-
man, 1966). Two doses of45BL are probably optimal for the
pairing of &heat homologues in triticale; but this same dose
rate could be superoptimal for the pairing of rye homologues
(Riley and-Millér, 1970; Thomas and Kaltsikes 1971). Chro-
mosome 5BY could therefore be a cause of pairind failure in
triticale. However, 5BV pairing failure iS'aSYnaptic (Feld-
man, 1966) whereas pairing failure in tfiticale is desynap-

tic (Lelley, 1974; Tsuchiya, 1970).

Colchicine Induced Pairing Failure

Coléhicine is a potent‘inhibitor of chromosome pair-
ing in wheat (Dover and Riley, 1973; Driscoll et al., 1967),
and other species (Barber, 1942; Dermen, 1938; Levan, 1939;
Shepard et al., 1974; Walker, 1938). - Colchicine is best

known as a mitotic poison. It achieves its effect



on mitosis through biﬁding to a small, soluble dimer
protein that is a subunit of microtubules (Borisy and
Tayior, 1967ab; Bryan, 1972; Shelanski and Taylor, 1967;
Taylor, 1965; Wilson, 1970; Wilson and Friedkin, 1967).
Binding of colchicine to the protein prevents polymeri-
sation of microtubules_frgm the free dimer (tubulin);

consequently processes that devend on the growth of

microtubules are sensitive to colchicine, whereas processes

that employ established miérotubule structures are much
less sensitive to colchicine (Margulis, 1973). Binding

of colchicine to the soluble protein is slow at low

16

temperatures, but is greatly speeded up at 37OC; following

unbinding of colchicine the tubulin will not bind colchi-
cine a second time so that the reaction seems to be
»irreversible (Borisy and Taylor, 1967a; Bryan, 1972;
Wilson, 1970; Wilson and Friedkin, 1967).

Colchicine sensitivity is generally assumed to
indicate a role for microtubules in the inhibited process
(Margulis, 1973). However, é colchicine binding protein
distinct from tubulin was associated with the colchicine
inhibition of chromosome pairing in leptotene and early
‘zygotene of 1lily (Hotta and Shepard, 1973; Shepard et al.,
1974); at the same time a particular DNA binding .protein
failed to associate with the nuclear membrane in the pre-

sence of colchicine (Hotta and Shepard, 1973).
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In wheat, colchicine seems to block the presynaptic
juxtaposition of homologues, since colchicine had no‘effect
on the interarm pairing of an isochromosome (Dover and
Riley, 1973; Driscoll and Darvey, 1970). Dover and Riley
(l973) concluded that the colchicine sensitive period in
wheat occurred at or shortly after the last premeiotic

mitoses.

Temperature Dependant Pairing Failure

Chromosome 5D in bread wheat stabilises chromosome
pairing against extremes of temperature (Bayliss and Riley,
1972a). 1In the absence of 5D, fehperatures below'lSOC
block the synapsis of wheat chromosomes almost completely.
At;ZOOC, the sensitivevperiod occurs about 36 hours before
MI (Bayliés and Riley, 1972b). According to Bennett et il‘
(1971) this would place the sensitive period during the
premeiotic interphase, prior to the "S" period. Interaction
of 5D déficiency and low temperature is distinct from the
effect of colchicine, because unlike colchicine, this
combination strongly inhibits the interarm pairing of an

isochromosome (Bayliss and Riley, 1972a).

~ Meiotic Duration and Pairing Efficiency

Bennett and coworkers (Bennett et al., 1971; Bennett
and Kaltsikes, 1973) have suggested that there is consider-
able difference in total meiotic duration, between the slow

meiosis of rye and the fast meiosis of wheat and triticale.
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This might account for the pairing difficulties of the
slow pairiﬁg rye genome in the fast meiosis of triticale.
However, Bennett et al. (1274a) and Bayiiss and Riley
(1972b), both concluded that manipulation of major gené
systems that control chromosome pairing in wheat, and its
hybrids, produced no important change in the times re-
quired to éomplete ﬁhé different meiotic stéges..Also,
there was no relationship between the level of éhromosome,
pairing in various triticales, and the time they took to
complete their meiotic development (Roupakias and Kaltsikes, -
'l977ac)}  Furthermore, fhé duration of meiosis in triticale
- was. not necessarily less than the duraﬁion observed in the

rye parént (Roupakias and Kaltsikes, 1977b).

¢

Chiasma Localisation

In the Triticinae, each pair of chromosome arms

- carries one or less commonly two chiasmata at MI. Chiasmata
are generally termiﬁal in position. Conse@uently,
homologués generally pair as relatively unconstricted ring
‘bivalents. A radicélly different pattern of chiasma
distribution was reported in a selection from an inter-
specific rye cross (Jones and Rees, 1964).

'In the normal way, each bivalent forms two chiasmata,
oné in each arm. 1In thé distributional variant, some
bivalents had three or even four chiasmata while

others had none and so formed univalents at MI. Despite
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the presence of these uﬁivalents, chiasma frequencies were
roughly normal (Jones, 1967; Jones and Rees, 1964).

At the same time as the regular distribution of chiasmata
among‘bivalents disappeared, so did the preponderance of
terminal chiasmata, so that chiasmata occurred at high
frequency in the median and proximal segments as well
(Jones and Rees, 1964). Genetic studies'indicated that
the unusual meiotic phenotype was polygenically controlled
(Jones, 1967).

A similar association of characters exists in
general populations of rve. Over a iarge number of rye
genotypes, variation in chiasma frequency between bivalents
was positively correlated with the proportion of chiasmata
that were nonterminal (Jones, 1974ab). Consequently, the
overall control of chiasma localisation appears to be a
whole cell phenomenon. Jones (1974a) argued that this
finding also indicated that chiasmata were not formed
sequentially, frém initiation sites cloée to the telomere.

| Another type of distributional variant has been

described in Hypochoéris radicata (Parker, 1975). 1In this

case, normal MI phenotype is four bivalents. In the variant
three out of four bivalents were normal but

the fourth and smallest bivalent was highly desynaptic.

This variant was. conditioned by a.single, recessive gene.

"In addition, chiasma frequency in the normal bivalents was
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- higher when the fourth bivalent desynapsed into a pair of
univalents, than when it carried chiasmata and persisted
until MI. The distribution of chiasmata is thus controlled
both at the level of the entire cell, and at the level of
the individual bivaient. What these control mechanisms

might be. is unknown.

Conclusion

Meiotic‘chromo$Ome pairing is a cdmplex process.
This is especialiy true of polyploids, where pairing
chromosomes differentiate between hbﬁoeologous chromosomes
in favor of homblogous pairing partners. When chromosome
sets from a lower~ploidy ievel are incorporated together
in a,plant of higher ploidy, it is not surprising if
the meiotic system should maybe reflect this evolutionarv
discontinuity,'through a certain level of meiotic

disturbance.
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GENOMIC ORIGIN OF THE UNPAIRED CHROMOSOMES IN TRITICALE

Abstract
Differential staining of telomeric rye heterochro-
matin and telocentric chromosomes were used to identify
- chromosomes which were unpaired at first meiotic metaphase

of hexaploid triticale (X Triticosecale Wittmack). Both

approaches showed that it was the rye chromosomes which
-were seen as univalents. Differences in the rafe of pair-
ing from triticale to triticale were mostly explained by
variation in the pairing of the rye genome. Within the
rye genome, chromosome arms with telomeric heterochromatin
showed much lower pairing rates than chromosome arms
lacking heterochromatin. Wheat telocentrics and hetero-
chromatin-free rye telocentrics, which showed»intermediate
levels of pairing failure (65-90%), had mostly terminal
chiasmata. On the other hand, rie telocentrics with large
heterochromatic bands on the telomeres had mostly nonter-
minal chiasmata and very low pairing (5-35%). It is
concluded that the presence of heterochfomatin on certain
telomeres of rye chromosomes, blocks the formation of
terminal chiasmata and this results in desynapsis and

univalents at first meiotic metaphase.
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Introduction

- Since the first studies of meiosis in triticale

(X Tritisosecale Wittmack), it became clear that certain

chromosomes were not paired at first metaphase (Muntzing,‘
1957). The genomic origin of these chromosomes has been
the subJject of several studies which concluded that the
unpaired chromosomes belonged either predominantly to

rye (Lartef et al., 1968; Muntzing, 1957; Pieritz, 1970
Sanohez—Monge,'l958)'or to wheat and rye in proportion
equal to their contribution to the genomio make;up of the
triticale studied (Larter'and Shigenaga, 1971; Merker,
1973; Shigenaga et al., 1971; Weimarck, 1974).

With the exoeption of the work of Larter and
‘Shigenaga (1971), the genomic origin of the unpaired
ohromosomes'has been inferred from the study of the progeny
of plants exhibiting reduced pairing, rather than the
study of the univalents themselves. Recognizing the
uncertainties involved in extrapolating from the frequency
of.the various aneuploids to the genomic origin of the
unpaired chromosomes which gave rise to them, we undertook
the study of the univalents themselves at first metaphase.
Our first report (Thomas and Kaltsikes, 1972) showed that
a group of chromosomes, possibly those of rye, were less
likely to pair than the rest of the oomplémentw In our
second report (Thomas and Kaltsikes, 1974), by differ-

entially staining the telomeric heterochromatin of the rye
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chromosomes, wé Showedvthat, in one triticale line and
some hybrids, 1t was the rye chromosomes which failed to
pair at MI. Furthermore, we postulated that it was the
telomeric heterochromatin which prevented the rYe chromo-
somes from pairing. In this report, we present further
evidence that it is the hetefochromatic.parts of the rye
chromosomes whibh do not pair at ML ofAtriticale by
utilizing two approaches: (1) differential staining of
heterochromatin (C-banding) in a group of triticale lines
which differ widely in chromosome pairing; and (2) the
use of telocentrics for the production of wheat or rye
heteromorphic bivalents, the pairing of which can be

followed during meiosis.

Material and Methods

The pedigree and pairing characteristics of the
lines used in the C=banding expefiment are given in’
- Table I.

Several telocentrics were collected from the
triticale cv Rosnef; Those in the disomic condition were
test-crossed with either Stewart 63, a cultivar of durum

wheat (Triticum turgidum L. var. durum), or the hexaploid

wheat (I. aestivum L. em. Thell) cv. Anza to ascertain the
genomic origin of the telocentric chromosomes. The identi-
fication of the particular chromosome involved was obtained

through the criteria listed in Table II. All telocentrics
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were backcrossed once to their parental line. Mono-
telodiéomic progeny of the backcross were sobred for the
overall pairing and for the pairing and distribution of
chiasmata in the heteromorphic bivalent. A scheme of
'bivalent categories was established in order to classify
heteromorphic bivalents for the distribution of chiasmata
(Fig. 1). The first bivalent category was the "touch and
go" ?airing category with the cQéorientated homologues
‘widely sepérafed by a fine thread, part of which may be
invisible in the light microscope. The Second category
showed é pronounced constriction at the chiasma, but the
connection was generally substantial and the homologues-
were not widely separated. The third category was a
stfict rod bivalent with no constriction or swelling
Avisibleiat the chiasma. The fourth and sixth categories
showéd, respectiVely, short and long chromosome segments
distal to the chiasma. The fifth and Se&enth categories
showed two chiasmata with,vrespectively, small and 1arge
loops between the ohiasﬁata. All observed bivalents fit-
ted into these categories. Obviously,lthere was some
overlap between»the categories but the classification
scheme provedbto be easy to use and effective.

| Although the general outline of the C-banding
technique was reported previously (Thomas and Kaltsikes,
1974), the procedure is given here in an easy stép—by—step

form (Table III). The exact optimum conditions needed to



26

produce good contrast between euéhromatin and hetefo—
chromatin differed from genotype to genotype, aﬁd,vwithin
each genotype, they depended on the time that the prepara-
tions had been in storage. Therefore, conditions, for |
Staining should be selected by preliminary trials.
Table IV shows the technique used with the various matérials
employed in the present study.

In general, contrast can be heightened by stéeping
the slides in 45% acetic acid adjusted to pH = 1.0 with
hydrochloric acid. Compared with an increase in the dura-
tion of Ba(OH)Z, pre~treatment with acid does minimal
damage to the chromosomes.
| Slides sfored for long beriods (3 months or(more)
need stringent.conditions to achieve contrast between
euchromatin and heterochrbmatin. However, chromosomes of
aged preparétions were more resistant to the destructive
effects of-Ba(OH)Z and high temperature used to achieve
comparable levels of contrast. If the temperature |
of the saline sodium citrate (2 x SSC) buffer is raised
over 60° C, all chromatin rapidly loses. its ability to
stain; prolonged staining in Giemsa results in staining of
the nucleolus. Over-treatment with'Ba(OH)é results in
, irregular swelling of the chromosomes and irregular
staining. During Stainiﬁg a scum is sometimes picked uﬁ
from the surface of the staining solution. 'Cells beneath

this scum tend to stain pink rather than blue. If the
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staining of the cells is good, the scum may be removed by
briefly dipping the slides in 70% ethanol. Over-stained
slides can alsoAbe improved by partially destaining with
ethanol. The destaining can be accelerated by slightly

acidifying the ethanol with acetic acid.

Results and Discussion

Triticale, Its Parents ahd Its Parental Genomes

Compared to its two parental species, triticale has
an irregular meiosis with many univalents and rod
bivalents observed at Mi (Table I). A general idea of
the pairing of the two parental genomes in tritidale was
obtained from progenies of the first backcrosses of triti-
cale to durum (AABBR) and to rye (ABRR). In practice,
there is some homoeologous pairing of wheat chromosomes
in ABRR. However, since homoeologous bivalents are most
frequently rod bivalents (Table V), we can best gauge the
pairing of the rye genome from ring bivalents alone. Wheat
chromosanes in the AABBR hybrids behaved normally in the
presence of the R genome, whereas rye chromosomes in ABRR
hybrids did not show full pairing when accompanied by the
A and B genomes (Fig. 2). | |

C-Banding Experiment

Rye chromosomes can be selectively stained in somatic
cells of triticale by means of C-banding techniques.

These procedures bring out the large blocks of terminal
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heterochromafinv&ﬂxﬂlare present on many of the telomeres
of rye chromosomes. When PMC's of rye, wheat and triticale
were stained in this way (Figs. 3, 4), it was possible to
distinguish between Whéat chromosomes (unbanded) and rye
chromosomes (showing terminal bands at MI).

Chromosome pairing was separated into its wheat and
rye components in four out of the seven triticales examined
(Table vI). In these four triticales, the rye genome -
invariably showed a lower pairing frequency than did the
wheat genome. .Furthermore, most of the variation in
overall pairing from triticale to triticale was attribut-
able to differences in pairing of the rye chromosomes.

The level of overall pairing agreed closely with pairing
data obtained from acetocarmine squashes of the same
material (entries listed as overall pairing/indirect
method in Table VI) which means that the analyses were
accurate. Clumping of the MI preparations following the
C-banding procedure made it impossible to analyse the
pairing in three of the Sevenvtriticales directly. In
these cases, an indirect analysis was used as follows:

The‘distribution of heterochromatin was recorded on
metaphase chromosomes which lay clear of all other chromo-
somes. Since uﬁivalents arevgenerally easier to identify
than ring bivalents, it follows that univalents and
bivalents will not be recorded in their true proportion,

i.e., bivalents underestimated. qu example, rod bivalents



29

might be considered as a random sample from the popula-
tion of rod bivalents but not from the chromosome
population as a whole. Chromosomes carrying terminal
heterochromatic bands (i.e., rye chromosomes) dominated the
rod bivalent and univalent categories but wheat chromosomes
were present mostly as ring bivalents (TablevII). In the
Stewart Prolific triticale (6A190) there was a mean of
15.14 ring bivalents per cell (Table VI). However, in this
triticale only 18.75% of ring bivalents were banded (Table
VII); 18.75% of 15.14 ring bivalents is 2.84, which
provides an estimate of the number of ring bivalenfs formed
by rye chromosomes in this triticale. If this procedure

is repeated for bivalents and univalents, the overall
pairing can be partitioned to the wheat and rye genomes
indirectly. - When the estimated numbers of chromosomes in
these three categories are added, their total should
approximate 14, which is fhe number of rye chromosomes in
triticale. In fact, for the seven triticale examined, the
mean number of rye chromosomes estimated was 15.04. The
sampling was clearly slighfly biased in favor of rye
éhromosomes. Comparison of the partition of chromosome
bairing according to the direct and indirect methods

" (Table VI) showed that while the estimated number of rye
univalents was approximately correct, the number of ring

bivalents and rod bivalents was generally too high.
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Oversampling of rye bivalents suggested that they
might occupy a more peripheral position on the metaphase
plate than their wheat counterparts. A similar phenomenon
was noted in rye where there was a significant tendency
(Xg = 18.43, p < 0.01) for rod bivalents to occupy periph-
eral positions in the squash (Table VIiI).

These two phenomena may have .a common basis in the
length of the inter-centromere distance. 1In rye this
would be greatest for rod bivalents because of greater
metaphase stretch. In triticale it would be greater for
rye bivalents compared to. similar bivalents of wheat
simply because the chromosomes are longer.

Whatever the origin of this slight bias, its effect
on the estimated pairing was small. Among the fourAtriti—
cales for which'direot estimates were available, compari-
sons show that the overall pairing rates of two genomes
wefe both overestimated by the indirect method by only
0.007 chiasmata per chromosome (Table vI). Compared to the
difference in pairing rate between wheat and rye chromo-
somes, this much bias is trivial and, anyﬁay, had no
effect on the difference between the two genomes.

Since the bigs was small and had no serious effects
on estimated pairing rates the analysis was extended.
Instead of grouping~alllrye chromosomes together, each of
the possible bivalent types was treated as a separate

category. By distinguishing between chromosomes with no
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terminal bands, one terminal band, and two terminal bands,
the pairing rates of rye telomeres that carry hetero-

chromatin, rye telomeres that lack heterochromatin, and

wheat telomeres can be estimated. Over the pairing range

encountered in these triticales, most of the variation in
overall pairing was accounted for by variation in the
pairing of heterochromatic rye telomeres (Fig. 9). By the
same token, the pairing rates of wheat telomeres and rye
telomeres without heterochromatin remained relatively
constant. At the low énd of ﬁhe pairing range, pairing
failure began to affect nonheterochromatic telomefes as
well (Fig. 9). Similar indications were noted in aceto-
carmine squashes of MI of the lowest pairing triticale
examined (Tetra-prelude x 0OD289 - 998.2). Metaphase plates
of this triticale Contained a number of rod bivalents

that were unusually short for triticale. Presumably theée
short rod bivalents represented the smaller chromosomes

of wheat. Even so, this does not alter our main conclu-
sion. Over the pairing range normally encountered in
triticale, most pairing failure is-assbciated with the
afms of rye chromosomes that carry heterochromatin at the
telomere (Fig. 9).

The Pairing of Telocentric Chromosomes

Another approach to the problem of the gendmic
origin of univalents involves the use of telocentrics.,

The pairing of heteromorphic rye bivalents can be compared
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with that of heteromorphic wheat bivalents. Telocentricé
of Chromosomeé 1B and 6E were easily identified from root
tip squashes. Other telocentrics were genomically identi-
- fied by crossing the telosomics to tetraploid or hexa-
ploid wheat énd examining meiosis in the resulting hybrid
(Figs. 5, 65 Table II). Two telocentrics were identified
as rye chromosomes from the presence of large heterochro-
matic bands on the telomeres at MI (Table II).

Among wheat telocentrics; pairing Véried from 65%
to 100% (Table IX). Among the rye telocentrics, certain
arms showed very low levels of pairing (between 10 and
35%).‘ A1l other rye telocentrics fell within the same
range of pairing frequency as the wheat telocentrics.
When the rye telocentrics were stained for heterochromatin
at‘MI, it was found that all four chromosomes with
abnormally 1ow levels of pairing'(t105, £103, 34-B, 1R®)
carried large heterochromatic bands (Figs. 7, 8; Table IX).
Rye telocentrics which showed more or less normal pairing
rates had no heterochromatin (Figs. 7, 8), with. the
exception of telo 3R in Rosner, on which a small terminal

band was observed at MI (this was also confirmed from root

- tip squashes stained for heterochromatin). The long arm of

chromosome 1B also carries a minor heterochromatic band on
the telomere. However, compared to the four strongly
heterochromatic arms, these two telos were considered as

essentially nonheteroéhromatic_(Table IX) .
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vAmong the telocentrics the presence of large terminal
blocks of heterochromatin was strongly associated with
pairing failure at MI (Table IX). However, all rye telo-
centrics with large intensely staining bands were
relativély short.

Ignoring the four strongly heterochromatic rye
telocentrics, a significant»relationship was found between
the position ofvmetaphase chiasmata and the pairing rate
of the telocentric. The distribution of chiasmata was
recorded as the frequency distribution of the'seven
bivalent types of Fig. 1 in Table IX. These bi&alent types
were given a value from one through to seven and were
multiplied by their respective frequency to calculate the
mean bivalent type for each telocentric, which is given
as the terminalization score in Table IX. For the 19
nonheterochromatic telocentrics, there was a significant
correlation between percentage pairing and the terminaliza;
tion score (Spearman's Ry = +0.600, 16 d.f., p< 0.01),
meaning that, if the pairing rate of a telocentric was
1ow; then chiasmata were generally single and terminal in
position.

The heterochromatic telomeres did not conform to
this’relationship. Despite their low pairing, these
telocentrics showed an increased tendency for proximal
localisation of chiasmata (Fig. 9; Table X ). In other

words, they were deficient in terminal chiasmata (Table IX)
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i.e. in the heterochromatic regions at the telomere.
Deficiency of chiasmata in heterochromatic regions has
also been observed in other species (Brown, 1949; Fox et
al., 1973; John and Lewis, 1965; Klasterska et al., 1974) .
Perhaps in triticale there is a‘tendency for chiasmata to
occur close to the telomere. This will be critical only
where there are large blocks of heterochromatin at the
telomere since no chiasmata can form in these régions.

If this view is correct, then.the distribution of chias-
mata in particular.ohromosomes should be more terminal
in low pairing triticales than it is in high pairing

triticales or in wheat or rye.
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Chromosome pairing in wheat, rye and triticale
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Bivalents Chiasmata No. of
per cells .
Genotype Ring Rod Univalents chromosome examined
Triticum tur-
gicum var.
durum
Stewart 63 13.15 0,83 0.05 0,969. 75
Cocorit 11.60 2.28 - 0.24 0.910 45
Other 15.37 0.59 0.08 0.976 100
Triticum
aestivum
Anza 19.59 1.41 0.00 '0.966 45
Glenlea 20.28 0.72 0.00 0.983 25
Secale
cereale
Prolific 6.29 0.70 0,02 0.949 160
Gazelle 6.61 0039 0.00 00972 150
x Triticosecale
T, turgidum x
S. cereale 18.39 2.49 0.24 0.935 100
Tetra~Thatcher
X Prolific 17.86 2.96 0.36 0.922 105
Tetra-Rescue x
Stewart 63 x :
Prolific 278-9 17.14 3.57 0.64 0.901 100
Stewart x
Prolific 6A190 14.86 5.22 1.86 0.832 88
Rosner 14.57 5.77 1.31 0.8%31 200
Stewart 63 x
0D289 65-4 14.40 5.50 2.20 0.817 100
Tetra-Prelude
x 0D289 998-2 13.16 6.43 2.82 0.780 100
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Table II

Criteria for identification of particular telocentrics
in Rosner and other triticales

Criterion

Crossed Crossed to Banding

Telocentric Karyotype to Anza Stewart 63 at MI
Wheat -
telo lBL Rosner Feulgen - - -
telo 6B Rosner Feulgen - - -
telo 1B® Rosner Feuigen - - -
telo 6B° Rosner Feulgen - - -
telo 16 Rosner - BIV** - -
telo 32 Rosner - BIV - -
telo 35 Rosner - BIV - -
telo 38 Rosner : - - BIV - -
telo 43 Rosner - BIV -7 -
telo 48 Rosner - BIV - -
telo 101 St '63 x .
0D289-326.5 - BIV - -
telo 102 T4N x
0D289-381.3 - BIV - -
Rye
telo 1R® Rosner - NO BIV - Giemsa
telo 3R Rosner Leishman's NO BIV NO BIV Giemsa
telo 12*% Rosner - NO BIV - Giemsa
telo 31¥* Rosner - - NO BIV Giemsa
telo 34A Rosner - NO BIV . - Giemsa
telo 46% Rosner - NO BIV NO BIV Giemsa
telo 34B Rosner - - - Giemsa
telo 47 Rosner - NO BIV - Giemsa
telo 103 St '63 '
x 0D289-130.1 - NO BIV - Giemsa
telo 104 Line-110 - NO BIV - Giemsa
telo 105 Line-110 - - - Giemsa
*¥All provisionally identified as 7R°. **¥BIV & NO BIV

indicates the formation, or lack, of bivalents in the hybrid.
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Table III

General outline of the "C" band technique,for staining

‘chromosomes at first meiotic metaphase

Fix spikes in Carnoy's II for 24 hours and refri-
gerate in 70% ethanol until reguired. .

Clean slides by steepinag in alacial acetic acid
and then in 95% ethanol. Air drv.

Macerate and sguash anthers in 45% acetic acid and
select first meiotic metavhase stages by phase
contrast observation.

Freeze slides with dry ice, flick off coverslips
and air dry. Store for 3 weeks or more.

Steep slides in 458 acetic acid adjusted to pH 1.0
with HC1 for 3 hours (optional).

Treat slides with saturated Ba (OH) .

Flush out Ba(OH), with running deionised water.

2
After several rinses in deionised water transfer
to 2 x SSC (saline godium cigrate) and place in an

oven set between 50°C and 607°C. '

After the temperature of the S8C attains oven tem-
perature, remove slides, wash in deionised water

rand stain in 2% Giemsa at pH 6.8.
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Table IV

Details of representative "C" banding schedules
adapted for particular materials

B e

Approximate 45% Acetic Saturated

age of acid + HCL Ba(OHiZ
: slides to pH 1.0 (in M Temperature
Genotype (weeks) of 2 x SSC

Rosner 3 _ none - 6 52° C

T. turgidum x :
. cereale 12 none 16 60° C

ltn

-3

. durum

Stewart '63"

x S. cereale

"Prolific"

278.9 12 none 17 , 60° C

!

T. aestivum

(AABB) Ttetra-

Prelude" x :

S. cereale

2D289" 998-2 12 3 h 12 60° C

- S. cereale
"Prolific" 6 none 8 57° C
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Table V

Frequencies of ring and rod bivalents in the
meiosis of wheat-rye hybrids

¢ o

—

‘Ring Rod No. of cells
bivalents  bivalents examined
Thatcher x Prolific
(3 hybrids) 4 133 56

Chinese Spring x UC90
(2 hybrids) 2 , L
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Table. VII

The distribution of terminal heterochromatin in ring
bivalents, rod bivalents and univalents in seven
hexaploid triticales

Triticales ranked according to the mean

Type of : pairing shown in Table VI
chromosomes
association 1 2 3 4 5 6 7

Ring bivalents

Chromosomes
with:

2 terminal
bands 12 8 13 32 0 9 2

1 terminal

band T 27 34 33 66 15 52 23

0O terminal '
band 89 110 129 274 65 287 92

% banded/ ,
total 30.47 27.63 26.28 26.34 18.75 17.53 21.3%6

Rod bivalents

- 2 terminal
bands 19 12 36 57 7 3L 21

1 terminal

band, hetero-

chromatic arms _
unpaired 38 39 90 113 25 111 37

1 terminal
band, hetero-
chromatic arms

paired 6 2 8 7 2 9 2
0O terminal :
band 28 6, 32 45 15 53 L7

% banded/
total 69.23 89.83 80.72 79.73 69.39 74.40 56.07
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Type of
chromosomes
association

- Triticales ranked according to the mean
pairing shown in Table VI

2

3 4

Univalents

"2 terminal
bands

1 terméinal
band

0 terminal
band

% banded/
total

18

23

97.62

28

17

88.24

70 116
75 70

13 21

91.77 89.85

17

12

100

105

32

74

33

15

80.56 86.49 87.70
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Table VIIT

Frequency distribution of positions of rod
‘bivalents along the MI plate of cells:
of Prolific rye

Position 1 2 3y 5 6 7

Frequency 36 22 12 15 2L 21 31

1To construct this table the chromosome associations
along the metaphase plate were numbered 1 through 7 from
left to right. If a particular position was occupied by
a rod bivalent it was counted and entered in the table.
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Table X

Average terminalization in four arbitrary
-pairing ranges of triticale
telocentric chromosomes

Pairing | Terminalization
(%) . score - Type of telocentric
95 - 100% (7 telos) 3.70 " nonheterochromatic
90 - 95% (6 telos) - 2.56 . nonheterochromatic
65 - 90% (6 telos) 2.25 . nonheterochromatic

0 - 35% (4 telos) 2.98 heterochromatic




Figure 1. Diagram of the seven types of heteromorphic
bivalents. :






Figure 2. Frequencies of ring bivalents in the parents
of triticale and their backcrosses to it. AABRB:
5 varieties AABBR: 3 crosses; ABRR: 3 crosses,
2 or more hybrids per cross; RR two varieties, 6
plants per variety. Data on the vartical axis are

unpooled mean percentages.
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Figure 3. Giemsa stained MI of rye showing seven hetero-
chromatic bivalents. Bar is 20 um.

Figure 4. Giemsa stained MI of triticale with seven hete-
rochromatic rye bivalents, shown by numbers 1 to 7.
Magnification as Figure 3.

Figure 5. MI in Stewart '63 x Rosner telocentric 31 show-
ing unpaired telocentric chromosome (arrow). Bar
is 25 um.

Figure 6. MI in.telocentric stock 102 x Anza, Showing
heteromorphic bivalent (arrow). Magnification as
Figure 5. : '






Figure 7. MI in telocentric 34-A x Rosner. Arrow points
to the paired, unbanded telocentric chromosome. Note
the band present on the opposite arm of the intact
homologue. Bar is 20 um.

Figure 8. MI in telocentric 34-B x Rosner. Arrows point
to the banded telo which is unpaired, and to the
intact homologue which is also univalent. Mag-
nification as Figure 7.






Figure 9. Pairing rates, in triticale, of wheat and rye

- chromosomes with (banded) and without (unbanded)
heterochromatin. Data from indirect analysis of
Table VI. Horizontal axis shows total chiasmata
per cell.



CHIASMATA PER ARM PAIR x 100

100

80

60

40

20

58

RYE
UNBANDED

RYE
BANDED

32 34 36 38 40
| TOTAL CHIASMATA



59

References

BROWN, S. B. 1949, The structure and meiotic behavior
of the differentiated chromosomes of tomato. Genetics
3Li437-461

FOX, D. F., CARTER, K. C. and HEWITT, G. M. 1973.
Giemsa banding and chiasma distribution in the desert
locust. Heredity 31:272-276.

JOHN, B. and LEWIS, K. R. 1965. The meiotic system.
Protoplasmatologia 6:1-206,

KLASTERSKA, I., NATARAJAN, A. T. and RAMEL, C. 1974.
Heterochromatin distribution and chiasma localization in
the grasshopper Bryodema tuberculata (Fabr.) (Acrididae).
Chromosoma 44:393-40

LARTER, E. N. and SHIGENAGA, S. 1971..'Further evidence
of the derivation of univalents in hexaploid triticale.
Can. J. Genet. Cytol. 13:895-898.

LARTER, E. N., TSUCHIYA, T. ahd EVANS, L, E. 1968.
Breeding and cytology of Triticale. Proc. 3rd Int. Wheat
Genet. Symp., Canberra, Australia, pp. 213-221.

MERKER, A. 1973. Identification of aneuploids in a
line of hexaploid Triticale. Hereditas 74:1-6.

MﬁNTZING, A. 1957. Cytogenetic studies in rye-Wheat
(Iriticale). Proc. Int. Genet. Symp., Cytologia (Supp.),
PP, 51-56. :

PIERITZ, W. J. 1970. Elimination von Chromosomen in -
amphidiploiden Weizen-Roggen-Bastarden (Triticale).
Z. Pflanzenziichtg. 64:90-109.

SANCHEZ-MONGE, E. 1958. Hexaploid Triticale. Proc.
First Int. Wheat Genet. Symp., Winnipeg, Manitoba,
pp. 181-194, :

SHIGENAGA, S., LARTER, E. N. and MCGINNIS, R. C. 1971.
Identification of chromosomes contributing to aneuploidy

in hexaploid triticale, cultivar Rosner. Can. J. Genet.
Cytol. 13:592-596. :



THOMAS, J. B. and KALTSIKES, P. J. 1972. Genotypic and
cytological influences on the meiosis of hexaploid
triticale. Can. J. Genet. Cytol. 14:889-898.

THOMAS, J. B. and KALTSIKES, P. J. 1974. A possible
effect of heterochromatin on chromosome pairing. Proc.
Natl. Acad. Sci., U.S.A. 71:2787-2790.

WEIMARCK, 2. 1974. Elimination of wheat and rye chromo-
somes in a strain of coctoploid Triticale as revealed by
Giemsa banding technique. Hereditas 77:281-286.

60



61

A BOUQUET-LIKE ATTACHMENT PLATE FOR TELOMERES IN
LEPTOTENE OF RYE REVEALED BY HETEROCHROMATIN

STAINING

J.B. Thomas and P.J. Kaltsikes

Department of Plant Sc1ence, Unlver51ty of Manitobka,
Winnipeg, Manitoba R3T 2N2, Canada

Published in Heredity,
Volume 36, pages 155-162

Contrlbutlon Number 417, Department of Plant Science,
, Unlver51ty of Manltoba, Winnipegq,
Manitoba R3T 2N2, Canada

Manuscript receieved February 25,
1975



62

A BOUQUET-LIKE ATTACHMENT PLATE FOR TELOMERES IN
LEPTOTENE OF RYE REVEALED BY HETEROCHROMATIN
STAINING

Abstract
Using a "C" banding technique the behaviour of the

heterochromatic telomeres of rye (Secale cereale L.) was

followed throughout the meiotic cyéle. Mérked aggrega-
tion of these telomeres occurred during leptotene con-
currently with nucleolar fusion. A conspicuous chromo-
centre was formed at the nuclear membrane, often in
association with the single nucleolus. Telomefe groupings
at later stages, which derived from this chromocentre,
included nonheterochromatic telomeres which indicated
that the association did not depend on the presence of
heterochromatin. ‘

This aggregation of the telomeres at the nuclear
membrane makes leptotene in rye comparable to published
reports of the leptotene bouquet, even though charac-
teristic polarisation of the chromosome segments close to
the bouquet attachment plate was not seen in rye.

Because telomere aggregation is often associated with

nucleolar fusion, it is concluded that similar attachments
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are formed when nucleoli fuse at meiosis of hexaploid
wheat, although, because of the absence of heterochromatic

telomeres in wheat, no chromocentres are observed.

Introduction

Formation of the leptotene bouquet is believed to
occur when points at which the chromosomes are attached
to the nuclear membrane become concentrated on a restricted
area of thé nuclear membrane (attachment plate of Kauf-
mann, 1925); in most cases this grouping seems to involve
the telomeres (Wilson, 1934). At some point in time the
régions of the chromosome adjacent to this attachment
plate may become oriented parallel to one another and
perpendicular to the attachment plate (Marengo, 1949),.
or they may acquire a "whirling" appearance around the
attachment plate (Hiraoka, 1941).

Synapsis‘is usually reported to begin in the chromo-
some regions close to the attachment plate and to spread
along the polarised threads toward the interior of the
nucleus (Darlington, 1937; Hiraoka, 1941; Wilson, 1934).
Since the bouquet is usually recognised from the charac-
teristically polarised éhromosomés, it should be borne in
mind that there is‘éome degree of polarisation in any
interphase nucleus. Because the centromeres are drawn
to the pole at'anaphase, the nuclei begin interphase with

- the centromeres élosely grouped at the polar end of the
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nucleus and with the telomeres grouped at the other
end (Rabl orientation) (Rieger et al., 1968).

Absence of typicai bouquet polarisation does not
preclude the possibility that the telomereé do become
ﬁightly grouped in early prophase, Among the grasses the
telomeres seem to be important in determining the choice
of a pairing partner and the patterns of synapsis
(Burnham et al., 1972; Kasha and Burnham, 1965; Michel and
Burnham, 1969). Perhaps the grouping of the telomeres
is an essential‘feature'of leptotene in these species in
spite of the absence of an easily recognised bouquet
polarisation.

The species Secale cereale L. (rye) possesses large

heterochromatic blocks located on most of the telomeres
of its seven pairs of chromosomes. Since a specific
stain now exists for this type of heterochromatin (Sarma
and Natarajan, 1973) and since the amount of intercalary
heterochromatin is small, any clustering of the telomeres
into a bouquet-like arrangement should be very easy to
detect. Consequently, we examined pollen mother cells
(PMC) of rye stained by this method to see if aggregation
of the terminal heterochromatin occurred at any point in

the meiotic cycle.

Materials and Methods

Inflorescences of Secale cereale L. (cv. Prolific

and a bulk population of fall rye) were fixed in Carnoy's II



65

for 1 to 24 hours and then placed in 70% alcohol.

Columns of ta?etal and pollen mother cells (PMC) from one
anther per floret were extruded into acetocarmine to
determine the meiotic stage. The dther two near synchro-
nous anthers from the floret were-then squashed in 45%
acetic acid. These latter slides were stained using a
standard "C" type heterochromatin schedule (Thomas and
Kaltsikes, 1974). The stain used was either Giemsa or

Leishman's.

Results

The most useful criterion of meiotic sequence lies
in the developmental gradients that occur along the spikes
éf’rye. bThese pass from old in the centre spikelets to
young in the spikelets at the base and apex. Anthers in
‘which the archesporium was non-mitotic but the tapetum
was highly mitotic were in pre-meiotic interphase (Figs. 1
and 2). Sometime after the tapetum was synchronised (the
tapetal nuclei became uniform in size and non-mitotic) PMC
énteréd leptotene (Figs. 3 and 4). The frequency of
~ nucleoli per PMC fell during leptotene such that by
zygotene there was only one nucleolus in each cell. The
tapetum in all cases divided synchronously during zygotene.
Zygotene (Figs. 5-8) was followed by pachytene (Figs. 9-11)
which was followed by typical diplotene (Fig. 12) with no
sign of a schizotene stage or a diffuse stage. Conse-

quently the overall sequence'of meiotic development in rye
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(Figs. 1-13) was found to agree with that described for

hexaploid wheat (Iriticum aestivum L.) by Bennett et al.

(1973) except for the question of the period of nucleolar
fusion. In this respect we agreed with Darvey and
co-workers who concluded that nucleolar fusion does occur
during leptotene of hexaploid wheat (Darvey, 1972; Darvey
et al., 1973). In contrast, Bennett (Bemnett et al.,
1973; Bennett, quoted in Shepard et al., 1974) reported
‘that nucleolar fusion occurs prior to leptotene in hexa-
ploid wheat. |
Since the slides stained for heterochromatin were
pre-classified for their meiotiévstage, cyclic change in
the distribution of the telomeric heterochromatin was
assessed without bias. During the pre—meiotic interphase
the terminal "CY bands were either distributed in one
half of the nucleus in association with the nucleoli
(Fig. 1), or were distributed right across the flattened
nucleus (Fig. 2). These two afrangements were probably
equatofial and polar views of a persistent Rabl orientation
established at anaphase'of the last pre-meiotic mitosis.
In many cells a dark staining diffuse area was also noted
in addition to the intensely staining and condensed
telomeres. Where the telomeres were distributed in one
half of the nucleus this dark staining region was-
restrictéd to the opposite half (Fig. 1). This bipolar
’appearance'was also noted in PMC in early meiotic prophase

(compare Fig. 1 with Figs. 3 and 4), and in interphase
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tapetal cells (Figs. 14 and 15) and in somatic cells
generally. Since in all these cases the dark staining
diffuse region of the nucleus was found to lie opposite
the interphase telomeres we believe that it represents
that part of the nucleus fhat was formed from the polar
area. Anaphase‘convergenoe of the proximal regions into
the pole would result in a high density of euchromatin
around the centromeres. The oriehtation of sister nuclei
within the binucleate tapetal cells also suggested that
the interphase centromeres were located in this dark
staining diffuse area. Immediately following the Syn-
chronous tapetal mitosis most nuclei were arranged with
their telomere region facing the sister nucleus, and with
the dark staining diffuse area orientated away from their
sister nucleus and toward the pole position (Fig. 14).
The Circular'distribution of nuclear orientations within
the binucleate tapetal cells shows that just after the
synchronous tapetal mitosis the dark staining diffuse
area lay almost exclusively within the polar quadrant
(Fig. 16). Strong association between the pole of the
cell and this area of the nucleus immediately following
anaphase confirms the idea that it indicates the position
d the centromeres within the interphase nucleus. Later on
(by firét meiotic metaphase) the orientation of this
"centromere area' was nearly random relative to the loca-

tion of the sister nucleus (Figs. 15 and 16). Since the
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anaphase orientation of the nucleus was not conserved
some rotation of the nucleus probably occurred during
interphase.

As the PMC passed through the beginning of meiotic
prophase there was marked aggregation of the hetero-
chromatic telomeres in the same area'of the nucleus that
~was occupied by the telomeres in interphase (Figs. 3 and
4). This aggregation resulted in the formation of a
single large chromocentre and was accompanied by progres-
sive fusion of the nucleoli so that in the end each PMC
exhibited one very prominent heterochromatic body, often
closely associated with the single nucleolus and located
at the nuclear margin (Figs. 5 and 6). Although associa-~
tion between the nucleolus and the chromocentre was noted
in most cells it was not present in all (Fig. 5).
Injection of a 0.1% soiution of colchicine into the boot
three days before fixation blocked the formation of the
chromocentre in rye. The chromocentre persisted well into
the period of chromosome synapsis (Fig. 7), but later on
it began to break up before the béginning of pachytene
(Figs. 8-12). However telomere groupings were found in
many pachytene nuclei (Figs. 9 and 10) and in diplotene
most nuclei showed close end-to-end associations bétween
two or more bivalents (Fig. 12). Non-heterochromatic
telomeres were found both in telomere groups at pachytene

(Fig. 10) and in the end-to-end assocations of diplotene.
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Statistical analysis of 26 end-to-end associations of two,
three or four telomeres at diplotene, in a plant which
exhibited 10 heterochromatic telomeres, showed that
heterochromatic and non-heterochromatic telomeres partici-
pated in these associations as expected on the basis bf

10 heteroohromatic telomeres to four non-heterochromatic.
Therefore it is likely that non-heterochromatic telomeres
were also included in the chromocentre that was formed

earlier. -

Discussion

The Attachment Plates in Rye and Wheat

Heterochromatin staining reveals that during early
meiotic prophase the telomeres of rye chrémosomes acquire
a remarkable property that results in their becoming tightly
grouped at the nuclear membrane. It could be argued that
rye is a special case and that the chromocentre is an
example of non-specific groupings of heterochromatic loci
(Walters, 1970). However, the presence of non-
heferochromatio telomeres in the telomere'groupings of
pachytene and diplotene suggest that it was indeed telo-
meres whiéh aggregated and not merely the associated
heterochromatin. This tight grouping of the telomeres at
leptotene is comparable.to the attachment plate in other,
more obvious bouquets. On the other hand, the typical

bouquet appearance with parallel or spiral arrangement of
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the near terminal chromosome segments was not Seen in
fyé. Consequently, without the terminal heterochromatin
as a marker for the chromosome ends the grouping of the
telomeres might well have gone unnoticed. Since the
chromosomes of wheat lack this pronounced heterochromatin
it is interesting to note that some pérallels exist
between the cryptic bouguet in rye and the process of
nucleolar fusion in wheaf. A

In hexaploid wheat there ére two pairs (1B and 6B)
of conspicuously satellited chromosomes (Gili et al., 1963)
which are the most‘actiﬁe among the nucleolus organising
chromosomes (Crosby, 1957; Longwell and Svihla, 1960);
4their nucleolus organising regions (NOR;S) are probably
exclusively responsible for the maximum of four lafge
nucleoli that is usually found in wheat (Darvey and
Driscoll, 1972).

 In the course of meiosis the mean number of nucleoli

per cell is reduced to one before. or during leptotene
(Bennett et al., 1973; Darvey, 1972; Darvey et al., 1973).
- This common nucleolus lies adjacent to the nuclear margin
(Bennett et al., 1973). Subsequently two bivalents are
generélly seen attached to the single nucleolus at dia-
kinesis (Darvey, 1972) which shows that dﬁring leptotene
all four NOR's are brought to a common region of the
nucleus, adjacent to the nuclear membrane. Secondary

constrictions are close to the short-arm telomeres in both
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wheat (Gill et al., 1963) and rye (Heneen, 1962) so perhaps
the short-arm telomeres have a role in nucleolar fusion.
Strong association between the fused rye nucleolus and the
telomere attachment plate was noted earlier. It is plain
that the strange behéviour of wheat nucleolus organisers,
whereby both homologous and non-homologous nucleoli all
fuse together, éan be explained if we assume that wheat
chromosomes participate in an attachment plate similar

‘to that noted in rye. Inclusion of the telomeres on

1B° and 6B° in such a bouquet could bring all four NOR's
sufficiently close together to guarantee complete nucleolar

fusion close to the nuclear membrane.

Chromosome Association and the Bouguet

| What could be the significance of the leptotene
aftachment plate in rye. One obvious possibility is that
it represents a process whereby  homologous chromosomes
locate one another prior to detailed synapsis. Since
chromosome association in wheat x triticale (unpublished)
and formation of the bouquet (in rye) are both inhibited
by colchicine and since both occur in the same general
period of meiosis they seem to be different aspects of the
-same process. Formation of the bouquet seems to be achieved
by an organising centre (pole determinant) in the cyto-
plaém of the PMC adjacent to the tapetum. The same
organising centre may also be concerned with the control

of pore development. Dover (1973) noted severalkiines of
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~evidence that indicated a connection between pore abnor-
malities and unusual pairing conditions in the cereals.
High levels of homoeologous pairing were associated with
multi-pore pollen whereas colchicine induced asynapsis |
was associated with poreless pollen. Formation of the
pore in Sorghum, another grass (Chrisfensen and Horner,
1974) occurred at the four poiﬁts of contaét betwéen

the quartet and the inner wall of the tapetum. This is
the same region of the cytoplasm which was'assooiated
with the formation of the heterochromatic aggregate.

These considerations suggest that the control of chromo-
some pairing is integrated into a much wider scheme of
dévelopﬁental control which also regulates fhe axes of

- meiotic division and the normal development of pollen ’
(Dover, 1972, 1973). It also seems likely that this overall
control is reguléted by a colchicine sénsitive organising
‘centre located ih the PMC between the nucleus and the
tapetum. Whereas Dover concluded that pore formation and
chromosome pairing were both inhibited by colchicine in

Gy (Dover, 1972; Dover and Riley,’1973), our data as

well as those of other authors (Barber, 1942; Darvey, 1972;
Dermen, 1938; Levan, 1939; Shepard et al., 1974; Walker,
1938) indicate that colchicine can act on pairing, and

possibly pollen pore formation, as late as G2/leptotene.
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Formation of the Attachment Plate

With these ideas in mind it is worth pointing out
some features that have been reborted concerning both the
telomeres and the formation of the leptotene bouquet. 1In
the presence of a leptotene bouquet in both Psilotum
(Hiraoka, 1941) and Onoclea (Marengo, 1949) the entire
leptotene nucleus was displaced toward the cell margin on
the side of the attachment plate. Thus there seemed to
be some mechanical interaction between nucleus and
cytoplasm associated with the bouquet. In general, where
there is a centriole present in the cytoplasm it is found
close to the attéchment plate of the bouqnet (see esp.
Hughes-Schrader, 1943; Wilson, 1934). Hughes-Schrader
(1943) reported a series of changes in astral activity
around the centriole that correlated with the polarisa-
tion of chromosomes within the prophase nucleus. Initially
the attachment plate of the leptotene bouquet was formed
- close by an active centriole complex (aster) in the cyto-
plasm, but after the’aster‘disappeared in mid-prophase,
bouquet polarisation was lost. However, when the asters
reappeared in diplotene the telomeres regained'their
ability to polarise the bivalents toward the aster.
Finally polarisation by the telomeres lapsed about the
time that the nuclear membrane was dissipated (diakinesis).
At the same time the centromeres became active and began
to orient the bivalents for meiotic metaphase. These

results suggest that during the meiotic cycle the telomeres
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might have the ability to interact with a spindle-like
system in the cytoplasm but only through association with
the nuclear membrane. In fact centromere-like activity
(neocentric activity) of particular telomeres has also
been found in the meiosis of rye. In certain inbred
lines of rye these telomeres are able to polariée part
or ail of thé chromosomes to one pole or the other, but
only during the two meiotic divisions (Prakken and
Muntzing, 1942; Rees, 1955). Incomplete removal of
membrane material from the telomeres after meiotic pro-
bhase could allow the telomeres to retain properties nor-
mally concerned with formation of the bouquet attachment
plate, and to behave like single centromeres on the
meiotic spindle (Ostergren and Prakken, 1946).

Bennett et al. (1974) reported that bundles of 20 nm
fibres appear within the PMC nucleus during pre-meiotic
interphase of hexaploid wheat. Some of these bundles
Were found in the nérrow gaps between the chromosomes
and the nuclear membrane. The authors suggested that this
material could be a spécific struqture involved in
meiotic interaction between the nuclear membrane and the
chromosomes.

Other Meiotic Systems

In summary, detection of a cryptic bouquet stage in
rye and its inferred existence in wheat suggests that

bouquet arrangements may be more widespread than has been
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suspected hitherto. 4It is possible that the formation of
an attachment plate in leptotene corresponds directly to
the colchicine sensitive pairing activity that‘has been
detected in wheat.

However, despite the emphasis that we have placed
on telomeres in the present discussion, in different |
meiotic systems other parts of the chromosome could be
drawn to the attachment plate. Furthermore, since colchi-
cine sensitive activity is not essential for synapsis
provided chromosome segments are close enough to one
another (Driscoll and Darvey, 1970; Driscoll et g;.,'
1967) it follows fhat a leptotene attachment plate might
be redundant in species exhibiting iﬁtense somatic
‘association. These simple considerations may explain
much of the divergence between different accounts of

‘meiosis (cf. McClung, 1927 Wenrich, 1917).
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Figures 1 and 2. PMC, pre-meiotic interphase (bar on
Fig. 1 is 25 pm).

Figures 3 and 4. PMC, leptotene nucleolar fusion

Figures 5 and 6. PMC, early zygotene (Fig. 5: arrows
indicate chromocentres (stained) and nucleoli
(unstained); bar is 50 pm. Fig. 6: bar is
200 pm). (Figs. 1-5 are fall rye bulk, stained with
Giemsa; Fig. 6 is Prolific, stained with Leishman s.
Figs. 2-4 are same magnification as Fig. 1.)
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Figure 7. PMC, mid zygotene.
Figure 8. PMC, late zygotene.
Figure 9. PMC, early pachytene.

Figure 10. PMC, mid pachytene (arrows with open heads
indicate non-heterochromatic telomeres, arrows with
solid heads indicate heterochromatic telomeres).

Figure 11. PMC, late pachytene.

Figure 12. PMC, diplotene (this cell contains five
ring bivalents with a band on both ends and two ring
bivalents with a band on one end only).

Figure 13. PMC, first meiotic metaphase (this cell
contains five ring bivalents of which three have a
band on one side only and two have a band on both
sides; of the two rod bivalents, one has bands on
both the paired and unpaired arms and the other has
a band only on the unpaired arm. This latter band
shows clear heteromorphism between the homologues,
-the top chromosome carries no prominent hetero-
chromatin at all (arrowed). (Figs. 7 and 12 are
Prolific, rest are fall rye bulk; Fig. 13 is
stained with Leishman's and has the same magnifica-
tion as Fig. 5 (Plate I) rest are stained with
Giemsa and have same magnification as Fig. 1.)
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Figure 14. Random sample of interphase binucleate tapetal
cells from an anther still containing cells in the
synchronous tapetal division. (Bar is 20 um).

Figure 15. Random sample of binucleate tapetal cells
from an anther in first meiotic metaphase. (Magn.
same as Fig. 14. This anther was probably 24-36
hours later in development than that illustrated in
Fig. 14. Both anthers were from the same spikelet
of fall rye and both are stained with Giemsa.)
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F16. 16.—The circular distribution of nuclear orientations in binucleate tapetal cells at
two different stages of devclopment. (Nuclear orientation represents the angle of
the dark staining diffuse area about the nuclear centre. Estimates to the nearest
sixteenth of a clockwise revolution were made from the intersection of the nuclear
margin with the axis joining the two nuclear centres. These data were obtained from
the photomicrographs in figs. 14 and 15 by an independent observer after the photos
were coded and randomised.) -
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THE EFFECT OF COLCHICINE ON CHROMOSOME PATIRING
Abstract

Beginning at 120 hours prior to first metaphase of
meiosis (MI).a 0.03% aqueous solution of colchicine was
injected into the boot of pentaploid (hexaploid triticale
x tetraploid wheat) hybrids developing at 20° C + 1 under
- continuous illumination. Colchicine applied 40 h or less
prior to MI had no effect on chromosome pairing, while
its applicatioh 40 h or more prior to MI induced a Steady
decline, culminating in a 40% reduction in chromosome
pairing at about 80 h from MI. Between 48 and 35 h before
MI (late premeiotic interphase to early zygotene) meio-
cytes underwent a period of active nucleolar fusion. The
time, therefore, at which the colchicine-sensitive aspects
of chromosome pairing were completed coincided with the
completion of nucleolar fusion. From comparison with
other findings, it was concluded that there is a colchicine-
sensitive bouquet stage which appears in 1éptotene and
early zygotene; this bouquet is responsible for active
nucleolar fusion and final close association between

homologous chromosomes.
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Introduction

In hexaploid wheat there are two pairs of conspicu-
ously satellited chromosomes (Gill et gl;, 1963). These
two pairs (1B and ©€B) COrrespond‘to chromosomes SAT 1
and SAT 2 of tetraploid wheat (Giorgi and Bozzini, 1969)
and they are also prominent in hexaploid triticale (Merker,
1973; Shigenaga and Larter, 1971). Chromosomes 1B and 6B
are the most active among the nucleolus organising
chromosomes of wheat (Crosby, 1957; Longwell and Svihla,
1960), and their nubleolus organising regions are probably
exclusively responsible for the maximum of 4 large
nucleoli'found in common wheat (Darvey and Driscoll, 1972)
and the maximum of four nucleoii found in tetraploid
wheat and hexaploid triticale (Thomas and Kaltsikes, in
preparafion).

In hexaploid wheat, cells in the premeiotic inter-
phase contain one to several nucleoli (Behnett et al.,

1973; Darvey, 1972). In the course of meiosis, the
| average number of nucleoli per cell is reduced to one by
a process of active nucleolar fusion. Active nucleolar
‘fusion occurs before or during leptotene (Bennett et al.,
19735 Darvey, 1972; Darvey et al., 1973) such that by

late zygotene and pachytene there is only one nucleolus
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per cell which lies adjaqgnt to the nuclear membrane
(Bennett et al., 1973). Subsequently, two bivalents are
seen attached to the single nucleolus at diplotene and
diakeneéis (Darvey, 1972) which means that during nucleolar
fusion all four nucleolus organisers are brought to a
common region of the nucleus, adjacent to the nuclear
'membrane.

Active nucleolar fusion is therefore a Singular
process bn two counts. Firstly, it’cannot be simply
dismissed as being related to synapsis, because homologous
and non-homologous nucleoli all fuse together. Secondly,
the process is highly efficient which suggests that it
reflects an important activity of the meiotié nucleus.

- Because the nucleolus.organising regions are close
to the short arm telomeres in both the principal nucleolus
organising ohrdmosomes, it follows that the process of
nucleolar fusion could be accounted for by the formation
of a bouquet. By drawing the telomeres together, a
bouguet stage would bring all four nucleolus ofganising
‘regions close enough tegether to guarantee complete
nucleolar fusion close to the nuclear membrane. Bougquet
formation has been described in cultivated rye, which is
a close'relative of wheat (Thomas and Kaltsikes, 1976a).

Colchicine-sensitive pairing activity in wheat and
its relatives is believed.to represent an association

process that brings homologous chromosomes into close
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proximity as a preiiminary to synapsis and cfossing over
(Darvey, 1972; Driscoll and Darvey, 1970; Driscoll et al.,
1967;.Dover and Riley, 1973). Because nucleolar fusion
in wheat (Darvey,bl972) and bouquet formation in rye
(Thomas and Kaltsikes, 1976a) were both sensitive to
colchicine, Thomas and Kaltsikes (1976a) suggested that
both active nucleolar fusion and bouquet formation were
visible aspects of colchicine-sensitive pairing behaviour.
This report describes experiments that examine the
relationship between active nucleolar fusion, colchicine-
sensitive pairing activity, and‘the meiotic cycle in

hybrids between durum wheat and hexaploid triticale.
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Materials and Methods

The plants used in this study were pentaploid
hybrids obtained by crossing durum wheat (Triticum
turgidum L. em. Bowden cv. Stewart '63) with hexaploid

triticale (x Triticosecale Wittmack) cv. Rosner and

University of Manitoba accession 6A391 [T. aestivum L. em

Thell. cv. Tetra-Prelude (AABB) x Secale cereale L. cv.

Prolific]). Material was maintained‘as vegetative clones,
and grown at 20° C under constant illumination. Only 35
chromosome plants were used and the karyotypé was repeat-
edly checked from the meiotic pairing relationships. At
MI these plants show full pairing of wheat génomes (AABB)
accompanied by 7 rye univalents (R). Only one case of a
‘somatic change was detected from 14 II + 7 I to 13 II +

1 iso + 8 I. This plant was discarded.

All observations pertaining to tapeta and to
premeiotic and meiotic archesporia were made on cells
obtained by extruding the columns of tapeta and archesporia
into acetocarmine stain. Gentle tapping of a supported
cover glass then separated the tapeta into sheets.and the
archésporia into cylindrical columns. Using this tech-
nique there was no possibility of confusion between wall

cells, tapetal cells and archesporial cells.
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Meiotic intervals were timed by a procedure déscribed
by Bennett et al. (1971). Three to five spikelets were
sampled from the central region of one side of the spike,
through a door cut in the leaf sheathes, and these were
placed in Carnoy's fixative. The door was repiéced with
adhesive tape and the entire spike was allowed to continue
its development. After a measured interval the entire
spike was fixed. Stages present on one side of thevSpike
at the time of sampling were compared with stages present
in the spikelets on the other side at the time of spike.
fixation; Data on meiotic timing represent observations
from a total of 1,712 florets from 207 spikes.

Data from the timing experiments were interpreted
according to logical‘criﬁeria that take into account the
developmental gradients that exist within the spike.
These gradients are such that oldest stages are found in
the central spikelets with younger stages toward the base
and apex. The most precise criterion was found to be a
"two oldest florets criterion" which assumes that the
most advanced floret at the time of sampling was at the
same point in development as the most advanced floret
encountered at the time of fixation. However, other
criteria are also possible (Bennett et al., 1971).

The meiotic cycle was timed in relation to a
“sequence of nine recognisable events that were considered

as fixed points in the cycle. The cycle began with the
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cessation of mitoses in the archesporium and ended with
MII (Table I). The durations of the eight.developmental
segments between the nine events were estimated from the
raw data by least squares procedures as outlined by |
Roupakias and Kaltsikes (1977).

.The time course of nucleolar fusion relative to MI
was determined in the following way. The average number
of nucleoli per meiocyte (80-150 cells sémpled over 2 to
3 anthers per fléret) was determined from spikelets,
sampled according to the timing procedure described
above. The sampled spike was then fixed after a measured
‘time interval. The floret with the highest level of
nucleolar fusion (lowest average number of nucleoli) at
the time of spikelet sampling was then compared with the
most advanced floret on the other side of the spike at
~the time the entire spike was fixed. If the development
within the spike indioated that tﬁe floret with the
highest level of nucleolar fusion would have not yet
reached MI this observation was graphed in Figure 1 as
the symbol <. However if this floret would have reached
MI in the time interval, or passed it, then the level of
nucleolar fusion was graphed as the symbols = orv>
respectively.

The procedure outlined by McLeish and Sunderland
(1961) with a hydrolysis time of 7 minutes was used for

the estimation of DNA content with a Barr and Stroud GN2
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integrating microdensitometer.

In order to study the effect of colchicine on
chromosome pairing, 0.03aqueous solutions of colchicine
were injected into the boot (sheath of the flag or last
leaf which contains the spike) for varying periods before
fixation. Colchicine was injected upwards, from below
the spike, to fill the entire boot so that colchicine
emerged at the junction of the flag leaf and its sheath.
Excess solution drained from the injection hole leaving
the exterior of the spike wet with colchicine. The con-
centration of 0.03% was selected from preliminary trials
aé being low enough to avoid killing the spike quickly
but still high enough to give a high level of pairing
inhibition.

Colchicine did not penetrate the interior of the
florets directly. To assess the rate at which colchicine
penetrated to the anthers, a study was made of the time
required for C-mitoses to appear in the anther filament,
the tapetum and the mitotic archesporium of primary
and secondary florets of injected spikes. |

The number of pairs of chromosome arms which carried
chiasmata (X), and the number of paired chromosomes (B)
were recorded at MI at different intervals after injection
of colchicine, from anthers of the primary and secondary
florets. Because the‘piants were maintained in a constant

environment, all trends in pairing must represent an
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effect of injection; The injectioﬁ of water alone had no
effect on B or X at MI between 24 and 72 hours after
injection. The ploidy state of the tapetal cells at MI
was also recorded.

Chromosome pairing is a two-étep process (Darvey,
19725 Driscoll and Darvey, 1970). First, in the associa-
tion step, homologous chromosomes must find one another;
and second, in the synapsis/chiasma formation step, they
synapse and may form chiasmata. According to Darvey (1972),
only the association step is sensitive to colchicine.
Therefore to properly assess the effect of colchicine on
chromosome pairing a distinction must be made between the
number of chromosomes which associate with their homologue
(P) and the number of chromosomes which continue beyond
the association step to form chiasmata. Consequently,
the MI raw data on chromosomé pairing have to 56 analyzed
in such a way that the effect of colchicine, if any, on
either or both steps of chromosome pairing can be assessed.
To do so, the following formula (given as formula 11 in
the Appendix) was developed to relate P (the maximum
number of chromosomes which complete the association
step of chromosome pairing) to Xg (total sum of pairs
of chromosome arms paired), Bg (total number of paired
chromosomes) and Z (number of cells examined):

2

Xg” + (Xg - Bg)7Z

P = (2Xg - Bg)Z
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Results and Discussion

Active Nucleolar Fusion

Pollen mother cells (PMC) in the premeiotic inter-
phase contained one to four nucleoli (Fig. 2). At early
stages of leptotene, nuclei contained one to three
nucleoli (Figs. 3 and 4). At diakinesis, two pairs of
nucleolus organisers wefe'found attached to the nucleolus
(Fig. 5). |

Leptotene lasted 8 to 9 h, from about 45 hours
before MI to about 37 hours before MI (Tables I and II).
Reduction in the number of nucleoli occurred during this
same period of the meiotic cycle (Fig. 1). About 48 hours
before MI there were 2.0 to 2.2 nucleoli per nucleus.

This value declined steadily'until about 35 hours before
MI there was only one single nucleolus per nucleus.

Bouquet formation occurred during leptotene/late
nucleolar fusion in hexaploid triticale (nucleolar fusion =
1.5 to 1.2, Figs. 7 and 8), just as it did in rye (Thomas
~and Kaltsikes, 1976a). In rye, formation of the bouquet
occurred around the margin of‘a circle, laid out on the
surface of the nucleus (Fig. 9). This locus of aggrega-

tion was orientated outward, toward the exterior of the
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PMC column, i.e. toward the archesporium/tapetum interface
(Fig. 10).

In the hybrids between durum wheat and hexaploid
triticale, zygotene lasted 16-17 h from about 37 hours
before MI_until about 20 hours before MI (Tables I and II1).
In many céses synapsis was first observed around the
nucleolus (Fig. 11).

PMC of Stewart '63 x 6A39l, with an average of 1.5
nucleoli per nucleus (about 40 hours bef@re MI; Fig. 6),
contained the full 4C amount of DNA (Table III), whereas
PMC from anthers showing the last asynchronous mitoses in
the tapetum (mitotic index of tapetum = 1 to 2%; about
58 hours before MI; Table I), contained DNA values

intermediate between 2C ahd 4C (Table III).
| Therefore the process of nucleolar fusion begins
Just prior to leptotene, occurs concurrently with bouquet
formation in rye and triticale, ends in zygotene and does
not seem to be associated with the S period (c.f. Bennett

et al., 1973; Darvey et al., 1973).

The Effect of Colchicine

Enough colchicine to inhibit mitoses quickly pene-
trated the anther aftér injection (Table IV). The minimum
time for C mifoses to appear in the anther filament was
about 2 hours, and by 6 hours colchicine wasvpresent in

mitotically active concentration within the anthers of
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more'than 50% of florets (Table Iv). No}cases were
observed where mitoses were inhibited in the tapetum but
were not inhibited in the archesporium or in the anther
filament. Therefore colchicine must have entered the
anther along the anther filament and the premeiotic
archesporium was as accessible to colchicine as the
tapetum.

Nucleolar fusion was inhibited by colchicine. For
example, one floret at the synchronous mitosis (Figs. 12
and 13), normally expected to show dnly one nucleolus
per nucleus (Table I; Fig. 1), in the presence of
colchicine contained 57 nucleoli in 40 cells (nucleolar
fusion = 1.@3).

C-mitoses and polyploid nuclei were observed in the
anther filament (Figs. 14 and 15); the tapetum (Figs. 12,
13 and 16), the archesporium (Fig. 17), the anther wall,
and somatic cells generally. ' However the spindle of the
first and secénd meiotic metaphases were never observed
to undergo inhibition, even up to 5 days after injection
with 0.03% colchicine (Figs. 18 and 19). Chilling
entire spikes of durum wheat and hexaploid triticale in
iced water for up to 3 days, also inhibited the various
somatic and premeiotic~spindles, but failed to inhibit
the spindles of first and second meiotic metaphase. It
appears that during the meiotic bycle, there is some

change in the spindle or its precursors that makes the
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spindle less susceptible to inhibition by both cold
water and colchicine.

Interlocked ring bivalents and proximal chiasmata
were both found in MI prepsrations affected by colchicine.
A1l the cases of bivalent interlocking, observed at MI
(Figs. 20 and 21), occurred 35 to 50 hours after colchicine
injection (Table V) and the most striking cases of
proximal chiasmata (Fig. 22) were observed in the same
interval (Tablé V). Two cases of bivalent interlocking
were observed at diakinesis, 66 hours (Fig. 6) and 96 hours
after colchicine inJection. No cases of interlocking
were observed prior to 35 hours after injection or in
water contrcls, althcugh we have observea them in untreated
preparations of Rosner. Darvey (1972) reported that
colchicine did not induce bivalent interlocking in the
hexaploid wheat variety Chinese Spring.

The number of paired chromosomes (B), and the number
of pairs of chromosome arms with chiasmata (X) were both
strongly inhibited by colchicine, some considerable time
after injection (Table V).

Application of the Two-Step Model
of Chromosome Pairing

It is believed that colchicine specifically inhibits
the assoclation process whereby chromosomes locate their
pairing partner (Darvey, 1972; Dover and Riley, 1973;
Driscoll and Darvey, 1970). If this is true, then in
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the absence of colchicine and other factors which inhibit
chromosome association, the number of chromosomes which
locate a paifing partner (P) should remain constant even
through the number of chiasmata (X) and the number of
paired chromosomes (B) fluctuate Widely;for the AABB
genomes, the maximum possible value of P is the number
of chromosomes which comprised these genomes, i.e. 28.
The observed relationship between B and X for MI pairing
data of the AABB genomes is shown in Figure 23. These
pairing data were taken in a range of different circum-
stances but always in the absence of colchicine. With P
set at 28, the B solution of the model (formula 5) (see
Appendix) gave a good fit to these MI pairing data.
Therefore this single (maximum) value of P was adequate
to relate B and X over a wide range of pairing levels.
In addition, a single value of P was sufficient to fit
the model to data of homoeologous chromosome pairing in

Iriticum aestivum x Agropyron intermedium hybrids

(P = 37.52; Gaul, 1958) and to homologous pairing in
inbred fye (P =‘14; Lamm, 1936; Prakken, 1943). (Caul's
(1958) formula also gave a good fit for these two sets
of data. Nonetheless, in the Appendix we show that it
contains an inobrrect term. ) Consequeﬁtly, these usual
types of pairing failure do not interfere with the
ability of chromosomes to locate their pairing partner.

However, the model could not be fitted to pairing data of
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the AABB genomes,ltaken in the presence of colchicine
(Fig. 23). 1Instead the number of paired chromosomes (B)
was lower than expected. Since B and X are observations,
the fault must lie in the assumption that P = 28. In
fact, no single value ofvP was adequate to relate B and
X over the whole pairing range. Instead, P can be
calculated using formula 11 (see Appendix).
There was a change in the calcuiated,value of P as

é function of time after oolchicine injection (Fig. 24).
The effect of coléhiciné on P was characteristic and
large. Between 24 and 40 hours after injection there
was 1ittle change in the number of chromosomes associated
from the maximum value of 28. Between 45 and 80 hours
after injectidn the number of chromosomes associated
deciined Steadily from 28 chromosomes to a minimum of
about 12 chromosomes (about 40% of homologous pairs
associated). After 80 hours there was little further
change in P.

| If P is the number of chromosomes which have passed
the association step and are potentially capable of forming
'chiasmata; then X/P represents the efficiency with which
they do so. Colchicine also inhibited the efficiency of
chiasma formation. However in contrast to its effect on
.P, the effect on X/P was small, without any obvious
forward limit and variable in relation to the magnitude of

the response (Fig. 24). This shows that the model
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embodied in formula 11 is well able to analyse chromosome
pairing into two components which behave very differently
with respect to colchicine.

The Forward Limit of Colchicine
Sensitivity

Ploidy changes in the tapetum can be used to relate
the time at which an anther was first penetrated by
colchicine to its effect oh chromosoﬁeVpairing (Dover,
1972; Dover and Riley, 1973).

Anthers containing only binucleate tapeta were first
penetrated by colchicine after the synchronous tapetal
division. Meiotic intervals that could have been affected
by colchicine are late zygotene, pachytene and diplotene/
diakinesis (Tables I and V). Anthers containing uni-
nucleate tapeta of uniform size must havé been first
penetrated by colchicine after the asynchronous divisions
in the tapetum were arrested, but before the synchronous
division.  Meiotic intervals relevantvto this period are
the late pre-meiotic interphase, leptotene and early
zygotene (Tables I and V). Uninucleate tapeta'gontaining

nuclei of non-uniform ploidy must have been penetra£ed by
colchicine'before"the asynchronous mitoses in the tapetum
came to a halt. This covers the major part of the pre-

meiotic interphase (Tables I and V).



105

The greatest part of the response of chromosome
pairing to colchicine occurred during the period between
tapetum synchronisation and the synchronous tapetal
mitosis (Table V). Furthermore,bthe first groﬁp of
anthers showing uninucleate-4C tapeta showed essentially
no response to colchicine. Therefore, chromosome pairing
must have become resistant to colchicine before the
middle period of zygotene.

The earliest indication of the inhibition of pairing
was found in PMC first affected by colchicine about 37
hours before MI (see footnote of Fig. 24). However,
there was also a colchicine-induced delay in the rate bf
meiotic development (Table VI). This means that the PMC
took longer to reach MI when colchicine was present than
when it was absent. If the PMC at the end of nucleolar
fusion were delayed for two hours by an injection of
colchicine about this time (Table VI) then the point at
which colchicine-sensitive pairing activity was completed
would coincide exactly with the point at which active
nucleolar fusion was completed: 35 hours before MI. In
any event, colchicine-sensitive pairing activity finishéd
no earlier than the end of leptotene (Table I; Figure 24)
and no later than the middle of zygotene (see above).

Anthers with uninucleate-4C + 8C tapeta showed only
minor decreases in pairing over the minimum observed in

anthers containing only uninucleate-4C tapeta (Table V).
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Therefore, the reduction in pairing achieved by exposure
of the late premeiotic interphase, leptotene and early
zygotene to colchicine was not much increased by additional

exposure of the pre-meiotic interphase.
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General Discussion

Buss and Henderson (1971) usinc locusts and Dover
“and Riley (1973) using wheat and wheat hvbrids, both élaimed
that the pre—meiotigimitosis was the last point at which
the arrangement of chromosomes could be influenced
experimentélly before synapsis. However, in our opinion,
the data presented by Buss and Henderson (1971) do not}
support’their contention that chromosome entanglements’
leading to bivalent interlocking are unresolvable after
the premeioti¢ mitosis. If entanglements reméineq
unresolved hecause éf high témperatufe treatments at the
pre-meiotic mitosis, then interlocking should have per-
sisted until the 1aét cells to divide mitotically at high
témperatures passed MI. The authors stated that it took
'7 to 8 days at normal'temperatures for cells in the

- pre-meiotic "S" period to reach MI (Bussland Henderson,
1971, para. 4, line 3). Last gonial mitoses would there-
‘fore require 8 to 9 days minimum to reach MI. However,
‘bivalent interlocking disappeared from MI 5 to 6 days
after the return to normal temperatures in locusts sub-
Jected to two different regimes of normal to high to
normal temperature shifts (Busé and Hehderson, 1971,

Fig. 2): Therefore, it can be concluded that in this



108

material there is a specific stage of meiosis during
which chromosome entanglements become unsnarled, but that
this stage not only comes after the pre-meiotic mitosis
but after the premeiotic "S" period as well.

In the present material it was demonstrated that
the first measurable effect of colchicine on pairing
occurred roughly half way between the final archesporial
mitosis and first meiotic metaphase. Colchicine
exerted a profound effect on the pairing of homologues
when applied during late premeiotic interphase and early
meiotic prophase, with pairing becoming resistant to
colchicine as late as early zygotene. Early zygotene
also marked the end of nucleolar fusion. Bouquet forma-
tion (Thomas and Kaltsikes, 1976a; Bowman and Rajhathy,
1677) and nucleolar fusion both demonstrate that there
‘is movement of chromosomes within the leptotene nucleus
and that this movement is sensitive to Coléhicine.

Thomas and Kaltsikes (1976a) suggested that bouquet

formation is universal in the Triticinae and that it is a

colchicine-gsensitive process whereby homologous chromo-

somes locate on another prior to synapsis. As expected,

there is also fofmation of a bouquet in triticale which

confirms that wheat and rye have similar meioticvprocesses.
Colchicine-sensitive pairing activity in the wheat

X triticale pentaploids was also comparable to the situa-

tion in 1lily. 1In 1lily, chromosome pairing was sensitive
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to colchicine during leptotene but became resistant to
colchicine in zygotene (Shepard et al., 1974) although
its main effect was reported to be inhibition of chiasma
formation (Hotta and Shepard, 1973).

It seems likely that examination of fine structure
in leptoteﬁe cells will reveal a bouquet in wheat, and
will show how the recognition of homologous chromosomes

is achieved.
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Appendix

A Two-Step Model of Chromosome Pairing

The Association‘sfep: P

In a bivalent-forming diploid with 2n isobrachial
chromosomes, the number of pairs of homologous chromo-
somes completing the association step is defined as P/2,
P being an even integer; where P <2n. 2n - P is the
number of pre-association univalents, i.e. chromosomes
which fail to pair because they do not become intimately
associated with their hbmologue. 'This association is
the step which is considered to be highly sensitive to

" colchicine.

The Svhapsis and Chiasma Formation

Step: X

With P/2 homologous pairs associated, there are P

sites for chiasma formation since each pair of chromo-
somes .can form chiasmata in either arm. If there are X
first (see Gaul, 1958) chiasmata per cell (X < P), then
the average probability of each site forming a chiasma
is X/P. (A first chiasma indicates that the chromosome
arm in question is paired. Of CourSe, more than one

chiasma may be present in the particular chromosome arm
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but for the present purpose these are unimportant.)
The model assumes that each potential site for chiasma
formation has an identical probability (X/P) of actually

doing so.

The Model

It is not possiblé'to work from the above probabili-
ties directly since P is unknown. Instead the question
is asked,; how many chromosomes (B) are expected to pair
for given values of P and X and then rosOlve the rela-
tionship for.P instead of B. The assumption of an equal
probability of chiasma formation for all associated
chromosomes is satisfied by supposing that tho X chiasmata
and the P - X abéenoes of chiasmata are discrete evénts
‘numbered 1 through P, which are randomly combined without
replacement into P/2 pairs. Numbers 1 to X are associated
with chiasmata and numbefs X+ 1 toP are associated with
the absence of chiasmata. A pair of numbers from between
1 ande corresponds to a ring bivalent, a pair of num;
- bers from between X +.1 and PAcorresponds'to a pair of
'univalents while a mixed pair oorrésponds to a rod
bivalent. The number of ways P individuals can be
combined into P/2 pairs. is:

P! o ;
[(p/2)1]2F/2 o (1)
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© Since each set of pairs, or cell, contains P/2 pairs,
the total number of pairs of -associated chromosomes is:

P(P! :
B/21) 2(P/2)+1 - (@

If there are X chiasmata per cell, then the total number
of bivalents, both ring and rod, present in all these:
pairs is:

X(X-1) + 2X(P-_—X) (P=2)1

(3)

2 (((P=2)/2)1)2(P-2)/2

The probability of an associated chromosome being paired
is therefore given by dividing equation (3) by equation (2)

which simplifies to:

YX 2P - X - 1
(p(p - l) ) : (4>

Since there are P associated chromosomes per cell, the
“total number of paired chromosomes per cell can now be

written:

.B _

X(ZPP—_XI— 1) (5)

Solving for P gives:

2 o
X~ + X - B o (6)

P==2%_3

This is similar to Gaul's formula (Gaul, 1958) lacking
only his correction for the balculation of P from data
'summed over Z cells, In fact, the definitions of B and
X in Gaul's formula are different from those.in.(6),
Since he defined them as sums, whereas B and X in (6) are

defined only in relation to a single cell or to mean .
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- values. Retaining for the moment the present definitions,
the number of paired chromosomes per cell as given in

(5) is:

T o X(P - X - 1)
ST P -1

The number invZ cells is therefore:

7B = zx | B 1~] (6a)

Solution for P gives:

2
ZX~ + ZX - ZB (7)

P ===m="75

If X and B are redefined according to Gaul (1958), then:
Xg = ZX (8)
Bg = ZB (9)
Substitution of these into (7) gives:

1 2

= Xg= + Xg - Bg
P = 2Xg - Bg (10)
This is the same as:
2
_XgZ + (Xg - Bg)z :
P = T o%e — a2 ~ (11)

This is different from the formula Gaul (1958) provided

for the calculation of P from sum data which was:

2
_ Xg= + Xg - Bg
P = (2Xg - Bg)Z (12)

It appears that his modification is incorrect since
‘simulation with equations (11) and (12) showed that the
value of P given by (12) changed with Z, independently of

any change in the pairing trend. On the other hand,
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equation (11) gave the same result for P with mean data
(when Z = 1) as it did with sum data (when 7 = number of

cells scored).

Assumptions and Applications

The prediction of the relationship between B and X
based on this model rests on two assumptions. The first
assumption is the particular value given to P. In the
absence of factors which inhibit chromosome association,
P should equal 2n. As we have shown in the text, in the
absence of colchicine, and for a homogenous set of
chromosomes such as those of fhe AABB genomes of tetra-
'ploid wheat or of the RR genomes of diploid rye, P = 2n
éccurately relates B and X over a wide range of pairing
1evels. | |

The second aSsumption is that all chromosomes which
associate will form chiasmata with the same efficiency.
Therefore, deviation from the expectation based on P = 2n
is expected where some chromosomes are more likely to
pair than others. .This condition is found in triticale
where rye chromosomes are less likely to pair than wheat
chromosomes (Thomes and Kaltsikes, 1976b). Consequently,
the relationship between B and X deviates significantly
from expectation (Thomas and Kaltéikes, 1972). In this
case, deviation probably does not indicate a lack of

chromosome association, because, Judging from diakinesis,
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all the chromosqmes of triticale can locate their homologue
(Tsuchiya, 1970; Lelley, 1974).

Deviation of pairing data from the predictions of
the model is also expected, following the inJjection of
colchicine. In this case, deviations reflect a significant
inhibition of the calculated value of P foilowing the
injection. However, calculation of P from B and X in
- the presence of colchicine, is only juStified if B and X
conform-to the 2n expectations when colchicine is not

applied.
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Sequence of meiotic events measured in hours from
MI in two durum x 6x triticale pentaploids

116

Material

Stewart '63 Stewart
Developmental Stage x 6A391 X Rosner
Gl hold of PMC nearly
complete., Mitotic
index of asynchronous :
archesporium - 0.5-1% =73.79 + 1.280% -87.08 + 1.554
Gl hold of tapetum |
nearly complete.
Mitotic index of
asynchronous
tapetum 1-2% -58.06 + 0.996 -60.76 + 1.719
Leptotene begins -46.61 + 1.023 -44.81 + 1.6739
Zygotene begins -37.28 £ 0.987 -36.59 + 1.437
Synchronous mitosis |
in tapetum -26.17 + 0.944 -29.98 + 1,443
Zygotene ends -20.97 + 1.229 -19.54 + 1.664
Pachytene ends - 5.04 + 1.134 - 5.63 + 1.430
MI 0.00 0.00
MIT 4o42 + 0.996 4.57 + 1.311
Total Dufation - |
Meiotic Cycle 78.21 + 1.280 91.65 + 1.435
Duration -.
Synchronous Tapetal
Cycle 31.89 + 1.070  30.78 + 1.608

*3tandard error.

X 6A391 and 9 for Stewart '63 x Rosner.

_ The number of degrees of freedom
associated with the standard errors was 10 for Stewart

163
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Table IT

Duration of meiotic intervals measured in hours
in two AABBR pentaploids

Material
Stewart '63 Stewart '63
Meiotic Stage x B6A391 x Rosner

Premeiotic interphase 27.18 + 1.565% 42,26 + 2.049

Leptotene : 9.33-+ 1.115 8.22 + 1.996
Zygotene 16.31 + 1.374 17.05 + 1.823
Pachytene 15.93 + 1.243 13.91 + 1.516
Diplotene to MI 5.04 + 1,134 5.63 + 1.430
MI to MII 4,42 + 0.996 4.57 + 1.311

*¥Standard error.
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Table III

DNA values in the PMC at five points in the
meiotic cycle of Stewart 63 x 6A391 (AABBR)

Approximate DNA amount
time to MI (arbitrary
Description of meiotic stage (h) values)

Final mitoses in the archesporium - 74,00 1.44%

Final asynchronous mitcses in

the tapetum , 58.00 2.27*%
Nucleolar fusion | 40,00 2.98ns
Synchronous tapetal mitoses 26.00 2.92ns

Pachytene | 1%.00 3.05

Each replicate was measured against the 2C value of
root tips of Stewart 63.

Each value was tested against the one following it
by a one-tailed t-test: ns = not significant; * = p<0.05.
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Table IV

Penetration of colchicine into the anthers following
injection into the boot of Stewart '63 x 6A391

Hours Percentage florets with C mitoses in¥*

after
injection Filament Tapetum Archesporium

1 0 (100)** 0 (41) 0 (9)

3 24 (114) 11 (37) 10 (10)

6 60 (97) 73 (40) 74 (19)

9 - 69 (119) 60 (20) -
12 77 (114) 86 (36) 100 (13)
24 98 (96) - | -

*Threshold concentration for C mitoses in filament of
explanted anthers within 3 hours was 0.005 - 0.007%.

*¥*Figures in parentheses are total numbers of florets
scored with mitoses in particular tissues.
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Thromosome Pairing in Anthers Classified by Ploidy Changes in Tapetum Following
Injection of 0.03% Colchicine

120

Mononucleate-4C+

Binucleate-2C .
Diakinesis Mid & Early Zygotene Monucleate-4C/8C
Diplotene Leptotene Mid and Early
‘Pachytene te Premeiotic Moncnucleate-Ploidy Prermciotic
ILate Zypgotene Interphase (s3/s2)* Uncertain Interphase (s2/sl)**

+ B

G B X T G B X T IP G B X G B X T

0.03% Colchicine 0.03% Conlchicine 0.07%% Colchicine 0.07%% Colchicine

‘R 28.00 24.92 36,75 R 28.00 25.20 48.00 - - A 14,64 11.68 70,50 A¥ 15.62 13,12 72.50

R 27.92 26.28 23.50 A¥ 27.96 25.52 20.92 - - A 1lh.,l2 11.80 73.C A 15.24 12.87 96.88

A 27.92 25.56 30.83 A 27.84 25.72 L0.83 - - R 11.92 9.35 128.0C

A 27.62 25.84 38.92 R 27.76 25.56 L8.33 -~ - R 11.3 9.08 7€.17

A 27.85 25.81 24.88 R 27.68 26.28 5.00 - = A 11.16 5,76 85.50

A 27.8L 25.55 43.75 ® 27.64 25.1 20.58 - - R¥ 9.92 7.66  73.50

A 27.80 26.56 25.33 R 27.€4 23.96 L4506 - - R 9.20 7.00 8%.00

A 27.60 25.35 2%.€7 R 27.56 25.72 I5.25 - =

R 27.56 25.80 23.50 A 27.52 2L.76 57.00 - -~

R 27.48 24.24 26,58 - -

Mater (Controls) R 27.48 25.36 €9.00 - -

A 27.40 24.36 36.75 1 -

R 28.00 26.32 70.00 R 27.28 23.92 4450 I -

‘R 27.96 26.68 £€C.00 R 27.16 25.12 L2.33 - =

R z7.52 25.96 23.50 R 27.00 24.12 L2.67 I P

R 27.92 26.48 23.50 R 26.63 24.27 L3.50 I -

R 27.92 26.00 L4B.50 R 26.64 24,16 39.00 - -

A 27.8B5 25.96 24.17 A 26.L0 22.60 L5.58 - ~

A 27.84 26.20 24.3 A 5.84 21.72 51.00 - -

A 27.84 25.56 49.M0 A 25.52 23.00 L8.00 - -

A ZT.T6 25.72 L83 A 25.40 22,30 5.8 - -

A 27,76 24,40 70.50 A 25.14 21.92 5L.00 - -

A 27.66 25,52 51.00 A LoLh o Plll L2.,42 - -

R 27.52 25.88 72.00 R 24.0% 21.20 4B.0O -~ P

R 23.84 20.68 L48.00 I P
R 23.233 20.33 48.00 - -
A 23.29 19.39 54.00 - -
A 23.08 10.€7 4530 - -
A 22.55 16.59 L7.75 I -
A 22,53 -19.71 51.00 - -
A 21.37 17.93 £0.30 - -
R 20.00 16.68 54.67 - =
A 18.50 14.05 54.00 - -
A 17.88 1L.24 60.25 - -
R 17.36 1k.24 £0.00 - -
A 16,76 13.44 £1.75 -~ -
R 16.04 12.57 56.00 - -
R 15.76 12.36 €0.42 - -
R 14,446 11.66 66.00 - -
A 16,24 12,12 £6.00 - -
A 13.85 11.35 £1.58 - -
R 12.85 9.96 72.33 - -
A 12.67 9.96 96.67 - -
R 12,60 10.16 67.50 - =
R 12.22 9.24 78.17 - =~

Sample sizes 20-30 cells except in 5 cases which had

5-15.

“* 4s genotype, B is number of paired chromosomes, X is chiasmate arm pairs, T is time in
‘tours mfter injectionm, I indicates bivalent interlocking, and P indicates proximal chiasmata.

%53, =2 and s1 are divisions of the premeiotic interphase proposed by Bennett et al. (1973).

“wo different genotypes were used:

Seewart 63 x Rosner.
FPar)iest Tlorets in each genotype with Televant ploidy change.

A stands for Stewart '63 x 6A391 and R stands for
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Table VI

Estimates (in hours) of the colchicine~induced
delay of MI incurred at two fixed points
in the meiotic cycle

Synchronous division cycle.

of tapetum
Synchronous Gy
mitosis synchronisation

Observation x 6A391 X Rosner X 6A391 X Rosner

Hours after

colchicine injection

for first observed

bloidy change

(from Table V) 30.92 30.58 72.50 73.50

Minimum time for

colchicine pene-
"~ tration (from :

Table IV) - 2,00 - 2.00 - 2.00 - 2.00
- Normal time of

occurrence before '

MI (from Table I) -26.17 -29.98 -58.06 -60.76

Delay ‘ + 2.75 - 1.40 112,44 4+10.74

Mean +0.68 +11.59

No anthers containing tetraploid PMC at MI were
obtained up to 120 h after injection for Stewart '63 x
6A391. Therefore the delay incurred at the last pre-
meiotic mitoses is probably greater than 2 days. After
6 days post injection, meiotic stages were unrecognisable.
Meiotic delay increased progressively with time after
injection. A reasonable figure for the delay following
injection about 40 h before MI, would be 2 hours..
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Figure 2. PMC of Stewart '63 x 6A391 in early premeiotic
interphase. Stained with acetocarmine vplus iron
mordant. Three nucleoli are visible. Bar is 25 um.

Figure 3. PMC of Stewart '63 x 6A391 in early leptotene.
Arrows mark position of nucleoli within the unsquashed
nuclei. Nuclear detail was better preserved in briefly

" fixed material without squashing and so all timing work
was done using such preparations. The lower nucleus
clearly contains two nucleoli and the chromosomal
threads of leptotene are visible around the margin of
both nuclei. Stained with acetocarmine. Magnification
as Figure 2.

Figure 4. PMC of Stewart '63 in early leptotene. Two
nucleoli are visible (arrows) and the chromosomal
threads of leptotene appear as a tangled web after
squashing the nucleus. Stained with acetocarmine . and
photographed in negative phase contrast. Bar is 10 um.

Figure 5. Normal diakinesis of Stewart '63 X Rosner. A
quadrivalent (IV) and a bivalent (II) are attached to
the nucleolus at 10 o'clock. One univalent (I) is in-
serted through the IV, another is visible beside the
nucleolus at 9 o'clock (I). The remaining univalents
are paired among themselves in a synaptic knot (S),
visible at 5 o'clock. Magnification as Figure 2.

Figure 6. Diakinesis in Stewart '63 x Rosner, 66 hours
after colchicine injection. One bivalent (II) and.
either three or two univalents (I) are attached to the
triangular nucleolus in the center of the cell. There
is extensive asynapsis (6 II + 23 I) and the synaptic
knot (see Figure 5) is also abolished. A rod bivalent
is inserted through a ring bivalent at 2 o'clock
(arrow) and two ring bivalents are interlocked at 7
o'clock (arrow). Magnification as Figure 2.

Figure 7. Leptotene PMC of (Triticum aestivum cv. Tetra
Prelude (AABB) x Secale cereale cv. 0D289) no. 998.2,
stained for C bands. Nucleolus fusion = 1.5 to 1.2.

Aggregation of heterochromatic telomeres is in
progress. Bar is 50 um. '






Figure 8. Leptotene PMC of (Triticum turgidum, turgidum
group X Secale cereale) 6A445, stained for C bands.
Nucleolus fusion = 1.5 to 1.2. The aggregation of
heterochromatic telomeres is clearly visible.

Bar is 50 um.

Figures 9 and 10. PMC of S. cereale stained with aceto-

carmine at leptotene/zygotene. Figure 9. Surface

view of intact PMC column. Figure 10. Optical section
through intact PMC column, focussed on the outer margin
of column. The aggregation of telomeres occurs on an
"annular area of the nuclear membrane (Figure 9, arrows)
that is orientated toward the exterior of the PMC
column, i.e. toward the archesporium/tapetum interface
(Figure 10, arrows). These relationships weére not
‘'seen in preparations stained with C banding procedures.
Figure 9: bar is 20 um. Figure 10: bar is 50 um.

Figure 11. Two PMC of Stewart '63 x 6A391 in leptotene/
‘zygotene, nucleolus fusion = 1.2. A stretch of
synapsed chromosomes is wvisible, running on the
surface of the single transparent nucleolus of the
larger nucleus (arrow). Unscuashed and stained with
acetocarmine. Bar is 25 um.

Figures 12 and 13. Tapeta of Stewart '63 x 6A391 under-
going synchronous tapetal mitosis in the presence
(Figure 12) and absence (Figure 13) of colchicine.
Figure 12 is 6 hours after the injection of 0.03%
aqueous colchicine. Unscquashed and stained with
acetocarmine. Magnifications as Figure 8.
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Figures 14 and 15. Mitoses in the filament of Stewart '63
x 6A391 in the presence (Figure 14) and absence
(Figure 15) of colchicine. Figure 14 is 24 hours
after the injection of 0.03% aqueous colchicine.
Stained with acetocarmine. Magnification as Figure 17.

Figure 16. Tapetal cells and young pollen from Stewart
'63 x 6A391, 56 hours after injection of 0.03% aqueous
colchicine. Tapetal cells on the right (Tap.) are
uninucleate whereas PMC have divided giving rise to
young pollen on the left (Poll.) with micronuclei and
cleavages (arrows) still visible.  Bar is 50 um.

Figure 17. Pentaploid and decaploid PMC of Stewart '63
x 6A391 at pachytene, 120 hours after injection of
0.03% agueuos colchicine. Bar is 50 um.

Figures 18 and 19. PMC of Stewart '63 x 6A391 at MI in the
presence (Figure 18) and absence (Figure 19) of
colchicine. Figure 18 is 66 hours after colchicine
injection. Normal pairing at MI (Figure 19) shows
the pentaploid nature of the hybrids (13 ring bivalents,
1 rod bivalent and 7 univalents). Some considerable
time after colchicine injection, chromosome pairing
became strongly inhibited (Figure 18: 4 ring bivalents,
1 rod bivalent and 25 univalents). Nonetheless the
bivalents which are present with the colchicine are
clearly stretched and orientated by spindle activity

(arrows). This was true of all first and second
metaphases examined between 1 and 120 hours after
injection of 0.03% aqueous colchicine. Figure 18:

magnification as Figure 17. Figure 19: bar is 25 umn.

Figures 20 and 21. PMC of Stewart '63 x Rosner at MI, 44
hours after injection of 0.03% agueous colchicine.
Ring quadrivalent (IV) interlocked with three ring

bivalents (II). The clearest case is at 12 o'clock.
Figure 21: bar is 10 um. Figure 20: magnification as
Figure 21.

Figure 22. PMC of Stewart '63 x Rosner at MI, 48 hours
after injection of 0.03% agqueous colchicine. Proximal
chiasmata (arrows). Magnification as Figure 17.
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Figure 23. The relationship between the number of chiasmata
(X) and the number of paired chromosomes (B) at MI in
the presence (A) and absence (O) of colchicine. The
solid line is the predicted relationship B=(2PX—X2—X)/
(P-1), when P=28 and X is the observed number of
chiasmata. Pairing data in the absence of colchicine
were pooled from the following genotypes; AABB: Stewart
'63, Cocorit '71, 4x segegates of Cocorit x Triticum
aestivum; AABBR: Stewart '63 x Rosner, Stewart 63 X
6A391 normal and with high temperature induced pairing

failure (6 hours at 35°C); AABBD: Stewart '63 x Anza;
AABBDR: (Tetra Thatcher x rve) x Anza, (Stewart x Pro-
lific) x Anza, (Stewart '63 x Prolific) x Anza, Rosner x

Anza, triticale 110 x Anza; AABBDE: (Stewart x Agropyron
elongatum) x Anza. Variability about the lower end of
the observed pairing range in the absence of colchicine
is attributable to small sample sizes. Pairing data in
the presence of colchicine were poocled from all the
pairing data of Stewart '63 x Rosner and Stewart '63 x
6A391 taken after injection of 0.03% aqueous colchicine.
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Figure 24. The inhibition of MI chromosome pairinq as a

function of time after colchicine injection. The
upper graph shows the change in the calculated value
of P, and the lower graph the change in the value of
X/P. P was calculated from the mean data as
P=(X2+X-B) /(2X-B) , where X is the mean number of
paired chromosome arms and B is the mean number of
paired chromosomes. Each point represents a sample of
about 25 cells. The mean value of P for the 12 water
injected controls was 27.91 + 0.0434. The first spike
that gave a value of P that was significantly below
27.91 was injected with colchicine 39 hours before
fixation. An allowance of 2 hours for the minimum
penetration lag of 0.03% aqueous colchicine (Table IV)
corrects this to 37 hours. Between 40 and 80 hours
after injection of colchicine, the relationship be-
tween P and time is visibly linear. Linear regression
of all points between 40 and 80 hours is P=46.67-0.452T
(P < 0.001). Extrapolating to P=27.91 indicates that
P began to suffer reduction by colchicine on average
41.54 hours after colchicine inijection. An allowance
of 5 hours for the median penetration lag of colchicine
(Table IV) corrects this to 36.54 hours. The mean
value of X/P for the 12 water injected controls was
0.0928 + 0.0069.
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~ THE EFFECT OF CHROMOSOMES 1B AND 6B ON NUCLEOLUS
FORMATION AND FIRST METAPHASE CHIASMA FREQUENCY

IN HEXAPLOID TRITICALE .
Abstract

Chromosomes 1B and 6B were solely responsible for

nucleolus formation in root-tip cells of hexaploid triti-

icaie (X Triticosecale Wittmack). Depending bn the line of
‘triticale involved,either 1B or 6B organised larger nﬁcle~
oli. éhromosomes 1B in Rosner and 6B in line 125 both
reduced the frequency of chiasmata at first meiotic meté—
phase (MI), whereas both 6B and 1B in line 110 and 6B in
Rosner all had no such effect. The 1B chiasma suppressor
in Rosner (1) was located on the short arm (1BS) together
with the most active organizer of root tip nucleoli, (2) had
greatest effect when the two nucleolus-organizing arms were
present in the form of an isochromosome, and (3) had an
effect that Was statistically independént of low—tempera~
ture conditions which also reduced chiasma frequency at MI.
A model of pairing fai1qre in triticale was proposed to
show that effective pairing of rye chromosomes may be ob-
structed when fusion of the wheat nucleoli occurs at‘the

time of bouquet formation in triticale.



Introduction

Hexaploid triticale generally has two pairs of
active nucleolus organising chromosomes (Darvey, 1973;
Shkutina and Khvostova, 1971). There are three pairs
of prominently satellited chromosomes in the parents‘of
hexaploid tritiéale, the tetraploid wheat parént having
two (Giorgi and Boggini, 1969) and the diploid rve par-
ent having one (Balkandschiewa and Mettin, 1974;-Heneen,

- 1962). The fwo wheat chromosomes are the nucleolus orga-
nising chromosomes 1B and 6B (Crosby, 1957; Flavell and
0'Dell, 1976; Flavell and Smith, 1974; Gill et al., 1963
Larsen and Kimber, 1973; Longwell and Svihla, 1960), and
the single rye chromosome is 1R (Balkandschiewa énd Mettin,
1974; Darvey and.Gustafson, 1975) . In hexaploid triticale the
satellites of 1B and 6B remain distinct, but the satellite
" of 1R fuses with the rest of the short arm {(Merker, 1973;
Shigenaga and Larter, 1971). Consequently, the number of
prominently‘satellited nucieolus organising chromosomes in
'hexaploid triticale agrees with the observed maximum
number of nucleoii per nucleus.

Chromoéome 1B may also influence the low first
metaphase pairing of rye chromosomes that is typical of
hexaploid triticale. When chromosomé 1B was losf from
Rosner, or substituted with 1D in a raw amphiploid, the

number of univalents present at MI was reduced (Larter,
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pers. comm.; Shigenaga, unpublished).

This study was undertaken to examine the influence
that chromosomes 1B and 6B have on nucleolus formation and
MI chiasma frequencies in Rosner and two other lines of

hexaploid triticale.
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Materials and Methods

Genotypes used in the present study. include two

cultivars each of rye (Secale cereale L.), tetraploid

wheat (Triticum turgidum L. em. Bewden) and hexaploid
wheat f§¢ aestivum L. em. Thell.) (Table I). In addition,
Tetra Prelude, the extractea tetraploid form (2n=4x=28=
AABB) of Prelude hexaploid wheat (Kaltsikes et al., 1969)

was used, together with five hexaploid triticale lines

(X Triticosecale Wittmack) (Table I) and various 1B and
6B aneuploids derived‘from three of these lines (Merker,
1973; Shigenaga et al., 1971) (Table II).

To study nucleoli, root tips were prepared
according to Rattenbury's (1952) schedule. Nuclei
containing the maximum number of nucleoli were photo-
graphedﬂand nucleolus diameters were measured from the
projected negatives. Volumes were estimated by treating
nucleoli as prolate spheroid (volume = 4/3 ﬂ‘ggz, where a
was the major and b the minor radius of the nucleolus). To
eliminate cell-to-cvell variation, the percentage contri-
bution of each nucleolus to tetal nucleolar volume was
calculated.

| Pollen—mother—cell (PMC) material was collected in
the early boot stage frem plants grown either in the green-
house or invthe growth cabinet (10 or 20°C, constant illu-

mination) . Spikes were fixed in Carnoy's II, stored in
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70% ethanol and stained with acetocarmine. The term

chiasma frequency is used to indicate the frequency with
which a pair of homologous chromosome afms were joined by
chiasmata. Chiasma frequency per cell is therefore twice
the number of ring bivalents plus the number of rod biva-
lents. Chiasma frequency per chromosome is the'frequency of
chiasmata per cell divided by twice the number 6f homolo-

gous pairs of chromosomes present in the stock.
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Results and Discussion

- Nucleolus Formation in Wheat, Rye and Triticale

The maximum numbers of nucleoli that were observed
in tetraploid wheat and hexaploid triticale indicated that
there are only two active pairs of nucleolus~organising
chromosomes in these two species (Table I). In‘contrast,
hexaploid wheat seems to have three aqtive pairs of
nucleolus organisers and rve has one (Table I). In addi-
tion to the nucleolus brganisers on chromosomes 1B and 6B,
chromosomes 1A, 6A and 5D of heXaploid wheat have all been
~reported to carry nucleolus organisers (Croéby, 1957; Dar-
vey and Driscoll, 1972). 1In the absence of the D genome,
the AABB genomes of hexaploid.wheat cultivary Prelude had
the same level of nucleolar activity as durum wheat (Table
I). Therefore the most likely locatioh of the third active
active organiser in root tipvcells of bread wheat is
chromosome 5D (Crosby, 1957; Darvey and Driscoll, 1972:
Flavell and 0'Dell, 1976).. Ih the hexaploid triticale
Tetra»Prelude x Prolific, the rye genome of Prolific has
been substituted for the D genome of Prelude (Thomas and
Kaltsikes, 1972). Therefore, comparison of Prelude with
Tetra Prelude x.Prolific contrasts the nucleolar activity
ofvthe D genome with‘that of the rye genome, against a‘

similar genetic background of the A and B genomes. Com-



vared to the D genome of hexaploid wheat, the rye genome of
hexaploid triticale was’totally inactive in nucleolus for-
mation (Table I). This conclusion rests on the assumption
that both chromosomes 1B and 6B remain active in nucleolus
formation in hexaploid triticale. To examine this assump-
tion, nucleolus activity_was investigated in plants of
triticale that werélaneuploid for chromosomes 1B and 6B.
Pure 6B nullisomics were not established in either

_line 110 or in Rosner. One case of a 6B nullisomic was
identified in Rosner but the seedling died after producing

only one root. Many other seedlinas died durinc cermination of
monosomic 6B progenies in both Rosner and line 110. It is
probable that these nqnviable seedlings were in féct the nulli-
somics. Nevértheless,a line of 6B nullisomics was esta-
blished in line 110.»‘However,this line was not simply
nullisomic but was simultaneously monotelotrisomic and
subsequently ditelotetrasomic for a short telocentric
chromosone. The telocentric carried a small, indistinct
satellite and . at MI was found in heteromorphic trivalents:

with two subterminal chromosomes that were visibly one of

the largest pairs of chromosomes in the cell. These_nulli

6B monotelotrisomics were at least as vigorous as the

normal 6B monosomics of the same line. Therefore the
substitution of only one telo gave considerable compen-

:sation for the 6B deficiency. Large size of the intact

chromosome and the presence of a small, indistinct satel-
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lite identify this telocentric as belonging to the rye
genome (Merker, 1973; Shigenaga and Larter, 1971). The
high arm ratio and the small satellite further restrict
>this identification to one of chromosomes 4R, 5R or 6R
(Darvey and Gustafson, 1975; Shigenaga and Larter, 1971).
Finally the strong substituting ability of the telo for
chromosome 6B shows that it belongs to the sixth homo-
eologous group (Sears, 1966). Based on this evidence the
telo was identified as_chromosbme 6R",

When either chromosome 1B or 6B was placed in the
monosomic and then the nullisomic or long-arm ditelosomic
condition; the mean number of nucleoli per cell was
successively reduced (Table II). Therefore, bbth of these
chromosomes must be highly active in nucleolus formation
in hexaploid tfiticale (Table I). When chromosome 6B was
found in the trisomic condition in Rosner,-there was a
’corresponding increase in both the mean number of nucleoli
per cell, and in the maximum number of nucleoli (Table II).
This confirms the nucleolus-organising activity of 6B in
triticale, and shows that additional nucleolus‘organisers
are detectable in triticale if they are active.

When either of chromosomes 1B or 6B was deficient,
the maximum number of nucleoli per nucleus was in some
cases greater than could be accounted for by the number of
1B and 6B organisers present (Table II). This additiqnal

activity was greatest in the substituted 6B nullisomics of
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line 110 (Table II), which suggests that the organisers
may have been located on the short arm of chromosome 6R.
However, even in this case the induced activityvdid not
restore mean nucleolus frequency to the level of the
disomicbplants (Table II), so that compared to 1B or 6B;
this additional activity was minor.

In octqploid triticale, additional activity above
that observed in bread wheat has been recorded (Darvey,
1972; Shkutina and"Khvostova, 1971). This nucleolus—
organising activity also appears to come from chromosome
6R (Darvey, 1972; Driscoll, pers. comm.). Nucleolar and
karyotype‘analysis of rye itself indicates that there is
only one pair of active nucleolus-organising chromosomes
present (Téble I; Balkandschiewa and Mettin, 1974; Bhatta-
charyya and Jenkins, 1960; Darvey, 1972; Heneen, 1962).
This chfomosome appears to be the smallest of the comple-
ment, which is chromosome 1R (Darvey and Gustafson, 1975).
Therefore, while 6R appears to be inactive in rye, 1R
appears to be inactive in triticale.

In conclusion, the wheat chromosomes 1B and 6B
are almost exclusively responsible for the formation of
nucleoli in hexaploid triticale. However when dosage of
1B or 6B is reduced, additional nucleolus organisers may
become active. The most likely sdurces of this inducea

~activity are chromosome 6R or perhaps '1A (Crosby, 1957).
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The Balance Between 1B and 6B Nucleolus Activity

"Although the maximum number of nﬁcleoli ver cell
should reveal the number of active nucleolus organizers
present in triticale, it does not reveal quantitative
differences in nucleolar activity (percent contribution to
total nucleolar volume) among the organizers. In root-tip
cells of euploid (6x) triticale there are only two pairs of
aétive nucleolus organizers: the 1B pair and the 6B pair.
Consequently, in root-tip cells that contain four nucleoli,
each nucleolus represents the activity of a single 1B or 6B
organizer. Triticales are generally homozygous. Therefore
in an inbred triticale or in an amphiploid, the two 1B
organizers should be identical to one another and so should
the 6B pair. Therefore, for a single linekof.triticale,
genetic variation in nucleolus-~organizing acﬁivity should
only occur between the 1B and 6B organizers. If the 1B and
6B organizers have widely different activities, then out of

‘the four nucleoli, the two._larger nucleoli will be the pPro-
duct of the more active pair and the two smaller nucleoli
will be the product of the less active pair (Figure 1).
Variation in the difference of the sum volume of the two
larger nucleoli and the two smaller nucleoli will therefore
reflect the extent of inequalities in nﬁcleoluSvorqanizinq
activity between the 1B pair and the 6B pair (Figure 1).

This difference in the sum 6f the volume of the two

larger nucleoli and the two smaller nucleoli was greatest in
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Rosner, least in line liO and intermediate in line 125
‘Table III). Consequently, there appears to be consider-
able variation in the size of nucleoli produced between
the 1B and 6B organizers in triticale.

Chromosomes are most easily recognised at metaphase,
but nucleolus organisers are only active durinq telophése,
interphase and pronhase. Consequently, direc£ association
of particular nucleoli with particular chrdmosomes in
order to determine if lB‘or 6B carries the more active
organizer, is not easily done. Instead, an indifect
approaéh was used, based on.two assumptions. Firétly,
it was assumed that the relative activity of individual
1B and 6B o;ganisers was the same in monosomics 1B and
6B as it was in the euploid. Secondly it was assumed that the
low level of nucleolus formation by minor organisers which was observed in
monosonmics 1B and 6B could be neglected (Table I1I). The
maximum number of nucleoli that is possible in an indivi-
duai cell of monosomic 1B or 6B is therefore 3. In éuch
célls, eaéh individual nucleolus will again reflect.the
activity of a_single 1B or 6B quaniser. Consider the
case of a 1B monosomic from a line in which the 1B orga-
niser produces larger nucleoli than the 6B organiser. A
cell with 3 nucleoli will ideaily contain 1 large nucleolus
and 2 smaller nucleoli. 1In ﬁractise the 2 smaller‘nucleoli

will not have the same volume exactlyvand so the ‘'3
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nucleoli will rank: large, medium and small. The large
nucleolus will be the product of the single 1B nucleolus
organizer, whereas the small nucleolus will be the product
of 1 of the 2 6B organizers. The nucleolus of inter-
mediate volume, therefore, will be the product of the
remaining 6B organizer. Now consider the case of a 6B
monosomic from the same line. Cells with three nucleoli
will, ideally, contaiﬁ 2 large nucleoli and 1 small. In
practise, they will again rank: large, medium and small.
The large nucleolus will again be the product of a 1B
organizer and the small nucleolus will again be the product
of a 6B organizer. The remaining nucleolus organizer, how-
ever,(is no longer 6B but 1B. Therefore, the nucleolus of
intermediate volume in monosomic 6B is produced by a 1B

organizer, and vice versa (Figure 1). The volume of the

intermediate nucleolus in monosomic 1B is now compared

with the volume of the intermediate nucleolus in monosomic
6B (Figure 1). Since the 1B organizer was most actiVe, it
is expected that the 6B monosom;c will produce the largest
intermediate nucleolus. Conversely, if it were found that
the 1B monosomic produced the largest intermediate nucleo-
lus, the conclusion weould be that the 6B ofganiser was most
active. This test can be applied equally well to absolute
and relative nucleolar volume.

In Rosner, chromosome 1B contributed more to the
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nucleolar volume than did chromosome 6B (Figures 2 and 3;
Table III). 1In line 110, this position was reversed and
the 6B organiser had a greater relative activity than the
1B organiser (Table III). Furthermore, the absolute
difference between 1B and 6B was significantly greater in
Rosner than in line 110 (Table III). This confirms the
assumption that the large within-cell variation in nucle-
olus volume in euploid Rosner reflects a great difference

in activity between the 1B and 6B organizers.

In conclusion, the nucleolus organizérs of chromo-
somes 1B and 6B vary in the contribution that they make to

total nucleolar volume. Since this variation was found
both within and between varieties of triticale, it is
probable that some chromosomes may carry more active orga-
nizers than their homologuesQ"Similar variation was found
in wheat, both within and between homologues, for the
number of cistrons specifying ribosomal RNA (rRNA) (Flavell
and 0'Dell, 1976; Flavell and Smith; 1874) . On the other
hand, there may not be a simple relationship between
cistron number and nucleolar volume (Flavell and O'Dell,’
1976) or between nucleolar volume and rRNA output for that
matter. Nevertheless, nucleoli are the product of nucle-
olus organisers and so the volume of the nucleolus that is
produced is clearly one measure of an organiser's

'activity.
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Chiasma Frequencies in 1B and 6B Aneuploids

The five dosage series of the nucleolus-organising
chromosomes were scored for chiasma frequency at MI (Table
IV). Significant promotion of ehiasma frequency per
chromosome occurred when chromosome 1B was removed from
Rosner and when chfomosome 6B was removed from line 125
(Table IV). At 20°C, nullisomic 1B Rosner had signifi-
cantly more chiasmata per cell than eunloid or trisomic
1B Rosner, even though it had fewer chromosomes (Table
V) ; therefore, promotion of chiasma frequency at MI cannot
be explained merely by the removal of a pair of chromo-
somes with a low number of chiasmata. In fact both the
long and the short arms of chromosomes 1B and 6B show
high frequencies of chiasmata in triticale (Thomas and
Kaltsikes, 1976a).

Removal of chromOsome’6B from Rosner, and either
of chromosomes 1B or 6B from line 110 had no effect on
chiasma frequency per chromosome at MI (Table Iv) .

Among the 1B aneuploids of Rosner, chiasma
frequency per chromosome was promoted in botheditelosomic
1BL and nullisomic 1B (Table IV). Therefore it was the
short arm of chromosome 1B which was responsible for
lowering chiasma frequency at MI.

A single plant of Rosner that carried the two

short arms of chromosome 1B as an isochromosome (monoiso-
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monosomic 1BS) showed a frequency of chiasmata that was
more than t0.025 standard'deviations below the mean of
other plants of Rosner, examined at Manitoba under roughly
comparable conditions (Table VI). The sampling variation
represented by this standard deviation is cbnsiderable
since it covers two observers, observations in the growth
cabinet at 2OOC, observations in the greenhouse taken on
at least four different occasions, and plants isoléted
from at least seven different bulk populations of Rosner.
Assuming the variances to be equal, the frequency of
chiasmata per chromosome in monoisomonosomic 1BS was
significantly below the frequency in disomic 1B Rosner
(Table VI). This indicates an effect of position for the
1B° inhibitor, such that the two short arms reduced chiasma
frequency more when they were attached to thé same centro-

mere than when they were attached to separate chromosomes.
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1B and Low Temperature

In addition to the effects of 1B and 6B dosage on
the frequency of chiasmata at MI, chiasma frequency is
also affected by variation in temperature (Bayliss and
Riley, 1972; Boyd, Sisodia and Larter, 1970). Conse-
quently, the effect of 1B to reduce chiasma frequency’
might be more pronounced at temperatures that induce asynapsis thgn
it is at normal temperatures (c.f. Bayliss and Rilevy,
1972). Howevér, although high 1B dosage and low tempe-
rature (10°C ER ZOOC) both decreased chiasma frequéncy
in Rosner (Table IV; Table V) there was no positive.inter—
action between the two factors. Instead the nullisomics
and the long arm ditelosomics (i.e. low 1B dosage). both
showed a lower freguency of chiasmata per cell and large
plant to plant variation at 10°C relative to the disomics
(Table V). "Even when the nullisomics and ditelosomics
were eliminated from the. analysis of variance becausé of
their large:standard deviations at lOdC (Table V) there
-was no evidence of synergism between high 1B dosage and
lQW temperature to reduce chiasma frequency per chromo-
some at‘MI (Table VII).

Between'ZOOC and lOOC, the bercentage of cells in
which 1B paired as a trivalent declined by 9% (in trisomic
1B) and as a ditélobivalent by 16% (in.ditelosomic lBL).

-In hexaploid triticales grown at normal temperatures, low
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chiasma frequencies are restricted to the chromosomes of
the rye genome, and chromosome 1B has among the highest
frequencies of chiasmata in the wheat genome (Thomas
and Kaltsikes, 1974, 1976 ; c.f. Larter and Shigenaga,
1971). Consequently, pairing failure at 10°Cc must have
affected both the wheat and the rye chromosomes as well.
Figure 4 compares chiasma frequency in Rosner |
between 10°C and 30°C with the chiasma freguencies obser-
ved in bread wheats over the same range (data compiled
from Tables IV and V, from Bayliss and Riley (1972) and
from Boyd et al. (1970)). There is a broad temperature
optimum for chiasma frequency in Rosner, comparable to
that observed in bread wheats but at a lower level (Figure
4). In the absence of chromosome 5D, the hexaploid wheat
variety Chinese Spring shows extensive pairing failure at
temperatures below 2OOC (Bayliss‘and Riley, 1972; Riley
1966) . Hexaploid triticales lack the 5D chroﬁosome that
buffers chromosome pairing against loQ temperatures in
Chinese Spring but in most cases they should cérry a
corresponding gene on chrémosome 5A which stabilises chro-
mosome pairing against low temperatures in tetraploid
wheats (Riley and Hayter, 1967). In addition, there are
probably analogous genes in rye, which would also bev
present in triticale. Since chiasma frequency in Rosner
is stable over a wide range of temperatures, albeit at a

lower level than is observed in bread wheats, it is
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unlikely that pairing failure in triticales grown at normal
temperatures occurs because of reduced activity of genes of
the 5A and 5D type. This is also evident from studies of
meiotic prophase. In nulli 5D tetra 5A Chineée Spring,
grown atvlow temperatures, pairing‘failure is asynaptic
(Bayliss and Riley, 1972). Iﬁ triticales‘grown at normal
temperatures, pairing failure is desynaptic (Lelley, 1974;
Tsuéhiya, 1970) . Since Rosner is no exception to this rule,
chromosome 1B probably acts to increase the extent of de-
synapsis, up to MI. Absence of synergism between high 1B
dosage and low temperature to decrease chiasma frequency
at MI, indicates that the two factors operate additively on
two different phases of pairing.

Asynaptic pairing failure in wheat also bccurs
following the injection of colchicine (Dover and Riley,
1973; Driscoll and Darvey, 1970; Driscoll‘gz al., 1967;
Thomas and Kaltsikes, 1977) and in the presence of high
dosage of chromosome 5B (Feldman, 1966[ 1968). This makes
it unlikely that pairing failure in triticale occurs

through one of these meiotic mechanisms either.



156

€70°0 7 9€°¢ LeT 9LT 99 SZT °uTT
6€0°0 ¥ 9z - - ¢ pET £02 0S 0TT SuTTg
£¥0°0 ¥ 0€°z - - T% 0TT 98T 0L I9usoy
650°0 ¥ 82°¢ - - T¢ GET 8LT ¥9 DIFTTOIg X spnisid eIl
0¥0°0 ¥ g€2°¢ - - G¢ STT 06T €L DIITTOXd X £9, 3Iemaas
| 5TedT3TI3 proTdexsy
£€60°0 ¥ €8°¢ ¢ 97 L9 97T €zT LE epnTaig
BY0°0 T 9v°C € 9 &% TET 6ST €9 ezuUy
, jesym prordexol
1970°0 5 zg°z - - Lz STT 78T 8L spnyeig eijeg
Zv0°0 ¥ 9z°z - - 43 €21 ZLT 18 TL, 3ITIOD0D
0¥0°0 ¥ 90°¢ - - 44 LL €0z 96 €9, 3IeMOIS
Jjesym proTdeaasg
92070 F LZ°T - - - - 08 0Tz OTITITOag
2200 7 62°T - ~ - - 91T €8¢ Kdooug
24Ax proTdiqg
IO0IX® pIRPUR]S 9 S P € . zZ T

pue uesy

ISCqUNU paj3eDTPUT

UaIm sTT®0 Jo Aouenbeag

snaTonu Jod ITOSTONU JO Iaquny

TeTasaey

STEDI}ITIF PIOTARXBY PUER DAI

‘3weym 1O STI9D dTI3-300x uT soTouenbaij IeTOSTONN I STJeRlL



157

3I0Us B I03F OHEOmmuuwuonUH@,no

T 549 ATqeqoxd swEOmOEomno OTI3USDOTDY

DTWOSTAZOTs30uUOW ATsnosuelTnuwTs oI9m sjueld asayl %

mwo.o T ZS°T - - - 7 L6T £6T g9 TTIIDN -

LEDO'0 ¥ 86°T1 - - < €0T 98T PIT g9 OUOo|w -

€E¥0°0 F 9¢-°¢ - - 1557 LZT 9LT 99 OTWOSTJ ~ GZT SUTI]
620°0 ¥ GG°T - - - - 791 9¢T qmw OoT=31a -

9¢0°0 ¥ v6°T - = - €8 16T 90T d9 OUOW -

9%0°0 ¥ 6G°C - 7T 19 9¢T 8%T s g9 TiL -

800 ¥ 0€°¢ - - ¥ OTT. 98T 0L OTWOSTd -

¥€E0°0 ¥ 96°T - - - S8 €12 €07 g OUOW -

SZ0°0 ¥ 8%°1T - - - Z L6T 9T¢ Ama OT=31Td - JI°2Usoy
62070 ¥ Z29°T - - 14 LT 0T¢ 7LT *d9 TTTON -

7€0°0 ¥ 8L°T - - - 79 €67 LST 49 OUOK -

6€0°0 ¥ 9¢€°¢ - L= 53 PET €0¢ 0s OTWOSTJg -

GEO'0 F 8L°T - - - 89 €8T LST d7 OuUow -

9€0°0 F L¥"T - - - T €6 LOT 9T TITTION - QTT ®uTT
I0II2 pIepue3is g g ¥ € z I

pue uesy I9qunu pa3edTPUT YITM STT9D JO Aousnbaxg TeTI=3eR

sne1onu x2d TTOSTONU JO- IDqUNN

@HOﬁmema 30 spTOTuUnsu® ¢g pue gl JO STI®D UTF-300I uT

STEOTATIF

serousnbexy IeTOSTONN IT oTqeyl



158

uesW 2y} JO JOIID pPIRPURIS

z

3x93 89Uy ur paureldxe aie SaTqeTIRA °seuL.
(5070 > d) €T OUOW > g9 OUOW :0TT SUTT UI
(60070 > d) €T OUOW < €9 OUOHW :I9USOY UI

909°0 * CL ¥E - - 2.8°0 F 80°LZ gT OUOR ) HmoHEOmocoE uT

SNTO9TONU DPOZTIS

¢s9°0 ¥ ¥9°¢¢ GLZ 0 ¥ 68°T¢ 29870 ¥ £€0°¢¢ - d9 OUOK mumﬂwmanmucﬂ F0
2uUNToA 9bejusdasg

-+

(T0°0 > d) QIT ®UIT < I2USOY [SOTHOSTR UT-TTo9Tond 3o
JITed I9TeBWS a9Yy3z pue arted

+1

08°6T 96°7 T 6% 9¢ 8G € ¥ 7G°LE I9bIRT PYU3 USOMIB] SUNTOA

L6°€ 2

+t

UT 90UDI2IJTP =2bejusdIag

0TT ®utT GZT °2utrI I9US0Y

9TBOT3ITIF PTOTAeX3Yy FJO STT9O dT3-300X 3O SNSTONU 2Y3 UIYIIM

swnToA JIBPTOSTONU JO UOTIINQIIISTP 9yl uo odAjousb JO SOUSNTIUT SYL  *III STJelL



159

JUBOTITUSTS 30N ‘'su

"TeAST 100°0 2Y3 1B JUBDTITUBTS yyx

8 0900°0 + 298°0 49 TTIDN
90% Le . 1011y ¢l CS00°0 F 65870 49 ouon

#»¥9%°C1 6506 [4 spToTdnauy 01 0L00°0 ¥ 61870 49 Td &§¢1 surl

gd9 TA30T337
Y ¢s00°0 F €/8°0 /99 TITIDN
8¢1 6 10213 Y ¢L00°0 ¥ 898°0 g9 ouol :

-gul¢’'0 LT 4 sprordnauy - Vi 170070 ¥ 2/8°0 49 Td 011 °ur]
Y 2S00°0 F G/8°0 4T TTIDNN
LLT ¢l 10121y 9 L0070 F 6/8°0 g1 ouoy

cgulC’0 LYy [4 sproTdnauy S IT00°0 * 0/8°0 41 Td 011 =url
8 I710°0 + €28°0 149 ©°T1=31a
9ve6 LT 1011y Vi £800°0 ¥ 2680 49 ouop

sgull’l LT91 [4 sprordnauy 8 S800°0 + £L%8°0 49 Td 12Usoy
9 Z€10°0 ¥ 088°0 141 oT231a
3 060070 + 168°0 41 TTTDN
8 560070 ¥ 98870 41 ouoK
80% et 4033Y 8 06S00°0 F 1€8°0 41 Td

¥¥#10°0¢€ 6%77¢C1 Vi sproTdnauy 8 ¢ET0"0 + 108°0 g1 TAL 12usoy

: GOHumwum>
A 0TXSK “3p T
? 3O @vinog pPRI02G S3UBTJ 1011y paBPUB]g Mo03g SuT
JO IJaquny pue ueay prordnsuy H1

BOUBTIBA JO S8siTeuy

"SOUTT STBOTATII 93143 jyo sproTdnoue g9 pue g Ul swosowoiyd Iod BIBWSETYD Jo siequnu uBsSK ‘AT 9TqBL



160

*(50°0 > d) DTWOSTI3 < OTWOSIP D,0T 3¥ -"sxay3zo buoure

(TO0°0 > d) DTWOSTI3} < DTWOSTTINU pue (50°0 > d) oTWOSTIp < DOTWOSTTTNU 0,0¢ 3v¥

PEETO

L , LES0 F mm.mm, 8 F £9°¢¢ dT DTWOSTIL
cT S6C2°0 ¥ ¥8°0¢ 8 chC"0 ¥ T6 " v¢ g7 DOTwosTIg
8 0L%°0 7 T6°0¢ 8 6120 ¥ Z¥-°G¢ g1 DTWOSOUOR
L S¥9°T ¥ LG°8¢ 8 86T°0 ¥ 6S°G¢ g1 DTWOSTITINN
8 190°T ¥ 8T 0¢ 9 0¥S°0 ¥ 80°9¢ Amﬁ UHEOmOHmuHQ
poI0os I0xIe paIx00s I0Ixao
squeTd pIepueis saueTd pIepuris
JO Iaqumpy pu® ueay : Jo IaquMmN pue ueay
D03 s
QOOH UOom pIOoTdnauy
aanjeradus]

soanjeisdwel OM3 3B UMOIHL JIDUSOY JABRATITND 2TeOT3TIS prordexsay ay3 uTr gT

SUHOSOUOIYD JO SOTWOSOTS3TP WAR HUOT PUB SOTWOSTIF ‘SOTWOSIP /SOTWOSOoUOW

SOTWOSTITINU ur TT9° Iayzow usTTod Iod BIRWSBTYD JO SISQUAOU UBS ‘A STqel



161

*(*3°P 89 ‘5z0°0 > d)
JUBDTITUDTS ST ©OUDADIITP STY3} 2dueTIeA JO A3TTenbs HuTumMSsSy -I2UsSOy €] OTWOSTP JO
elEp TIB JO ®beIiase paTood oYz MOT3q SUOTIRTASD PILPURIS $8G'Z SBM UOTIRAISDSHO STULy

(8T ©oST + sated 0Z)

BSNOYUDDIH T ¥x€8L°0 8T DTWOSOUOWOSTOUOW
osnoyusaiIy 8¢t S%00°0 * §S8°0
asSnoyuaaIn g T€T0°0 + 0¥870
0,07 3IBUTOED Y3IMOIDH 8 8600°0 * TEg8-°0
O,0C F2UTIGeD UY3amoan 8 S800°0 T L¥8°0 (x1ed g1 + sated 0g)
@snoyuseIn 0T 080070 * %9870 dT OTWOSTg
9snoyuasIn T LL8"O0
9snoyuaaIn T , 006°0 (saxted Qz)
D50 ISUTgERD Yy3Imorn 8 0G600°0 * T68°0 dT7 OTWOSTTITON
pax0oos sjueTd IOIIS pIRPURZS 3003s
JUSWUOITAUL JO Ioqumy ‘ pue ueap proTdnauy

I2USOY JABATITND STROTITIL
proTdexay oy3 UT g] SWOSOWOIYD JO OTWOSOUOCWOSTOUOW WIE 3IO0US ® pue

SOTWOSTP ‘SOTWOSTTINU UT SWOSOWOIYd Iod BRRWSETIYD JO SIDQUAU UBD - *TA STJeL



162

Table VII. Analysis of variance of chiasmata per
chromosome among 1B aneuploids of Rosnerl

grown at two temperatures

Source of , 6

variation df MS x 10 . F value
Chromosome 1B (1B) 2 22911 36.58%%%
Temperature (T) 1 126431 201.89*%*%
Interaction (1B x T) 2 603 0.96"°

Error - 45 ' 627

1 . . . . .
Monosomics, disomics and trisomics only.

***Significant at the 0.001 probability level.
MSnot significant.
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Figure 2. Nucleoli in root tio cells of monosomic 6B Ros-

ner. In cells with three nucleoli, there is a tendency
for two nucleoli to be visibly larger (L) than the
other one (s). Bar is 20 um. .

Figure 3. Nucleoli in root tip cells of monosomic 1B Ros-
ner. In cells with three nucleoli there is a tendency
for two nucleoli to be visiblv smaller (s) than the

_other one (L). Same magnification as Figure 2.






Figure 4. Frequency of chiasmata per chromosome at MI in
PMC of bread wheat and hexaploid triticale between
10°c and 30°C. The frequency of chiasmata was computed
as the number of rod bivalents plus twice the number
of ring bivalents divided by 42 for all data. Black
circles are data of Bayliss and Riley (1972), clear
circles and triangles are data of Boyd et al. (1970)
and black triangles are data of the present study.

Pitic and Chinese Spring are bread wheats and Rosner
is hexaploid triticale.
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GENERAL DISCUSSION

A Model of Pairing Failure in Triticale

Why should deficiency for chromosomes 1B and 6B in
certain cases promote chromosome pairing in hexaploid
triticale? Chromoéomes 1B and 6B are both important
nucleolus-organising chromosomes in triticale. The
chiasma inhibitor present on chromosome lB'Rosner was
located on the same arm as the nucleolus organiser (1B°).
This 1B° organiser was shoWn to produce larger nucleoii
than the 6B° organiser, at least in root-tip cells. Fur-
thermore, when the two arms of 1B% were attached together
on a single isochromosome, the frequency of chiasmata was
lowered by even more than when they were present on sepa-
rate chromosomes. In root-tip cells of wheat, attachment
of two.nucleolus organisers to a single isochromosome
increases the probabilify of fusion between the homologous
nucleoli (barvey and Driscoll, 1972).

Pairing effects of other nucleolus-organising
chromosomes can be cited. Among trisomics of rye, the
lowest rate of trivalent formation and lowest frequency of
chiasmata per cell were‘recorded when the active nucleolus-

organising chromosome 1R was trisomic (Balkandschiewa and
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Mettin, 1974). Lowest rates of trivalent formation were
also found in monotelotrisomics of barley and primary
trisomics of pearl millet, when the trisomic chromosome
carried an active nucleolus organiser (Sayed, 1973; Manga
1976) . Chromosome 1B carries the most active nucleolus
organiser in meiocytes of Chinese Spring (Darvey; 1972),
and deficiency for this same chromosome appeared to promote

homoeologOUS pairing by about one chiasms - per cell in

hybrids between Chinese Spring and Aegilops variabiiis
(Driscoll, pers. comm.). Ali these findings are consis-
tent with the hypothesis that increases in (1) the number
of active nucleolus organisers, (2) total aucleolar volume
and (3) the preexisting level of nucleolar fusion between
nucleoli can act to iower chiasma frequency in a variety
of pairing situations.

Chromosome vairing in the Triticinae appears to go

through an important bouquet stage during leptotene that
brings all the telomeres to a small specific area of the
nuclear membrane (Thomas and Kaltsikes 1976a, 1977). 1In
bouquet—forming species, synapsis is usually reported to
begin close to the bouquet and to proceed toward the inte-
rior of the nucleus (Darlington, 1937; Hiracka, 1941;
Wilson, 1934). There is also reason to think that in the
cereals, synapsis begins at or close to the telomere
(Burnham et al., 1972; Kasha and Burnham, 1965; Michel and

~Burnham, 1969; Tabata, 1963).
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Because nucleolus-organising regions are generally
located a short distance from the short-arm telomeres of
nucleolus—-organising chromosomes (Lima-de-Faria, 1976),
all nucleoli of the PMC becbme joinéd in a single fusion
nucleolus as the telomeres aggregate at the attachment
plate on the nuclear membrane (Thomas and Kaltsikes, 19764,
1977). In the case of iso lBS, a high preexisting level of
nucleolar fusion in somatic cells (Darvey and Driscoll,
1972) should increase the tendency toward nucleolus fusion
in the meiocytes.

The fusion nucleolus associates so strongly with the
telomere attachment plate that the nucleolus appears to
partially extrude from the nucleus (Bennett et al., 1973;
Darvey, 1972; Roupakias and Kaltsikes, 1977a). Lima-de-
Faria (1976) has pointed out that the nucleolus organisers
are preferentially locatéd adjacent but never very close to
the short arm telomere. This segment, very close to the
short arm telomere, was described as the "blocked region"
for the location of the nucleolus organiser (Lima~de-Faria,
1976). A shift in the position of the nucleolus organiser
into the blocked region, close to a telomere, would bring
the fusion nucleolus into the center of bougquet formation.
Thus, 1if the kind of bouguet that is observed in rye and
triticale (Thomas and Kaltsikes, 1976a, 1977) is widespread,

terminal nucleolus organisers would intrude the nucleolus
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into the centre of the bouquet, and so disrupt regular
meiosis. Selection pressures favoring regular meiosis
would therefore select against terminal nucleolus organi-
sers. |

Even so, factors which increase the rate of nucle-
olus fusion, the size of the final fusion nucleolus, or
its proximity to the attachment plate, could‘influence the
progress of synapsis from initiation pqints (telomeres) at
the bouguet. For instance, a pair of synapsing chromo-
some arms might happen to pass dn either side of the fu-
sion nucleolus even though their homologous telomeres were
closely associated at the bouquet. Under these éonditions,
synapsis in the subterminal segment would be prevented,
leaving only the most terminal segment correctly paired
during early zygotene. Depending on the length of the
terminal segment that was synapsed, chiasmata could still
be formed in this region. Thus, among telocentrics of
triticale, (with the exception of heterochromatic telo-
centrics), positive correlation existed between frequency
of univalency at MI and increasing terminal localisation
. of chiasmata {(Thomas and Kéltsikes, 1976h) .

Lowest chiasma‘frequencies in triticale were inva-
riably found in those arms of the rye genome that carried
large blocks of terminal heterochromatin (Thomas and
Kaltsikes, 1974, 1976b). Furthermore, when hetero-

chromatin was deleted from the telomere, chiasma freguency
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was promoted (Merker, 1976; Roupakias and Kaltsikes, pers.
comm.) . Hoever, despite their very low pairing, hetero-
chromatic telocentrics failed to show the expected ter-
minal chiasmata. Instead, chiasmata were significantly
(p < 0.01) more proximal in the heterochomatic telocen-
trics than they were in the next highest pairing category
(Thomas and Kaltsikes, 1976bh). This finding can probably
be explained by the fact that chiasmata do not generally
form in heterochromatin (for refs. see Thomas and Kalt-
sikes, 1976h) . Consequently, if a pair of heterochro-
matic chromosome arms were blocked from further synapsis
by the nucleolus, then they would be unable to form
chiasmata both in the nonsynapsed subterminal euchromatic
segment, and in the synapsed but heterochromatic terminal
segment.

Thomas and Kaltsikes (1976a) reported that the bou-
quet began to break up by mid zygotene, while synapsis was
still in progress. Loss of association between the telo-
meres and the nucleolus would allow those regions that
were physically separated by the nucleolus to complete
their synapsis to the high level that is observed in pachy-
tene and diplotene. However, if this late synapsis were
ineffective for the formation of chiasmata, then hetero-
chromatic arms that were blocked by the nucleolus would

lack chiasmata and would desynapse at MI.
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This hypothesis is presented as a preliminary
account of why heterochromatic chromosome arms of
rye fail to pair in triticale, and it emphasises the
events of meiotic prophase, when the structure of the

MI bivalents is determined.
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CONCLUSION

By use of heterochromatin staining it was shown
that the unpaired chromosomes in triticale were mostly
rye chromosomes. Low chiasma frequencies in triticale
were restricted to chromosome arms of the rye genome
which carry large blocks df the characteristic rye hetero- .
chromatin at the telomere. Low pairing of these hetero-
- chromatic chromosome arms in heteromorphic bivalents was
associated with an anomalous, slightly procentric
distribution of chiasmata.

Active fusion of nucleoli in early meiotic prophase
coincided approximately with leptotene in each of rye,
triticale and durum x triticale pentaploids. Bouguet
- formation was found to occur at leptotene in both rye and
triticale, at least among the rye chromosomes. Injection
of 0.03% aqueous colchicine into the boot éf durum x
triticale pentaploids during late premeiotic interphase
and leptotene inhibited chromosome pairing at diakinesis
and first meiotic metaphase. Therefore, active nucleolar
fusion, bouquet formation and sensitivity of chromosome
pairing_to colchicine all occurred in the same general

period of the meiotic cycle between the middle of the pre-
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meiotic interphase and early zygotene.

Nucleolar frequencies were studied in root-tip cells
of triticale, including 1B and 6B aneﬁploids, and in
wheats and ryes. Chrémosbmes 1B and 6B were the only
nucleolus organisers active in root-tip cells of hexaploid
triticale under normal conditions. Deficiencies for
chromosomes 1B and 6B promoted chromosome pairing in
certain cases and had no effect in others.

1t was concluded that there is an important step in
the meiotic pairing of chromosomes, which takes the form
of a colchicine-sensitive bouquet stage, and that this
stage may be part of the process of homologue recognition.
Frém consideration of these and other findings it was
suggested that pairing failure in triticale is not strict-
ly a problem of homologue recognition, nor is it due to
super or suboptimal activity of the pairiné‘control systems
present on the chromosomes of homoeologous grdup 5.
Instead, effective pairing of rye chromosomes may be
obstructed when fusion of the wheat nucleoli occurs at
the time of bouquet formation in triticale.

Ultrastructural studies of the basis of bouquet.
formation, and study of the relationship between chiasma
distribution and overall pairing rates for particular
chromosomes in wheat, rye and triticale are recommended

for further study.
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APPENDIX

Table 1. The distribution of heterochromatin among telo-
meres participating in end-to-end associations”® at
early diplotene in a rye plant with 10 heterochromatic
and 4 euchromatic pairs of telomeres.

Number of telomere pairs present in the end-to-end

association
2 3 4
HE# 6 HHH 2 HHHH 1
HEF 14 HHE 2
EE 1
Total H Total E
Observed 39 19

Expected® 41.42 16.57

* Level of proximity between telomeres considered to
represent end-to-end association indicated by arrows
on Figure 12, page 79 (bouquet paper).

# H and E indicate presence of heterochromatic or
euchromatic telomere pairs respectively in the end-
to-end association.

@ Expectation based on the ratio of 10 heterochromatic
telomere pairs to 4 euchromatic. Only cells in which
all 14 telomere pairs could be identified were analy-
sed for end-to-end associations.
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Unweighted Least Squares Estimation of Meiotic Intervals

The raw data was consolidated as follows. Supovose
the duration of the interval from the synchronous tapetal
mitosis (STM) to the end of pachytene (EP) was observed
to take morée than 21 hours but less than 23 hours then
its duration is reasonably estimated to be 22 hours.
Equations were then set up to express the observed inter-
vals in terms of the intervals whose durafions were to be
estimated by least squares procedures. For instance,
to determine the sequenée of meiotic events in hours
from first meiotic metaphase (MI) STM to EP was written
as follows:

1(ST™ to MI) - 1(EP to MI) = 22.
In this way a system of equations was built up for the
available observations. Coefficients of the equation
system together with their signs were taken as the X
matrix and the corresponding vector of observations as
the Y vector. The least squares solution of the desired
intervals is as follows:

b= (x'x) " Ixry.
The standard errors of these estimates are the sguare
roots of the corresponding variance on the leading

diagonal of the variance covariance matrix.
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The variance covariance matrix is:
(x'x) "Lg?2
where
s2 = ((Y'Y) - b'X'Y)/df.

where df. is the number of degrees of freedom which is

the number of observations minus the number of solutions.
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The Extended Analysis of Pairing Rates in Triticale

This procedure is the extension of the procedure
used to genérate the indirect analysis tabulated in Table
VI, page 40 (genomic origin paper). 1In triticale 4, there
were 17.11 ring bivalents, 3.57 rod bivalents and 0.64
univalents per pollen mother cell (Table VI). In the
same triticale, chromosomes entirely without bands
constituted respectively 73.65% of ring bivalents, 20.27%
of rod bivalents and 10.14% of rod bivalents (Téble VII).
Therefore, it is estimated that there were 12.60 ring
bivalents, 0.72 rod bivalents and 0.06 univalents per
pollen mother cell (PMC) , entirely without heterochromatin
in this triticale (73.65% of 17.11 ring bivalents is 12.60
etc.). Chromosomes with a single major terminal hetero-
chromatic band constituted respectively 17.74% of ring
bivalents énd 33.81% of all univalents. Among the rod
bivalents, 50.90% were single banded in the unpaired arm
and 3.15% were banded in the paired arm. Therefore it is
estimated that chromosomes with one prominent terminal
band paired as 3.04 ring bivalents, l.82_rdd bivalents
paired in the non-heterochromatic arm, 0.11 rod bivalents
‘paired in the heterochromatic arm and 0.22 univalents.
Finally,‘the chromosbmes with two major terminal hetero-
chromatic bands constituted 8.6% of ring bivalents, 25.67%

of rod bivalents and 56.03% of univalents. This amounts
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to 1.47 ring bivalents,'0.92 rod bivalents and 0.36
univalents per PMC. |
This breakdown of the pairing allows the calculation

of a chiaéma frequency for chromosomes which have no
bands,; for the euchromatic chromosome arm of chromosomes
with a single terminal band and for the pairing of
chromosome arms which carry prominent heterochromatin.
These three values afe taken to represent the vairing
efficiency .of the wheat genome as a whole, the pairing
efficiency of the chromosome arms of the fye genome which
lack heterochromatin and the pairing efficiency of the
chromosome afms of the rye genome which carry prominent
heterochromatic bands at the telomere respeétively.
They were calculated as follows:

Wheat chromosomes: (2 x 12.60 + 0.72)/

(2 x (12.60 + 0.72) + 0.06)
= 0.971,

Rye chromosome arms

without heterochromatin: (3.04 + 1.82)/
(3.04 + 1.82 + 0.11 + 0.22/2)
= 0.957,

Rye chromosome arms '

with heterochromatin: (3.04 + 0.11 4+ 2 x 1.47 + 0.92)/

((3.04 + 1.82 + 0.11 + 0.22/2) +

.47 + 0.92) + 0.36))

,’2 x (1
= 0.686.
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These data were calculated for each triticale in
turn and plotted against overall chiasma fregquency for

the whole chromosome complement to give Figure 9, page 58.



