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ABSTRACT 

Six haploids (AD)^ of Gossypium hirsutum, ^D,. hybrid an^ the 

doubled hybrid 2(A D > were analvzed cytologically. The pachytene Z. 
analysis revealed that the chromosomes of the A and D genomes were not 

of the same length; however, at late pachytene most of the paired 

chromosomes attained the same size. The A chromosomes either started 

contraction before the D chromosomes or contracted at a faster rate at 

pachytene. During the stages following pachytene the D chromosomes 

contracted at a faster rate than the A chromosomes resulting in the two

fold difference in size noted at metaphase I. The size difference be

tween the two genomes was maintained through diakinesis and metaphase. 

Alterations in contraction rates or the time difference in contraction 

of the chromosomes of the A and D genomes can account for the auto-

syndetic association in the allotetraploid cottons. Pachytene analysis 

also showed that the difference in chromatin length between the A and D 

genomes is attributed to lengthwise multiplicity of the repeated 

sequences of DNA supporting a uninemic structure for the cotton chromo

some . 

x 



INTRODUCTION 

The genus Gossvpium contains more than 30 diploid and tetraploid 

species. The cultivated species include the diploid (2N = 2X = 26) 

Asiatic cottons, G. herbaceum and G. arboreum, and the allotetraploid 

(2N = 4X = 52") American cottons, G. hirsutum and G. barbadense. The 

Asiatic diploid species have been assigned the genomic class A, The 

wild diploid species are xerophytes and have been assigned five genomic 

classes (B, C, D, E and F). The cultivated allotetraploid cottons G. 

hirsutum and G. barbadense are derived from two geographically isolated 

diploid species and have been assigned the genomic class (AD). These 

genomic classes were assigned on the basis of taxonomic relationship, 

geographical distribution and meiotic pairing behavior of the hybrids 

(Beasley 1940, Phillips and Strickland 1966). The A subgenome is 

homologous to the A genome of the diploid Asiatic species, and the D 

subgenome is similar to the genome of the American wild diploid species. 

Although the chromosomal pairing mechanism still lacks con

clusive cytogenetical evidences, yet, in the last decade, considerable 

amount of cytogenetical data have been presented to obviate the 

mechanisms which ensure the diploid-like pairing behavior of amphiploid 

species. As for the amphidiploid cottons, two hypotheses have been pre

sented to account for their diploid-like pairing behavior: a genetical 

mechanism similar to that operating in hexaploid wheat (Kimber 1961), 

1 
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and a cvtological mechanism specified by differences in the rate of 

contraction of the chromosomes (Endrizzi 1962). 

The metaphase chromosomes of the A and D genomes are of differ

ent sizes, the A chromosome being about twice the size of the D chromo

some. This size difference parallels the biochemical and cytophoto-

metric auantitative determination of the DNA content of the chromosomes 

of species in these two genome groups (Katterman and Ergle 1970, Edwards 

1973). However, Brown (1954, 1958, 1961, 1962) reported that in species 

hybrids of Gossvpiuir,, the pachytene chromosomes of the A and D genomes 

were intimately paired and were of equal length despite their differen

tial size in the ensuing metaphase. Partly, on the basis of the above 

cytological observation, Endrizzi (1962) advanced the proposal of 

differential rate of contraction of the A and D chromosomes as the 

mechanism for regulating homoeologous pairing in the tetraploid cottons. 

Lateral redundancy has been hypothesized to account for the differences 

in the DNA content between the different genomes of Gossypium (Katterman 

and Ergle 1970), 

In this study, the meiotic prophase and metaphase of the 

haploids of G. hirsutum, G. barbadense, the hybrid G. arboreum x G. 

raimondii, and its doubled derivative ^r^^2^5''2 were analyze<3 cytologi-

callv. The amount of meiotic pairing or the degree of association in 

haploids and in the F1 A_D,. hybrid should reflect the degree or amount 

of internal homologies existing in the A and D genomes of these two 

forms. The pachytene analysis will test Brown's cytological observation 

that the pachytene chromosomes of the differentiated genomes pair 
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intimately and are of equal length. This should show whether the size 

differences at metaphase are reflections of organization or true differ

ences at metaphase in the lengths of the chromosome complement. The 

meiotic analysis should also test Endrizzi's hypothesis of linear move

ment or differential contraction of the chromosomes of the A and D 

genomes--as a mechanism regulating homoeologous pairing in Gossypium 

as opposed to Kimber's hypothesis of genetic control. Lastly, since it 

has been established that there are quantitative differences in the DNA 

content of the A and D genomes (Katterman and Ergle 1970, Edwards 1973), 

the pachytene analysis should provide additional support for the 

hypothesis of longitudinal multiplicity as opposed to that of lateral 

redundancy. 



LITERATURE REVIEW 

Chromosome Association in Haploids and 

Species Hybrids 

The study of meiosis in haploids and species hybrids provides 

information on interchromosomal differences between the various genomes. 

Such information is useful in determining the genetic and evolutionary 

divergence that may have taken place in the polyploids since their 

origin. Such a study is also of importance in determining the basic 

chromosome number of the species. Most of the analyses dealt with meta-

p'nase I which is difficult to define in haploids and for that reason the 

term metaphase-anaphase was coined by Tometorp (1939). This is due to 

the fact that univalents do not normally move to the plate, but only 

bivalents and multivalent associations arrange themselves between the 

poles (Levan 1942). 

In haploids and hybrids, three categories of chromosome associa

tion can be identified: these are nomoeologous allosvndesis, homologous 

autosvndesis and non-homologous autosyndesis (Lange 1971). The resulting 

bivalents or bivalent-like structures could be held by true chiasmata or 

pseudochiasmata respectively. The bivalent-like structures have been 

described by terms such as "pseudobivalents" (Walters 1954), "quasi-

bivalents" (Ostergren and Vigfusson 1953), "association not due to 

chiasmata" (Shastry, Sharma and Ranga Rao 1961), and "secondary pairing" 

(Darlington 1928, Lawrence 1929), which imply that such structures are 

4 
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not true bivalents. Homologous pairing at prophase followed by persis

tent chiasms formation at later stages typifies true bivalent formation 

(Shastry and Ranga Rao 1961). Consequently a number of hypotheses had 

been advanced to account for the origin of pseudo-bivalents: (1) non

homologous chromosomes that have associated by chance may break and 

reunite (Walters 1950); (2) matrix connections between univalents 

(Walters 1954); (3) pairing at prophase without chiasma formation 

(Person 1955); (4) heterochromatic fusion, stickiness and non-specific 

attractions (Riley and Chapman 1957). 

The types of secondary associations that are encountered at 

metaphase I are the "end-to-end," "side-by-side," and "end-to-side" 

associations (Person 1955, Kimber and Riley 1963). The side-by-side 

associations are usually confined to associations between chromosomes 

of corresponding genetic similarities (Kempana and Riley 1964, Riley and 

Law 1965). This was confirmed by Person (1955) who found negative cor

relation between the frequency of side-by-side associations and true 

bivalents. No such correlation, however, was found between the other 

two associations and true bivalents. 

Kimber (1960) and Barrow (1971) reported no bivalents in the 

haploids (N = 2X = 26) of Gossypium tetraploid species; however, chromo

somes did associate allosyndetically more often than autosyndetically. 

Endrizzi (1959) reported an average of 0.16 bivalents and 0.008 tri-

valents in cotton haploids, and concluded that most of the bivalents 

were allosvndetic association between the A and D chromosomes. 



6 

In species hybrids between G. arboreum (2N = 2X = 26) and G. 

raimondii (2N = 2X = 26) the frequency of bivalents and higher associa

tions was very high with an average of 6.0 bivalents per cell (Endrizzi 

and Phillips 1960, Bahavandoss and Veluswamy 1969). In Endrizzi and 

Phillips' hybrid, however, autosvndetic pairing was observed in a few 

cells. The most freauent trivalent associations were D-A-D and A-D-A. 

The quadrivalent associations were mostly of the A-D-A-D type. In all 

these associations chiasmata were terminal. 

Meiotic prophase analysis of Gossypium has not received much 

attention from cotton cytogeneticists. The observations made by Brown 

(1954) formed a cornerstone upon which hypotheses pertaining to the 

mechanism regulating homologous pairing in Gossypium (Endrizzi 1962), 

and to cotton polynemic chromosome structure (Katterman and Ergle 1970) 

were postulated. Brown made observations concerning the pachytene and 

metaphase associations in species hybrids of Gossypium. She reported 

that the pachytene chromosomes pair intimately and are of equal length 

irrespective of the size differences in the following metaphase. She 

further observed that at diplotene and diakinesis chromosomes of differ

entiated genomes have a unique amount and distribution of heterochromatic 

material (Brown 1961, 1962). Following meiotic prophase, heterochromatic 

and euc'nromatic segments of the chromosomes contract at different rates 

and achiasmatic bivalents separate as univalents. She also noted that 

chiasmata occur more often in euchromatic regions, and chiasma formation 

rather than chromosome pairing controls metaphase association. 



7 

The cytological behavior of the hybrid between Oryza sativa and 

0. australiensis (Li et al. 1963) bears resemblance to the observations 

in the species hybrids of Gossypium reported by Brown (1954, 1958, 1961, 

1962). The 0. australiensis chromosomes are 2-4 times larger than the 

0. sativa chromosomes, and they are largely heterochromatic compared to 

the 0. sativa chromosomes, which are mainly euchromatic. At pachytene 

the 0. australiensis chromosomes were much darker than their 0. sativa 

counterparts, though the paired bodies were more or less of the same 

length. Loops and bumps, however, were evident due to structural dif

ferences between the two genomes (Shastry and Mohan Rao 1961). At 

diplotene most of the bivalents were open, and the 0. australiensis 

chromosomes seemed to have contracted more than the 0. sativa chromo

somes. By diakinesis, the two counterparts approached each other in 

size, and by MI-AI the 0. sativa chromosomes contracted further so that 

the size difference was apparent between the chromosomes of the two 

genomes. Shastry and Ranga Rao (1961) termed this differential con

traction of the chromatic material as "timing imbalance" in the conden

sation of the chromosomes. It has also been noted by Li et al. (1963) 

that the heterochromatin-loaded 0. australiensis univalents moved to the 

poles ahead of the heterochromatin-free 0. sativa chromosomes, and even 

ahead of the bivalents. They attributed this differential movement 

either to the early congression and separation of the 0. australiensis 

chromosomes, or to the failure of the 0. australiensis univalents to 

congress at the equator. 



8 

Chromosome association in haploids has been useful in establish

ing the basic set of a species. The castor oil plant, Ricinus communis 

(2N = 20) has been described as a secondary balanced polyploid whose 

chromosomes have been genetically designated A through E. In their 

cvtogenetica1 analysis of its haploid, Narin and Singh (1968) reported 

five open bivalents in one percent of the diakinetic cells. At metaphase 

I, out of 300 pmc's analyzed one showed 5 bivalents, three had 3 

bivalents and the rest had one bivalent. The secondary association re

vealed five groups each with side-bv-side chromosome pairing at both 

diakinesis and metaphase I. It was concluded that the present-day 

species evolved by autoploidy from a 2N = 10 diploid species, and hence, 

the basic number was established as X = 5. In haploid Sorghum vulgare 

(N = 10), Reddi (1968) found a maximum of five chromosomes that were 

secondarily associated, and hence the alloploid origin of grain sorghums 

was confirmed with a basic number of five chromosomes. In haploid pearl 

millet, Pennisetum tvphoides (N = 7), a maximum of two bivalents per 

cell and a maximum of two side-to-side pairs established that the chromo

some complement (N = 7) has evolved from a basic set of N = 5 chromosomes 

(Jauhar 1970). 

Regulation of Chromosome Pairing in 

Polyploid Species 

During evolution of polyploid species, chromosomes of different 

genomes involved undergo changes which render them increasingly non

homologous; hence a number of systems have evolved to secure strict 

regularity in bivalent pairing Most of the systems reported entailed 

one or more genetical factors limiting pairing precisely to homologs. 
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This is made possible where a complete set of monosoraes is available. 

In bread wheat (Triticum aestivum 2N = 6X = 42) the limitation of 

chromosome pairing to homologous partners was attributed to the genetic 

activity of chromosome 5B (Riley and Chapman 1958, Riley 1960, Riley 

and Law 1965). The critical locus in the long arm of chromosome 5B was 

designated "pairing homoeologous" (Wall, Riley and Gale 1971). This had 

been achieved by the use of EMS-induced mutants which promoted homoeolo

gous pairing in Triticum aestivum x Secale cereale-hybrids in a manner 

comparable to hybrids deficient for chromosome 5B. 

The genetic mechanism preventing pairing between the three 

genomes of hexaploid wheat was found to be more complex than the simple 

genetic activity of the 5B chromosome. A number of suppressors and 

promoters of homoeologous pairing have been reported. Mello-Sampayo 

(1968) reported a suppressor of homoeologous pairing carried on the £ 

arm of chromosome 3D. However, the effect of this suppressor was very 

weak in the presence of the suppressor on chromosome 5B, because the 

removal of 3D did not promote homeologous pairing and hence the diploid-

like behavior of T. aestivum was not upset (Mello-Sampayo 1971). 

Driscoll (1972) tested the homoeologous groups 3, 5 and 7 of T. aestivum 

for the presence of suppressors and promoters of homoeologous pairing. 

The monosomes of the aforementioned homoeologous groups were crossed 

with T. kotschyi (2N = 28), and the change in chiasma frequency was 

scored in the hybrids. A suppressor was found on chromosome 3A similar 

to the one on 3D. The absence of chromosomes 3B, 7A, 7B and 7D had no 

effect on the level of chromosome pairing. Feldman (1966) and 
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Riley et al. (1966) assumed that the weak suppressors on chromo

somes 3A and 3D are comparable to the promoters on the long arms of 5A 

and 5D, and which are considered to be homoeoallelic to the suppressor 

on the long arm of 5B. 

The effect of the B chromosomes on the level of chromosome pair

ing was investigated in Lolium species and in wheat. Evans and Macefield 

(1972) synthesized a hybrid between Lolium temulentum and L. perenne. 

Both parental species have the chromosome number of 2N = 2X = 14, but 

they differ in chromosome size and DNA content. Pairing in the hybrid 

was extensive, with a mean of 6.8 bivalents per cell, and cells with 7 

bivalents were not uncommon. However, in the presence of a pair of B 

chromosomes from L. perenne, the number of bivalents fell to 3.6 per 

cell. The suppression of homoeologous pairing by the B chromosomes was 

further demonstrated in the tetraploid hybrids with and without the B 

chromosomes. In a tetraploid hybrid, free of B chromosomes, homoeologous 

pairing was initiated and multivalent associations were common; in the 

presence of the B chromosomes the tetraploid hybrid only formed bivalents. 

In wheat the data pertaining to the effect of the B chromosomes 

on meiotic pairing were conflicting. The diploid species Aegilops 

speltoides and Ae. mutica are known to carry genetic loci which suppress 

the activity of the "pairing homoeologous" locus of chromosome 5B such 

that in hybrids between Triticum aestivum and Aegilops spp. extensive 

homoeologous pairing between the three wheat genomes and Aegilops genome 

occurred (Riley, Kimber and Chapman 1961; Riley 1966). The Aegilops spp. 

also carry the B chromosome, Mochizuki (1964) studied the effect of the 



B chromosomes on meiotic pairing in hybrids between tetraploid and hexa-

ploid wheat with Ae. mutica carrying the B chromosomes. He reported 

that homoeologous association was very low. Dover and Riley (1972), 

on the other hand, studied the dosage effect of the 5B or 5B^ in hybrids 

between T. aestivum carrying different levels of the 5B locus and Ae. 

mutica carrying the B chromosomes. They found four alleles at two loci 

in Ae. mutica that suppressed the activity of the "pairing homoeologous" 

locus of chromosome 5B irrespective of the 5B^ dosage or the presence 

of Ae. mutica B chromosomes. Vardiand Dover (1972) conducted 

further studies to investigate the effect of the B chromosomes on 

meiotic pairing and to furnish information regarding the developmental 

stage of the meiotic process affected. Their results were at variance 

with Mochizuki's data (1964), but confirmed Dover and Riley's (1972) data 

that the B chromosomes of Ae. mutica did not have any regulatory effect 

on the "pairing homeologous" locus. However, at temperature regimes 

of 12°C, it was found that the B chromosomes did reduce the meiotic 

pairing between the three homoeologous genomes of wheat and the Aegilops 

genome, and the temperature-sensitive stage was found to be the pre-

meiotic interphase. 

The regularity of bivalent formation in the common oat, Avena 

sativa (2N = 6X = 42), was attributed to a single gene or a group of 

genes. Gauthier and McGinnis (1968) compared metaphase I association 

in the euhaploid (N = 21) and a 20-chromosome nullihaploid of A. sativa. 

In the euhaploid 1.47o of the chromosomes paired at metaphase I, as 

opposed to 36°!, in the nullihaploid. Rajhathy and Thomas (1972) 
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amassed more evidence from the hybrids between hexaploid oat and differ

ent genotypes of a wild diploid species A. longiglumis. Two genotypes 

of A. longiglumis (Cw 57 and Cc 4751), and two genotypes of A. sativa 

(Pendek and Manod) were used. In the 28-chromosome Cw 57 x Pendek 

hybrid, 75% of the chromosomes paired, while in the hybrid Cc 4751 x 

Manod only 41% pairing was recorded. The possibility that these four 

genotypes carry multiple interchanges was excluded by the exclusive 

bivalent formation in the hybrids between genotypes Cw 57 x Cc 4751, 

and in the hybrids between Pendek x Manod. It was concluded that the 

Cw 57 genotype of A. longiglumis carries a gene dominant or epistatic 

to the gene promoting bivalent formation in hexaploid A. sativa. The 

Cc 4751 genotype carried a gene of weak or no effect on the diploidizing 

gene. This situation is comparable to the regulatory control of Aegilops 

mutica in suppressing the genetic activity of the"pairing homoeologous" 

locus of hexaploid wheat (Dover and Riley 1972). 

The Avena strigosa polyploid complex presents an interesting 

case of diploidisation by a single recessive gene (Ladizinsky 1973). 

The complex includes diploid (2N = 2X = 14) and tetraploid (2N = 4X = 28) 

species. The tetraploid A. barbata is believed to have arisen by auto-
ploidy or from two closely related species, yet at metaphase I only 

bivalents are formed. The hybrids between A. barbata and artificially 

induced autotetraploid forms of A. strigosa exhibited chromosome 

association similar to those exhibited by the autotetraploid forms of 

A. strigosa. The hybrids, however, were characterized by having more 

univalents and associations higher than quadrivalents than the autotetra-

ploids. The data indicated that bivalent formation in A. barbata is 



due to a single recessive gene; and the data on the inheritance of bi

valent pairing in one family supported the hypothesis of the autotetra-

ploid origin of A. barbata. 

In the new world tetraploid cottons, two mechanisms had been 

proposed to account for the restriction of meiotic pairing to homologs. 

The cultivated cottons, Gossvpium hirsutum and G. barbadense, are amphi-

diploids derived from two genomes: a diploid Asiatic species donating 

the A genome and a diploid American wild species donating the D genome. 

The chromosomes of the A and D genomes differ in size and DNA content, 

the A chromosomes being approximately twice the size of the D chromo

somes at metaphase (Edwards 1973; Edwards, Endrizzi and Stein 1974). 

Riley (1960) and Kimber (1961) attributed the strict bivalent formation 

and disomic inheritance of the amphidiploids to a genetical mechanism 

similar to that operating in hexaploid wheat. Kimber (1961) utilized 

the data on the haploids of G. barbadense to determine the metaphase 

association of the chromosomes of the A and D genomes according to size. 

He found that the association between the large and small chromosomes 

was in excess of the predicted ratio under random association. He 

attributed this non-random association to the homoeologous nature of the 

two genomes. Further, by comparing the metaphase I association in tri-

ploid and diploid hybrids and haploids of the amphidiploids, he estab

lished that the A and D genomes of the diploids were cytologically 

equivalent to the A and D genomes of the amphidiploids, and that the A 

and D genomes were equivalent in diploid hybrids. On the basis of this 

comparison it was expected that the A and D genomes should show similar 
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cytological equivalence in the tetraploid, and consequently the tetra-

ploid should behave as an autotetraploid. But since the tetraploid is 

characterized by regular bivalent formation and disomic inheritance, 

Kimber (1961) hypothesized that homoeologous pairing in the amphidiploid 

is genetically suppressed. 

Endrizzi (1962) offered an alternative hypothesis to Kimber1s 

single-step genetic mechanism of diploidization in cotton based on 

differences in the rates of contraction between the A and D genomes. 

Endrizzi's proposal for the differences in the rates of contraction be

tween the A and D genomes was based on several observations. The homoe-

ology of the A and D chromosomes was shown by the presence of duplicate 

loci in both genomes (Genetics and Cytology of Cotton 1956-67 1968). 

Endrizzi and Phillips (1960) and Bahavandoss and Veluswamy (1969) In 

their studies of species hybrids have shown that the A and D chromosomes 

are structurally similar. In the haploids of G. hirsutum and in species 

hybrids, Brown (1954, 1958, 1961) reported a high amount of close 

pachytene pairing, and in species hybrids heterochromatic differences 

were evident. Moreover, no differences in size of the pachytene chromo

somes of the A and D genomes were noted in both the haploids and species 

hybrids of Gossypium. Based on these observations, Endrizzi (1962) 

postulated that regularity in bivalent formation in the amphidiploid 

cotton was due to the differential rates of contraction of the chromosomes 

of the two parental species which restrict chiasma formation and subse

quent metaphase association to homologous chromosomes. 

The mechanism controlling chromosome pairing in tobacco.Nicotiana 

tabacum. is not well understood as the case in hexaploid wheat and 
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other polyploid species. N. tabacum is an allotetraploid (2N = 4X = 48) 

derived from two genomes designated S and T. The S genome is similar 

to the genome of N. sylvestris and the T genome is similar to that from 

the Tomentosae section of the genus. The first piece of evidence per

taining to the controlling mechanism of chromosome pairing in N. tabacum 

was presented by Lammerts (1934) who observed more chromosome association 

at meiotic metaphase in a polyhaploid of N. tabacum carrying a translo

cation chromosome than in haploid tobacco with the normal chromosome 

complement. The translocated chromosome was assumed to be an F chromo

some whose missing part had been exchanged for a segment from the N 

chromosome. Riley (1960) attributed the increase in homoeologous pairing 

in Lammert's translocation line to the fact that the missing part on 

the F chromosome might contain a gene or genes which prevent pairing of 

homoeologs. 

Gerstel (1966), however, did not agree with Riley's genetical 

mechanism as an explanation for the diploid-like behavior of N. tabacum. 

He argued that, unlike hexaploid wheat, the S and T genomes of the 

amphidiploid tobacco are so dissimilar that non-preferential pairing 

between them is weak, and differential affinity of the homologous 

chromosomes is strikingly pronounced. Hence little reinforcement is 

needed to ensure the diploid-like behavior of tetraploid tobacco. 

Parry (1973) reinvestigated the effect of the F chromosome on 

meiotic chromosome pairing using monosomic F of tobacco. Crosses be

tween the monosome of N. tabacum (N = 24) and an inbred line of N. 

glutinosa (N = 12) yielded hybrids with and without the F chromosome. 
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The number of bivalents in the 35-chromosome hybrid (lacking the F 

chromosome) ranged from 0.19 to 2.78 bivalents per cell, as compared to 

3.22 to 5.28 given by the 36-chromosome euploid hybrid. These results 

support Gerstel's suggestion that preferential pairing is enough to 

maintain the diploid-like chromosome pairing in N. tabacum. 

In autotetraploid alfalfa, Medicago sativa, Clement and Stanford 

(1963) suggested that the reduction of multivalent formation in this 

species could be attributed to localization of chiasmata due to struc

tural differences. The pachytene chromosomes in this species are 

knobbed on the short arms which are heterochrony tic, while the distal 

end of the other arms are euchromatic. Closed bivalents are few in 

number at metaphase I in diploid alfalfa, while multivalent associations 

are few in both natural and artificial autotetraploids. They speculated 

that limitation of chiasmata to the euchromatic regions enhanced the 

regularity of bivalent formation in autotetraploid alfalfa. 

Chromosome Pairing 

The mechanism by which homologous chromosomes pair at meiosis 

has been a subject of great challenge to geneticists. This is an area 

of endeavor which, currently, is satiated with ideas but starved of hard 

facts. However, some advances have been made to obviate the factors 

involved in this mechanism. 

Sybenga (1966) classified chromosome pairing into three phases, 

namely zygomere pairing, locus-specific protein pairing, and DNA pairing. 

The first phase, zygomere pairing or premeiotic pairing, still entails a 

lot of controversy because it is concerned with the recognition sites of 
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homologs and pairing initiation, and several factors have been proposed 

or implicated, but the evidences supporting some of these factors are 

fragmentary. Comings and Okada (1972), however, have categorized 

meiotic chromosome pairing into premeiotic pairing, chromosomal pairing 

or synapsis, and molecular pairing. 

It has long been assumed that long-range pairing forces are re

sponsible for bringing the homologous chromosomes together (Darlington 

1937, Rhoades 1961). This proposal was based on the assumption that the 

chromosomes were randomly distributed in the nucleus. The hypothesis of 

long-range attractive forces suffers a major weakness, namely that no 

physical or chemical forces can sufficiently account for this phenomenon 

(Riley and Law 1965, Comings 1968, Wagenaar 1969). However, the hypothe

sis would be valid if homologous chromosomes were already close to each 

other during interphase. Several pieces of evidences that adequately 

demonstrate this close interphase association will briefly be reviewed. 

Maguire (1967), in the germ cells of maize, demonstrated inter

phase association by finding that heterochromatic regions on homologous 

chromosomes were significantly closer to each other than were such 

regions on non-homologous chromosomes. Kasha and Burnhara (1965) demon

strated that chromosome pairing was initiated at or near the ends of the 

chromosomes in barley. Sved (1966) presented evidence that pairing is 

initiated at the ends of the chromosome because homologous telomeres 

were attached close to each other at the nuclear membrane. Additional 

support of premeiotic pairing of homologous chromosomes was provided by 

Feldman (1966) in wheat. He found that four doses of the long arm of 
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chromosome 5B in wheat reduced chiasma frequency between homologs, while 

six doses caused marked inhibition of pairing of homologous chromosomes, 

but allowed some pairing of other chromosomes and induced a high fre

quency of interlocked bivalents. This suggested that interphase associa

tion of homologs was disturbed or disrupted by the 5B^ arm, causing them 

to become randomly distributed. 

These observations indicate that the meiotic pairing forces do 

not operate effectively at long ranges, but in order for pairing of 

homologous chromosomes to occur, they must already be sufficiently close 

to each other. 

Among the other factors pertaining to recognition sites of homo-

logs is repetitive DNA. The DNA of higher eukaryotic organisms includes 

a portion which is highly repetitive known as satellite DNA (Britten and 

Kohne 1968), which is concentrated in the centromeric and heterochromatic 

regions, in the regions of the nucleolar organizer, and telomeres. The 

functions of heterochromatin are varied and speculative, one of which 

is recognition between homologous chromosomes during pairing (Yunis and 

Yasmineh 1971, Bostock 1971, Flamm 1972). The Giemsa technique of 

Arrighi and Hsu (1971) was utilized by Vosa and Marchi (1972), Schweizer 

(1973) to reveal c-bands in the heterochromatic regions of plant 

chromosomes, including the telomeres. Yunis and Yasmineh (1971) pro

posed that such regions of the chromosomes contain large amount of 

repetitive DNA and that these sequences might be involved in telomeric 

associations. Maguire (1972) vigorously criticized the significance 

of heterochromatin in initiating homologous chromosome pairing. 



She noted that in all the studies of homologous pairing cited 

by Yunis and Yasmineh (1971), the possibility of previous alignment of 

the homologs cannot be ruled out. Also pairing of heterochromatic 

regions is more visible by virtue of the nature of heterochromatin, and 

also because heterochromatic regions tend to fuse, nonspecifically, when 

they come in contact with each other. Kato and Moriwaki (1972) and 

Comings et al. (1973) found that the differential staining revealed by 

Giemsa technique could not be attributed to the repetitive DNA sequences, 

and they suggested that a difference in the type and amount of non

histone protein might account for the c-bands in the heterochromatic 

regions. 

Ratnayake (1968) suggested that the centromeres are the initia

tion sites for meiotic pairing, and Holliday (1968) reported that the 

presence of short base sequences in the centromeric region provide an 

anchor for the protein matrix joining two homologs during meiotic pair

ing. The evidence supporting the pairing hypothesis stems from the fact 

that among the 40 chromosomes of the mouse, the Y chromosome is the only 

one that does not pair and it is the only one devoid of repeated 

sequences at the centromere (Flamm 1972). 

Tabata (1962, 1963), Kasha and Burnham (1965) reported that the 

initiation of chromosome pairing occurs at the telomeres and proceeds 

towards the centromere. However, of great significance is the phenomenon 

of end-to-end chromosome attachments observed in a number of plant 

species as a mechanism envolved in the recognition and pairing of homo

logous chromosomes during early meiotic prophase (Wagenaar 1968, Wagenaar 
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and Sadasivaiah 1969). In Crepis capillaris (2N = 6) the paired chromo

somes were arranged in a specific pattern (SOMATOGRAM) at pachytene 

forming a chain-like configuration. The interphase association was 

studied in root-tips of Allium cepa (2N = 16), four Crepis spp. (2N =6), 

Callitriche hermaphroditica (2N = 6), Nigella arvensis (2N = 12), and 

Secale cereale (2N = 14) at telophase and early prophase (Wagenaar 1969). 

It was found that each species has its characteristic somatogram. The 

chromosomes were associated by their ends in pairs forming a ring or 

rings. This end-to-end interphase association lends support to Kasha 

and Burnham's observation that chromosome pairing is initiated at the 

ends or telomeres and proceeds towards the kinetochore. Wagenaar 

speculated that the recognition sites reside at the ends of the chromo

somes or telomeres. During evolution, mutations and rearrangements 

occur at these recognition sites with the result that the diverging 

species have different somatograms. Consequently, in interspecific and 

intergeneric hybrids, failure of chromosome pairing is attributed to the 

inability of the recognition sites to effect end-to-end attachments of 

the homologs. In such hybrids, therefore, interphase association is 

ineffective in depressing the frequency of bivalents. 

Additional support to the hypothesis of end-to-end association 

derives from the telomeric associations of gametic and somatic chromo

somes in haploid, diploid and autotetraploid forms of Ornithogalum 

virens (Ashley and Wagenaar 1972; Ashley and Wagenaar 1974). 

In these studies, the chromosomes were attached by their ends to one 

another at the three levels of ploidy. Two forms of attachments between 



the chromosomes were noted for 0. virens. The first kind is non

homologous as exhibited in haploid mitosis of the generative nucleus of 

the pollen. In this case, the three prophase chromosomes were attached 

end-to-end forming an open chain. The second type of attachment was 

observed between ends of homologous chromosomes in diploid root-tips 

and autotetraploid pollen cells in associations of two, and in autotetra-

ploid root-tips in association of four chromosomes. As a result of these 

attachments, homologous chromosomes generally lie adjacent to each other 

in the nucleus. They proposed that the affinity of ends may be a general 

characteristic of plant chromosomes. 

Ashley and Wagenaar (1974) speculated that the nature of these 

two types of connections may be different, since associations between 

homologs seem to be more easily disrupted by fixation and squashing than 

those between non-homologs. Costello (1970) proposed that DNA strands 

connect non-homologous chromosomes. Comings and Riggs (1971) suggested 

DNA-bound proteins, termed univalent-pairing proteins, which might 

recognize and associate with a specific DNA sequence. The univalent-

pairing proteins might then self-associate resulting in pairing between 

ends. Hotta and Shepard (1973) isolated a protein called "colchicine-

binding protein" from meiotic and mitotic cells. The protein was more 

abundant in meiotic cells than mitotic cells, and was found associated 

with the nuclear membrane which indicated that it might be responsible 

for attachment of the ends to the nuclear membrane. Ashley and Wagenaar 

(1974) noted that a high degree of specificity is required to assure 

the specific arrangement of the chromosomes of Ornithogalum virens, 
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and that the univalent-pairing proteins suggested by Comings and Riggs 

(1971) seem to offer an explanation for this high degree of specificity. 

An alternative hypothesis to the telomeres or end-to-end chromo

some association as a recognition site is the zygome re ( Sybenga 1966). 

The zygomeres are envisaged as discrete pairing initiation units occur

ring at a limited frequency at chromosome ends as in rye, Oenothera and 

barley, or sometimes at the centromere as in Fritillaria, or occasionally 

at both, or they can occur at many sites along the chromosome (Sybenga 

1969). He postulated that the early premeiotic attraction, which is 

critical to the metaphase association of homologs or homoeologs, reside 

in the zygomeres. There are several means by which structurally similar 

chromosomes become differentiated with regards to the premeiotic 

attraction. The zygomeres may change their zygic activity by mutation 

so that identical zygomeres now differ in specificity. Hence, the re

duction in the attraction efficiency between two homologs is attributed 

to differences in specificity of the zygomeres. Sybenga (1972) strongly 

objects to structural rearrangements (Stebbins 1950) and genetic systems 

(Riley and Chapman 1958, Sears and Okamoto 1958) as an explanation to 

the pairing differentiation between chromosomes of species. He sug

gested that chromosomal differentiation can best be explained by 

differentiation in the system of primary (early) chromosome attraction, 

namely the zygomeres. 

Two controversial factors implicated in chromosome pairing are 

the synaptinemal complex and distributive pairing. The synaptinemal 

complex is a proteinaceous, tripartite, synaptic structure pulling the 
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two homologs into close contact along their lengths (Moses 1968). 

However in organisms characterized by somatic pairing, the synaptinemal 

complex is lacking, suggesting that the complex has evolved to increase 

the efficiency of molecular pairing and recombination (Comings and 

Okada 1970). 

There are many evidences for and against the function of the 

synaptinemal complex. The evidences for it can be summarized as: (1) 

the synaptinemal complexes were lacking in Drosophila males where 

homologous recombination is absent (Meyer 1960); (2) in mammals the 

synaptinemal complex does not join the x and y chromosomes along the 

whole length of the y chromosome, but is found in a short region 

(Solari and Tres 1970); (3) in grasshoppers the single x chromosome 

folds back and yet no complex is formed (Moens 1969). 

The evidences against the specificity of the complex are numer

ous. Menzel and Price (1966) found that, in tomato haploids and in 

hybrids between Lvcopersicon esculentum and solanum lycopersicoides. 

normal synaptinemal complexes were observed regardless of whether 

chiasmata are formed. Similar results were reported by Ting (1969)in 

haploid maize where the complexes joined non-homologous chromosomes as 

well as fold-back chromosomes. Grell, Bank and Gassner (1972) found 

that in some strains of Drosophila ananassae the males underwent recombi

nation at high frequencies without the formation of the synaptinemal 

complex. They concluded that these observations necessitate that the 

function of the synaptinemal needs to be reviewed. 

In haploids and species hybrids where chiasmata are not formed, 

distributive pairing seems to offer a fascinating hypothesis as a factor 



involved in non-homologous pairing. Grell (1969) referred to distributive 

pairing as "Any achiasmate association or coorientation of chromosomes 

that is responsible for their segregation pattern." Accordingly, she 

recognizes two kinds of pairing: exchange pairing which results in re

combination and distributive pairing which follows exchange pairing and 

results in segregation of achiasmate chromosomes to the poles. 

Grell's hypothesis had been criticized because it is at variance 

with the cytological observations. No evidence is available to support 

the second pairing event, and John and Lewis (1965) added that it is a 

known cytological observation that chromosomes which fail to undergo 

exchange pairing disjoin from each other more often than random. 

Novitski (1964) and Merriam (1967) reported that the necessity for 

a second pairing event sounds redundant and only one pairing event 

suffices for both exchange and segregation. Comings and Okada (1972) 

suggested that the synaptinemal complex can cater for both exchange 

pairing and distributive pairing. The complex can pull together homolo

gous as well as non-homologous chromosomes along their length, while 

molecular pairing effect recombination. Hence, the complex can secure 

the non-random distribution of the chromosomes to opposite poles. 

Lengthwise Multiplicity of Chromosome Parts 

It is an established fact that higher eulcaryotic organisms con

tain more DNA than is needed to code for the required proteins (Britten 

and Kohne 1968). This is not unexpected because higher organisms, by 

virtue of their increasing complexity, require more DNA than lower 

organisms. However, the data of Mirsky and Ris (1951), Stebbins (1966), 
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and Hinegardner (1968) show that this is not a universal rule, because 

within a group of organisms that has diverged from a common origin, 

the members of the group at the bottom of the evolutionary ladder tend 

to have more DNA than those at the top of the ladder. 

The question that still remains unanswered is how that huge 

amount of non-informational DNA is accommodated in the eukaryotic 

chromosome. Two proposals were advanced to account for the differences 

in DNA content between species. The first proposal is that a difference 

in lateral redundancy of DNA strands between chromosomes of different 

species accounts for this variation in DNA content. The second alterna

tive is that variation in nuclear DNA is attributed to lengthwise multi

plicity. The evidences for and against these two alternatives are varied 

and inconclusive, but the second proposal of lengthwise multiplicity has 

become the accepted one, and cytological observations so far gave it 

additional support. 

The techniques of DNA reassociation have disclosed that the DNA 

of the eukaryotic chromosome is composed of regions that are unique, and 

others that are highly repetitive (Britten and Kohne 1968). Keyl (1965) 

found that variation in DNA content between two sub-species of Chironomus 

can be attributed to DNA increases in certain bands. Sparrow and Evans 

(1961) and Baetche et al. (1967) found that plants with high DNA content 

are more prone to radiation than plants with low DNA content. These 

findings were interpreted by Holliday (1970) in favor of longitudinal 

rather than lateral redundancy. 
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The cytological evidence in favor of longitudinal redundancy is 

more compelling, and gives additional support to students of the 

unineme school. If longitudinal redundancy explains the differences in 

DNA content between species, then pachytene analysis of species hybrids 

should reveal loops and overlaps along the paired homoeologs. This had 

been nicely demonstrated by Rees and Jones(1967,1972) in hybrids between 

Lolium perenne and L. temulentum, and by Jones and Rees (1968) in hybrids 

between Allium cepa and A. fistulosum. Lolium temulentum is a diploid 

inbreeder with a DNA content 357» more than the outbreeder L. perenne. 

The pachytene chromosomes of their hybrid were typified by unpaired 

regions at the telomeres as well as at the interstitial regions. 

Allium cepa and A. fistulosum are both diploid species. The 

DNA content of A. cepa is 21% more than that of A. fistulosum, and 

its mitotic metaphase chromosome size is 25-307» larger than A. fistulosum 

chromosomes. Loops and overlaps were evident at pachytene in their hybrid. 

The loops were large and did not exceed two per association. The 

bivalents at metaphase I were asymmetrical as expected. These cytologi

cal observations in the hybrids of Lolium and Allium species provided 

additional support to the hypothesis of lengthwise multiplicity of 

chromosome parts. 

The cytological observations reported by Brown (1954, 1958, 1961, 

1962) for the haploids of Gossypium hirsuturo and species hybrids did 

not lend support to the hypothesis of longitudinal increase. Cotton 

is an amphidiploid composed of two genomes whose metaphase chromosomes 

differ by approximately a factor of two. Katterman and Ergle (1970) 



and Edwards (1973) have established biochemically and cytophotometrically 

respectively that there are approximately two-fold difference in DNA 

content of the A and D genomes. This difference in DNA content, however, 

is not reflected in Brown's cytological observations for the haploids of 

G. hirsutum and species hybrids. She reported that the pachytene chromo

somes paired intimately and were of the same length in both the haploids 

and species hybrids of Gossypium. These observations led Katterman and 

Ergle (1970) to explain the differences in DNA content between the two 

genomes in terms of lateral redundancy or polynemy. However, the data 

of Edwards et al. (1974) indicate that the cotton chromosome is 

uninemic and that the two-fold difference in DNA content of the A and 

D genomes is best explained by longitudinal multiplication of the 

repeated sequences of DNA throughout the genome. 



MATERIALS AND METHODS 

The chromosomes of the A and D genomes differ in metaphase size, 

those of the A genome being about twice the size of those of the D genome. 

Data on meiotic prophase are needed to determine whether the differences 

in size are attributed to differences in chromatin length or to differ

ences in organization as postulated by Endrizzi (1962). 

The objective of the present study is to cytologically examine 

meiotic prophase and metaphase of haploids of Gossypium hirsutum, of 

^1 A2^5 hybrid and of its doubled derivative for differences in chromatin 

length and in rates on contraction between the two genomes. This in

formation will be utilized to explain the diploid-like behavior of 

tetraploid cotton and to account for the variation in total chromatin 

length between the two genomes. 

The material used include six different haploids of G. hirsutum, 

an F^ hybrid of G. arboreum (A^ genome) x G. raimondii (D,. genome), and 

the doubled derivative of the F^ hybrid, 2(A2D^). A brief description 

of this material is given below. 

AZ357--a haploid (N = 2x = 26) found in the breeding stock 6401 

Acala at the Cotton Research Center, Phoenix, Arizona. 

AZ404--a haploid (N = 2x = 26) which arose in the glandless line 

38-6-A developed at North Carolina State University. 

AZ430--a haploid (N = 2x = 26) that came from a stock homozygous 

recessive for yg^j^* 
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AZ450--a haploid (N = 2x = 26) found in the breeding stock 6401 

at the Cotton Research Center at Phoenix, Arizona. 

AZ460--a haploid (N = 2x = 26) found in the breeding stock 

6833-405 at the Cotton Research Center at Phoenix, Arizona. 

AZ498--a haploid (N = 2x = 26) which was a derivative of the 

cross between the breeding stock 5915 and a virescent line at The 

University of Arizona, Tucson, Arizona. 

A2Dj---a hybrid (2N = 2x = 26) between Gossypium arboreum 

(A^) and G. raimondii (D^) obtained from Texas A 6c M University. 

The plants were maintained in the greenhouse at The University 

of Arizona, watered daily and fertilized once a week. Various insecti

cides were applied whenever there was a buildup of insects. More plants 

of F^ ̂ 2^5 hybrid anc* 2(A^D^) hybrid were produced through cuttings to 

increase the yield of floral buds needed for cytology. 

Buds were collected between 7:00 a.m. and 10:00 a.m. continuously 

over a period of two years. In the summer the greenhouse was shaded 

with a dark green fibrous net to reduce the heat, and in the fall the 

cover was removed when the temperature started to drop. The buds were 

collected in small paper envelopes, peeled and kept in labelled plastic 

capsules. Fixations for cytological study were made in a mixture of 70 

parts of 95 percent absolute ethyl alcohol and 30 parts glacial acetic 

acid. The solution was changed next day and the material was kept under 

refrigeration. Meiosis was studied in iron propiono-carmine smears of 

microsporocytes. Photomicrographs of the meiotoc stages were taken by 

a Leica camera, and hand drawings of the prophase stages were done with 

the aid of camera lucida. 



RESULTS 

Pachytene Analysis in Cotton Haploids, 

?1 "2^5 Hybrid and 2(A^D^.) Hybrid 

Since the six haploids used in this study did not differ sig

nificantly in their mean number of bivalents per cell at diakinesis, 

their diakinetic data were pooled. However, at metaphase I they did 

show significant differences in their mean number of bivalents per cell 

(Table 1). Hence, the metaphase I data were pooled only for three of 

the six haploids (AZ357, AZ404, and AZ460) as evidenced by their over

lapping values of the binomial confidence intervals. This result is not 

unexpected if the ratio of the diakinetic sample size to the metaphase I 

sample size is compared. This ratio ran from 1:12 to 1:26 for the three 

haploids whose data were pooled, while for AZ430 and AZ498 the ratio was 

1:113 and 1:145 respectively. Thus, the large number of bivalents 

sampled for AZ430 and AZ498 at metaphase I were largely responsible for 

revealing the difference in the mean number of bivalents per cell. 

However, the metaphase I data of AZ430 and AZ498 were expected to be 

pooled. However, a major discrepancy was due to the fact that a segment 

of chromatin material from G. raimondii (D,.) was incorporated into the 

genome of AZ430, thus resulting in the high number of bivalents per 

cell for this haploid. 

Over 500 pachytene preparations were made, but in the majority 

of the cells the analysis of the total complement was incomplete, due 
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Table 1. Summary of data on chromosome pairing at pachytene, diakinesis and metaphase I of (AD)^ 
haploids and of Fj A2D5 hybrid. -- n = total number of bivalents, p = percent of bi-
valents that are paired, C.I. = binomial confidence interval at 95 percent confidence 

level, 1 = pooled data of AZ357, AZ404 and AZ460, 2 = AZ450, 3 = AZ498, 4 = AZ430. 

Pachytene Diakinesis Metaphase I 
Plant n P 957o n P 957, n P 957« 
Type C.I. C.I. C. I. 

Polyhaploids 169 .769 .705-.833 1339 .617 .590-.644 20761 .062 .059-. 0651 

2379 .011 .006-.0152 

3770 .096 .086-. 1063 

7358 .149 .141-.1574 

F1 Vs 
65 .846 .758-.934 1326 .733 .709-.757 4160 .448 .433-.463 
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largely to the inability to identify every single chromosome body. The 

inability of tracing all the synapsed bodies stemmed from three factors: 

(1) the heterochromatic regions of the chromosomes were close to one 

another and exhibited a tendency to fuse together. (2) The cells, in 

some cases, were broken and the bivalents were scattered allowing partial 

analyses only. (3) The large chromosome number of the genus results in 

pachytene stages that were not always amenable to complete cytological 

analysis. But despite these factors, 13 cells in the haploid and 5 cells 

in the ^D,. lent themselves to complete, unambiguous pachytene 

analysis. 

Table 2 shows the mean number of bivalents at pachytene for the 

haploids and ^2^5 hybrid- haploids had a mean of 1011 per cell, 

with a range of 411 to 1211. The F^ A2°5 hybrid showed a mean of 1111 

per cell, with a range of 911 to 1211. In both the haploids and 

^2^5 a few cells were observed in which chromosome associations 

indicated that 13 synapsed bodies were present, but chromosome spreading 

was poor due to the clumping together of the bivalents (Figure la, lb), 

making it impossible to delineate each chromosome pair. For convenience 

in handling, Figures 1-15 are grouped at the end of this chapter, pages 

43-57. 

It is believed that the results obtained with the completely 

analyzed cells represents the normal pachytene pairing behavior in these 

two plant forms. This was evident from the observations made with the 

partially analyzable cells which showed that the ranges of pachytene 

pairing recorded in these cells approached that found in the completely 

analyzed cells. Some bivalents exhibited complete and normal pairing 



Table 2. Chromosome associations at pachytene, diakinesis, and metaphase I in (AD)., 
haploids of Gossypium hirsutum, ^D,. hybrid and 2(A D,.) hybrid. 

Haploid F1 A2D5 
2(A2D5) 

Number Mean Number Mean Number Mean 
Meiotic of Number of Number of Number 

Stage Cells of Cells of Cells of 
Bivalents Bivalents Bivalents 
per Cell per Cell per Cell 

Pachytene 13 10.00 5 11.00 

Diakinesis 103 7.40 102 9.50 

Metaphase I 2636 1.09 320 5.32 194 25.78 



(Figures lc, 5d, 5e, 5f, 5g, 5h, 7c), while in others a considerable 

part of the total chromatin length was unpaired, the unpaired regions 

being expressed as differential segments and heteromorphic terminal 

ends (Figures Id, le, If, 7b) indicating differences in length of the 

paired chromosomes. The unpaired regions were usually one to two per 

association and their size and position differed from one association to 

the other. The unpaired regions could be small or large, terminal or 

intercalary (Figure 2a, 2b, 2c, 2d). The interstitial unpaired segments, 

however, were encountered more often than the heteromorphic terminal 

ends, an observation that will be discussed later in relation to pairing 

initiation in the genus Gossypium. 

In the haploids at early pachytene the size difference between 

the synapsed chromosomes was evident, and the chromatin length of one 

chromosome exceeded that of the other partner (Figures Id, le, 3c, 3d, 

3e, 3f, 7e). When the unpaired region was interstitial two situations 

were encountered: the chromosomal partners in the unpaired region were 

almost of the same length, but one partner was much thicker or deeply 

stained that its counterpart (Figures 4a, 4c, 4d). This situation was 

observed when the unpaired regions were short. In the second case the 

unpaired region was long and the two partners were markedly of unequal 

length in the differential segment. In these cases the longer chromo

some was prominently thicker, highly heterochromatic and coiled forming 

a knob (Figures 5a, 5b, 5c). In both cases, however, the paired region 

preceding the unpaired segment was highly heterochromatic. 

At late pachytene most of the bivalents showed complete and 

normal pairing, and such bivalents were virtually of the same length. 
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Some bivalents exhibited either bumps and loops (Figures 2f, 3a, 3b, 

4e, 4f), or unpaired terminal regions. In few cells a univalent ex

hibited partial foldback pairing involving a single arm or the inter

calary regions of the chromosome (Figures Id, 4f, 7d). In some cells 

the centric heterochromatic regions of two to three chromosomes tended 

to stick together resulting in the formation of cross-shaped or multi-

armed configuration (Figures 6c, 6d, 6e). The determination of the 

centromere position, however, was not possible except in very few cases. 

In the F^ hybrid, pachytene pairing was more intimate and 

extensive than in the haploids (Figures 9c, 9d, 9b). The unpaired 

regions were few, but the differences in stainability of the two chromo

somes in the unpaired regions were strikingly prominent (Figures 8a, 8b) 

indicating synapsis of A and D chromosomes. Bumps, lumps and overlaps 

were less frequent as compared to the haploids, but differences in length 

of paired members were observed (Figures 8c, 8d, 8f). Univalents in

frequently exhibited a foldback pairing that included one arm of the 

chromosome (Figure 8e). 

The pachytene pairing of the 2(A^Dj) hybrid was complete and 

normal (Figures 10 and 11). The chromomeres were visible and the 

centromere position was easily defined in most of the bivalents. In few 

cells one or two bivalents had a very short unpaired segment at one 

telomeric end, but the unpaired telemeres were of equal size and stain-

ability. The pachytene paired configurations indicated that autosyndesis 

was the rule in the allotetraploid hybrid. 
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Diakinetic Analysis in Cotton Haploids, 

Fj ^^rid, anc* 2(A^Dr-) Hybrid 

In the haploids and ^D,. hybrid the size difference between 

the chromosomes of the A and D genomes of univalents and bivalents was 

striking; the bivalents were typified by asymmetry, indicating allo-

syndetic pairing of A and D chromosomes. The A chromosomes were much 

more deeply stained than the D chromosomes and they were about two times 

larger. Some of the D univalents were very faintly stained, making them 

less conspicuous. Most of the bivalents were of the open type (Figures 

12, 13a, 13b). However, closed bivalents were not uncommon (Figures 13c, 

13d). In the 2(A^D^) hybrid, all the bivalents were closed and sym

metrical (Figures 13e, 13f), indicating complete autosyndetic pairing. 

The members of the bivalent did not differ in their stainability, and no 

univalents were found. 

From Table 2, in haploids the mean number of bivalents per cell 

at diakineses is 7.40, the range being 4 bivalents found in four cells . 

and 11 bivalents found in three cells out of 103 cells analyzed. The 

mean association per cell for F^ ̂ D,. hybrid is 9.50 bivalents, the range 

being 6 bivalents in 3 cells and 12 bivalents in 8 cells out of 102 cells 

analyzed. 

Metaphase Association in Cotton Haploids. 

Fj A2°5 Hybrid and 2(A D,-) Hybrid 

Due to the high number of univalents in PMC of the haploids and 

the F^ A2^5 hybrid, metaphase I occasionally could not be distinguished 

from early anaphase I. The univalents were distributed at random, but 

their position relative to the equator or the poles depend on their 



frequency. When few univalents occur, they tend to have an equatorial 

distribution (Figure 15a). When their number is large, both equatorial 

and polar distributions were common (Figures 14a, 14b). With complete 

or near complete univalence, the chromosomes occupied a predominantly 

polar position (Figure 14c). The bivalents were always oriented at the 

equator and were mostly open or chain configurations. Closed bivalents 

(Figure 14d) were far less frequent in the haploids than in the F^ ^D,. 

hybrid. The bivalents exhibited allosyndetic pairing as evidenced by 

their asymmetry and by the size difference between the A and D chromo

somes (Figures 14b, I4e, 14f). 

Table 3 shows the mean chromosome association per cell and the 

frequency of the different kinds of trivalents observed. In the 

haploids, the mean number of univalents per cell being 23.82; 43 percent 

of the PMC's analyzed had 26 univalents. The mean number of bivalents 

per PMC was 1.09, with a range of 0-7 bivalents; the 7 bivalents were 

* 

found in 3 cells out of 2636 cells analyzed. The trivalent associations 

were 0.005 per cell with the DAD type occurring more frequently than the 

ADA type. 

The F^ ̂ D,. hybrid had a mean of 14.35 univalents per cell. 

Cells with complete univalence were not observed. The mean bivalent per 

cell was 5.82 with a range of 1 bivalent in 9 cells to 11 bivalents in 

3 cells out of 320 cells examined. The mean trivalent association was 

0.022 per cell; and they were of the three classes: DAD, ADA and AAD 

with a frequency of 0.012, 0.006 and 0.003 respectively. Most of the 

trivalent associations were of the DAD type (Figure 15d), which the 



Table 3. Kinds and frequencies of chromosome associations at metaphase I in (AD)^ haploids, 

**1 A2°5 hybrid and 2(A^D^) hybrid. 

Plant Type 
Number 

of 

Cells 

Mean Chromosome Association 

Per Cell 

II III Secondary 

Associations 

Kinds and Frequencies of 

Trivalent Associations per Cell 
DAD ADA AAD DDA 

Haploids 2636 23.82 1.09 0.005 0.040 0.004 0.0004 0.000 0.00 

F1 A2D5 
320 14.35 5.82 0.020 0.009 0.020 0.0100 0.005 0.00 

2(A2D5) 194 0.43 25.78 0.000 0.000 0.000 0.0000 0.000 0.00 

u> 
oo 
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same as observed in the haploids. In both the haploids and the 

hybrid the trivalent DDA class was not observed. 

The 2(A2D^) hybrid had a mean of 0.43 univalents and 25.78 

bivalents per cell. Eighty-five percent of the cells analyzed had 26 

bivalents (Figure 15c). In the few cells with 25 bivalents and 2 uni

valents the univalents were of the same size (Figure 15f). However, the 

D univalents were more frequent than the A univalents. 

Table 4 shows the percent closed bivalents, and it can be seen 

that the haploids had one percent, the F^ ̂ 2°5 ^y^rid s*-x percent, 

and the 2(A^D^) had 98 percent closed bivalents. 

In addition to bivalent and trivalent configurations, secondary 

associations involving varying number of chromosomes were commonly 

observed in both the haploids and the F^ ^D,. hybrid (Table 5). Cells 

with complete absence of secondary associations were rare. These 

associations usually occurred in groups of two (Figures 14a, 15a, 15b); 

however, three chromosomes associated in a group (Figure 14e) or in a 

tandem arrangement were observed in a few cells (Figure 14c). All 

these associations were joined by a thin chromatin strand and were 

oriented at random in the cell. Table 4 shows that in the haploids the 

AD associations greatly exceeded the AA or DD associations. Eighty-three 

percent of the associations were of the AD type while the AA and DD 

associations formed 11 percent and 6 percent respectively. The end-to-

end associations also outnumbered the end-to-side and side-to-side 

associations. Seventy-five percent of the associations were end-to-end 

while the end-to-side and side-to-side associations formed 14 percent 



Table 4. Percent closed bivalents at metaphase I in (AD)i haploids, A2D5 hybrid and 
2(A2D5) hybrid. 

Number Total Number Percent 
Plant Type of Number of of Closed Closed 

Cells Bivalents Bivalents Bivalents 

Haploids 2636 2867 31 1.08 

Fx A2D5 320 1864 107 5.74 

2(A2D5) 194 5002 4907 98.10 



Table 5. Kinds and frequencies of secondary associations at metaphase I in (AD)i haploids and 
F^ ̂ 2^5 hybrid* "" e_e = end-to-end, e-s = end-to-side, s-s = side-to-side. 

p1 Number Kinds and Frequency of Secondary Association 

£ of AA AD DD 
Type 

Cells e-e e-s s-s e-e e-s s-s e-e e-s s-s 

Haploids 2636 6 14 65 13 

Fx A2D5 320 
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and 11 percent respectively. In the ^D,. hybrid the secondary 

associations were infrequent and in the 2(A2D,-) they were absent. 



Figure 1. Pachytene configurations in haploids of Gossypium 
hirsutum, I. 

a. Clumped pachytene stage with a loop (arrow). 
b. Clumped pachytene stage. 
c. Complete pairing with few unsynapsed regions. 
d. Two bivalents, one with a heteromorphic end 

(bottom arrow), and a foldback pairing in

volving one arm of the chromosome (top arrow). 
e. A bivalent at late pachytene showing a hetero

morphic end (arrow) and a telomeric foldback 

pairing. 
f. A camera lucida drawing of figure 1(e) with 

the arrow pointing to the heteromorphic end. 

Magnification: 3225x. 
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F i gure 1 . Pachytene configurations in haploids of Gossypiurn hirsuturn, I. 



Figure 2. Pachytene configurations in haploids of Gossypium 
hirsutum, II. 

a. Bivalents with a telomeric unpaired region 
(top arrow), and an interstitial unpaired 
region (bottom arrow). 

b. A camera lucida drawing of Figure 2a. 
c. A bivalent with an intercalary unpaired region 

(arrow). 
d. A large unpaired interstitial region (bottom 

arrow), and a univalent with a foldback pair

ing (top arrow). 
e. Bivalents with intercalary unpaired region 

(top right arrow), a loop (bottom right arrow), 
and a foldback pairing involving one arm (left 
arrow). 

f. A camera lucida drawing of Figure 2e. 

Magnification: 3225x. 



Figure 2. Pachytene configurations in haploids of Gossypium 
hirsutum, II. 
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Figure 3. Pachytene configurations in haploids of Gossypium 
hirsutum, III. 

a. Two bivalents with a large unpaired region 
(top arrow), and a loop (bottom arrow). 

b. A camera lucida drawing of Figure 3a. 
c. Early pachytene showing a bivalent with an 

unequal, unpaired telomeric end (arrow). 
d. A camera lucida drawing of a part of Figure 3c. 
e. A heteromorphic bivalent (arrow). 
f. A camera lucida drawing of Figure 3e. 

Magnification: 3225x. 



,~··· 

a 

e 

Figure 3. Pachytene configurations in haploids of Gossypiurn 
hirsuturn, IIL 
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Figure 4. Pachytene configurations in haploids of Gossypium 
hirsutum, IV. 

a. A bivalent with one chromosome more darkly 
stained (arrow). 

b. An allosyndetic bivalent with homoeologs of 
unequal size (arrow). 

c. An unpaired region with the two homoeologs of 
equal size, but one partner highly hetero-
chromatic (arrow). 

d. An unpaired region with one homoeolog longer 
and more darkly stained than the other partner 
(arrow). 

e. Bivalents with foldback pairing (top right 
and bottom right arrows), and unpaired region 
with one chromosome more darkly stained (top 
left arrow), and a loop (bottom left arrow). 

f. A camera lucida drawing of Figure 4e. 

Magnification: 3225x. 



Figure 4. Pachytene configurations in haploids of Gossypium 
hirsutum, IV . 
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Figure 5. Pachytene configurations in haploids of Gossypium 
hirsutum, V. 

a. A bivalent with an interstitial unpaired regioa 
and one chromosome forming a knot (arrow). 

b. A camera lucida drawing of Figure 5a. 
c. A bivalent with one chromosome coiling in the 

unpaired region forming two loops (arrow). 

d. Bivalents showing complete pairing without 
loops. 

e. A bivalent showing complete and normal pairing. 

f. Two bivalents with normal and complete pairing. 
g. Bivalents showing intimate pairing and equality 

in size. 
h. A camera lucida drawing of Figure 5g showing 

the chromomeres. 

Magnification: 3225x. 
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·9 h. 

Figure 5 . Pachytene configurations in haploids of Gossypium hirsutum, V. 



Figure 6. Pachytene configurations in haploids of Gossypium 
hirsutum, VI. 

a. A complete pachytene with only two bivalents. 
The bivalent indicated by the arrow exhibited 
equal and intimate pairing. 

b. A cell with predominant univalence, with a 

bivalent showing complete and normal pairing 

(arrow). 
c. Two bivalents forming a cross-shaped configura

tion. 
d. Heterochromatic fusion of two bivalents. 
e. Heterochromatic fusion of two bivalents 

forming a cross-shaped configuration. 
f. A bivalent with unpaired region and foldback 

pairing (arrow). 
g. A camera lucida drawing of Figure 6f. 

Magnification: 3225x. 



Figure 6. Pachytene configurations in h aploids of Gossypium 
hirsutum, VI. 
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Figure 7. Pachytene configurations in haploids of Gossyplum 
hirsutum, VII. 

a. Two bivalents. Top arrow shows centromere 
position in one bivalent. Bottom arrow shows 
a large unpaired region in which one chromo
some is much thicker than its homoeolog. 

b. An unpaired region showing one chromosome of 
a bivalent being much longer than its homoeolog 

(arrow). 
c. Bivalents with complete pairing and prominent 

chromomeres. 

d. A camera lucida drawing showing a foldback 
pairing involving the intercalary region of 
one homoeolog (arrow). 

e. A camera lucida drawing of a bivalent exhibit
ing allosyndetic pairing. The arrow points 
to the heteromorphic end. 

Magnification: 3225x. 
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Figure 7 . Pachytene configurations in haploids of Gossypium 
hirsutum, VII. 
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Figure 8. Pachytene configurations in F]_ hybrid between 
Gossypium arboreum and G. raiinondii, I, 

a. Unpaired region with one chromosome longer 
and more darkly stained than its paired 
partner (left arrow), and an unpaired telomeric 
region with the longer chromosome forming a 
loop (right arrow). 

b. A camera lucida drawing of Figure 8a. 
c. A bivalent with a terminal unpaired region 

and one homoeolog is longer than the other 
homoeolog (arrow). 

d. A camera luci-da drawing of Figure 8c. 
e. A univalent showing foldback pairing (arrow). 

f. A bivalent with an intercalary unpaired region 
and one homoeolog longer than the other 
homoeolog (arrow). 

Magnification: 3225x. 



Figure 8. Pachytene configurations in F1 hybrid between Gossypium 
arboreum and Q. raimondii, I. 
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Figure 9. Pachytene configurations in hybrid between 
Gossypium arboreum and G. raimondii, II. 

a. A bivalent with a telomeric unpaired region 
(top arrow) and an interstitial unpaired 
region (middle arrow). The bottom arrow 
points to the centromere. 

b. Two bivalents showing complete and intimate 
pairing. 

c. A complete cell with predominantly equal and 
closely paired bivalents. 

d. Completely paired bivalents. Two bivalents 
are joined forming a cross-shaped configuration. 

e. A univalent showing foldback pairing. 
f. Completely paired bivalents with the chromo-

meres evident on the middle bivalent. 

Magnification: 3225x. 



Figure 9. Pachytene configurations in F1 hybrid between Gossypiurn 
arboreurn and Q. rairnondii, II. 
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Figure 10. Pachytene configurations in the doubled hybrid 
2(A2D5). 

a. Complete and normal pairing with one bivalent 
showing a small unpaired telomeric end 

(arrow). 
b. A camera lucida drawing of Figure 10a. 

c. Two completely paired bivalents showing 
highly heterochromatic centromeric regions. 

d. BLvalents with centric heterochromatic fusion. 
e. A camera lucida drawing of Figure lOd. 
f. A bivalent with a terminal unpaired region 

in which the unpaired partners are of the same 
length and chromatic density (arrow). 

g. A camera lucida drawing of Figure lOf. 

Magnification: 3225x. 
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Figure 10. Pachytene configurations in the doubled hybrid 2(A
2

D
5
). 



Figure 11. Pachytene configurations in the doubled hybrid 
between Cossypium arboreum and G. raimondii. 

a. Completely paired bivalents. 
b. Centromere position (top arrow) and a small 

unpaired region (bottom arrow). 
c. An intercalary unpaired region (arrow) in the 

two homologs of equal size. 

d. A camera lucida drawing of a cell showing 
intimate chromomere to chromomere pairing. 

e. A camera lucida drawing of the chromosome 

complement in a cell showing centric hetero-
chromatic fusion and prominent chromomeres. 

f. A cell showing perfect autosyndetic pairing. 

Magnification: 3225x. 



Figure 11. Pachytene configurations in the doubled hybrid between 
Gossypiurn arboreurn and G. rairnondii. 
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Figure 12. Diakinesis configurations in the haploids of 
Gossypium hirsutum. 

a. Bivalents and univalents with the arrow 
pointing to an open heteromorphic bivalent. 

b. A camera lucida drawing of Figure 12a. 
c. 24 univalents and 1 bivalent (arrow). 
d. A camera lucida drawing of Figure 12c. 
e. Bivalents and univalents with the arrow 

pointing to an open allosyndetic bivalent. 

f. Bivalents and univalents with the top arrows 
pointing to an A chromosome univalent, the 
bottom left arrow pointing to a heteromorphic 
bivalent, and the bottom right arrow pointing 
to a D univalent. 

Magnification: 3225x. 



Figure 12 . Diakinesis configurations in the haploids of Gossypium 
hirsutum . 
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Figure 13. Diakinesis configurations in the hybrid 
between Gossypiuni arboreum and G. raimondii 
and its doubled derivative . 

a. Bivalents and univalents. The top arrow 
shows a heteromorphic bivalent and the bottom 
arrow shows an A chromosome univalent. 

b. A camera lucida drawing of Figure 13a. 
c. Bivalents and univalents. The arrow points 

to a closed heteromorphic bivalent. 

d. Bivalents and univalents. 

e. 26 bivalents with the top arrow showing an 
A chromosome bivalent and the bottom arrow 

showing a D chromosome bivalent. 
f. 26 bivalents with the top arrow showing a 

D chromosome bivalent and the bottom arrow 

showing an A chromosome bivalent. 

Magnification: 3225x. 
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Figure 13. Diakinesis configurations in the F1 hybrid between Gossypium 
arboreurn and Q. raimondii and its doubled derivative 2(A2n5). 



Figure 14. Metaphase I configurations in haploids of 
Gossypium hirsutum. 

a. 4 bivalents and 18 univalents. 
b. 1 bivalents and 24 univalents. A-D associa

tion (top arrow) and a D-D association (bottom 

arrow). 
c. 26 univalents. An A-D-A association (top 

arrow) and an A-A association (bottom arrow). 
d. 2 bivalents and 22 univalents with a closed 

bivalent (arrow). 
e. 1 bivalent and 24 univalents with three 

chromosomes associated in a group (arrow). 

f. 1 bivalent and 24 univalents. 

Magnification: 3225x. 
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Figure 14. Metaphase I configurations in haploids of Gossypium hirsutum . 



Figure 15. Metaphase I configurations in F^ A2D5 hybrid and 
its doubled derivative 

a. 9 bivalents and 8 univalents. An D-D end-to-
end association (left arrow) and end-to-side 

A-D association (right arrow). 
b. 3 bivalents and 20 univalents with an A-D 

end-to-side association (arrow). 
c. 6 bivalents and 14 univalents. 

d. 8 bivalents (4 closed) and trivalent I (arrow) 
+ 7 univalents. 

e. 26 bivalents. 
f. 25 bivalents and 2 univalents (arrow). 

Magnification: 3225x. 



Figure 15. Metaphase I configurations in F
1 

A
2
n

5 
hybrid and its 

doubled derivative 2(A
2

D
5
). 
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DISCUSSION 

Meiotic Prophase Analysis and Differential 
Contraction in Cotton 

It has long been accepted by cotton cytogeneticists that the 

chromosomes of the A and D genomes in hybrid species of Gossypium and 

in the haploids of the amphidiploid cotton are characterized by intimate 

pairing and equal chromatin length at pachytene (Brown 1954, 1958, 1961, 

1962). The results obtained in the present study showed that Brown's 

cytological observation was partially true only for some bivalents at 

late pachytene (Figures 5d, 5e, 5f, 5g, 6a, 6b, 7c). It was noted in 

the present study that in late pachytene it was not possible always to 

clearly identify the paired chromosomes as to whether they were auto-

syndetical or allosyndetical because at this stage it was noted the 

paired chromosomes were frequently of the same length. Frequently in 

late pachytene where intimate pairing was interrupted, the identity of 

the paired chromosomes was recognized as to be allosyndetical (Figures 

7b, 7d). In early pachytene, however, (Figure 7e) it could be readily 

discerned that the paired chromosomes were allosyndetical since the 

paired members were not of the same length. In early pachytene the un

paired region of the A chromosome is about two times longer and much 

more deeply stained than its D counterpart (Figures 2a, 2d, 3a, 6f). 

When the A and D paired homoeologs were of the same size in the differ

ential segment as frequently noted in late pachytene (Figures 7a, 8a, 8f) 
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one partner was more deeply stained than the other which indicated that 

the longer chromosome contracted more than the other. In many instances 

the A chromosome exhibited foldback pairing involving the intercalary 

regions so that pairing appeared virtually normal and complete (Figures 

la, 2e, 3a), It is evident from the present study that at early 

pachynema the A chromosome is longer than the D chromosome and in the 

unpaired regions the difference in size is two-fold. During chromosome 

contraction certain regions of the A chromosome appear to contract more 

than related regions of the D chromosome, while other regions of the A 

chromosome may exhibit foldback pairing involving the intercalary 

regions. 

Pairing between the A and D chromosomes is initiated at one or 

both ends of the chromosomes and proceeds towards the centromere. When 

pairing is initiated at only one end the other end is mainly expressed 

as heteromorphic unpaired terminal ends. If pairing is initiated at 

both telomeres or ends, the unpaired regions are interstitial. The size 

of the unpaired region, in this case, depends on the degree of contrac

tion of the A chromosome and also on foldback pairing. By late pachytene 

the A chromosomes have usually contracted further than their D homoeologs 

and most of the bivalents attained almost complete pairing and equality 

in size; however, some bivalents were typified by loops and overlaps at 

this stage. Two alternatives can be advanced to explain the bivalents 

which showed intimate pairing and equality in size at late pachytene. 

The first one is that it is possible that the unpaired regions are small 

and many rather than one or two large ones per association such that 
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when the A chromosome contracts sufficiently, pairing will be complete 

and normal without loops. The second alternative is that these bivalents 

are autosyndetical rather than allosyndetical. The second alternative 

is ruled out because at early pachytene and at diakinesis all the 

bivalents were allosyndetical. 

By diakinesis both the A and D chromosomes had contracted 

further. The bivalents were asymmetrical and could be joined by one or 

more chiasmata (Figures 12e, 13c). It can be noted in the Figures that 

the A chromosomes are more darkly stained than the D chromosomes. The 

D univalents, since they contain less chromatin, were less conspicuous 

than the A univalents and frequently appeared not to attain the same 

degree of contraction as their A counterparts. The diakinetic bivalents 

of 2(A2D^), on the other hand, were invariably autosyndetical and closed. 

The transition from diakinesis to metaphase is apparently ex

tremely rapid in cotton since no cells at diplotene were observed. Hence, 

it was not possible to determine the degree and extent of contraction of 

the A and D homoeologs at this stage. 

Secondary Association and Pseudobivalents 

in Cotton 

The frequency of the AD secondary associations and the end-to-

end associations greatly exceeded the other types of secondary associa

tions (Table 4). The predominance of the end-to-end associations over 

the side-to-side are at variance with the findings of Kempana and Riley 

(1964), and Riley and Law (1965) in wheat. They concluded that the 

side-by-side associations result from associations between chromosomes 



of corresponding genetic similarities. Person (1955) reported negative 

correlation between the frequency of side-to-side associations and true 

bivalents. Henderson (1962) studied heat-induced univalence in the 

desert locust, Schistocerca gregaria, and found secondary associations 

between univalents of roughly similar, but clearly different, sizes and 

concluded that a side-by-side association of univalents is not always 

indicative of homology. In haploid barley, Sadasivaiah and Kasha (1971) 

found that the side-to-side associations were in excess of the other two 

types and concluded that the secondary associations observed in haploids 

probably reflect non-homologous pairing that occurred in prophase. 

The results reported by Person (1955), Kempana and Riley (1964) 

and Riley and Law (1965) were for hexaploid wheat where the three 

homoeologs are of the same size and shape. In the haploids of cotton 

and the ^D,. hybrid the A and D homoeologs are not of the same size 

in both the dispersed and condensed states. It is probable that equality 

in size of the homoeologs is another factor affecting the side-by-side 

associations besides homology. The fact that the AD secondary associa

tions were in excess of both the AA and DD associations is a better and 

more reliable reflection of homology, than the side-by-side criterion. 

In species hybrids and haploids the authenticity of bivalents 

has, in some cases, been questioned. Walters (1950, 1954) reported 

three types of bivalents at metaphase I in the hybrids between Bromus 

trinii x B. marginatus and B. trinii x B. maritimus. The first type is 

the chiasma bivalent, and the second type is the bivalent produced by 

breakage and reunion. Distinction, however, between these two kinds of 
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bivalents was not possible at metaphase. The third type is the "pseudo-

bivalent" consisting of two chromosomes held by a matrix connection, 

and may be formed by pairing of homologous segments as well as by chance 

association of non-homologous chromosomes. 

In the haploids of cotton, Endrizzi (1959) reported an average 

of 0,16 bivalents and 0.008 trivalents at metaphase I and concluded that 

most of the bivalents were allosyndetic associations, Kimber (1960) 

noted no bivalents in the cotton haploids; however, chromosomes did 

associate allosyndetically more often than autosyndetically, Barrow 

(1971) observed some A-D associations at diakinesis in his cotton hap

loids, but no bivalents were observed after spindle formation, and hence 

metaphase I was characterized by complete univalence. 

In species hybrids between G. arboreum (A^) and G. raimondii 

(D^) an average of 6,0 bivalents per cell were reported by Endrizzi and 

Phillips (1960) and by Bahavandoss and Veluswamy (1969). In Endrizzi 

and Phillips' hybrid, however, autosyndetic pairing was observed in a 

few cells. In all these associations chiasmata were terminal. 

In the present study an average of 1.09 and 6.0 bivalents per 

cell were found in the haploids and the ^1)5 hybrid respectively. 

These associations are considered true bivalents for several reasons: 

(1) the homoeologous nature of the A and D chromosomes has been demon

strated by the presence of duplicate loci in both genomes (Genetics and 

Cytology of Cotton 1956-67 1968). (2) Pachytene pairing has been shown 

to be extensive in these plant forms. (3) Chiasmata are persistent 

through diakinesis and metaphase. (4) Not all bivalents were end-to-end 
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associations, but closed bivalents were also frequent especially in the 

^1 ̂ 2^5 hybrid< associati°ns at metaphase I were invariably 

allosyndetical in which large A chromosomes associated with large D 

chromosomes and small A chromosomes with small D chromosomes (Figures 

14a, 15a, 15c). For these reasons it is concluded that the bivalents 

reported for the haploids and the F^ ̂ D,. are true bivalents and 

not "pseudobivalents." 

Regulation of Chromosome 
Association in Cotton 

It is a known fact that some chromosomes or parts of chromosomes 

exhibit differences in stainability from the rest of the complement. 

Darlington (1937, pp. 307-315) classified this differential behavior of 

the chromosomes into three categories: (1) At mitotic telophase and 

prophase certain parts of the chromosomes, usually proximal or distal, 
« 

stain more deeply than the rest. (2) In some organisms all the chromo

somes show a uniform precocious condensation in their proximal parts at 

pachynema and diplonema. In Fritillaria, for example, it is associated 

with early pairing and early diplotene separation of the condensed parts. 

(3) The third type is "heteropycnosis" or differential condensation of 

the sex chromosomes in animals. Generally the differential condensation 

does not show itself before the meiotic prophase, and is seen only in 

the more rapid condensation of the affected chromosomes after zygotene. 

The precocious chromosomes do not contract further than the rest of the 

chromosomes at metaphase, but during the ensuing interphase and at 

second metaphase they continue to show exceptional condensation. 
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In the hybrid between Oryza sativa and 0. australiensis, 

Li et al. (1963) reported that the predominantly heterochromatic chromo

somes of 0. australiensis condense precociously at zygonema and onward 

till diakenisis and no further. The euchromatic-loaded chromosomes of 

0. sativa condense later but continue condensation till metaphase I. 

It is only at diakinesis that the chromosomes of the two species were 

of the same size. In cotton Riley (1960) and Kimber (1961) attributed 

the strict bivalent formation and disomic inheritance of the amphidiploid 

cotton to a genetical mechanism similar to that operating in hexaploid 

wheat. Endrizzi (1962) proposed that differences in rates of contrac

tion of the chromosomes of the A and D genomes restrict chiasma forma

tion and subsequent metaphase association to homologous chromosomes. 

The cytological observations made in the present study have 

established the following: (1) At early pachytene the chromosomes of the 

A and D genomes are not of the same size, the A chromosome exceeding the 

D chromosome by a two-fold difference in the unpaired regions. (2) At 

late pachytene three types of bivalents were observed: (a) those in 

which pairing was complete and normal; (b) those which paired up com

pletely at both ends but had loops due to foldback pairing; (c) those 

which were characterized by unpaired segments terminally or inter-

stitially or both. In the last two cases, the two-fold difference in 

size was evident and hence the paired chromosomes were categorized as 

allosyndetic. (3) At diakinesis the A chromosomes were more deeply 

stained than the D chromosomes and the two-fold difference in size was 

maintained. D univalents were very lightly stained and not as easily 



recognizable as the A univalents. (4) At metaphase the A and D 

chromosomes have completed contraction and the A chromosomes are twice 

the size of the D chromosomes. (5) The haploids (AD)^, and the F^ 

^2^5 hybrid not differ significantly in the percent of bivalents 

paired at pachytene (Figure 16). However, as meiosis progressed the 

difference in the percent of bivalents paired at both diakinesis and 

metaphase I was significant between the haploids and the F^ ̂ D,. hybrid. 

Percent pairing in the F^ ̂ D,. hybrid decreased from 85 percent at 

pachytene to 45 percent at metaphase I, while for the haploids (AD) 

the decrease was from 77 percent to a low between 1 percent and 15 per

cent (Figure 16). This drastic decrease for the haploids is expected 

since reduction in chiasma formation between the A and D homoeologs 

has been selected for during evolution as a mechanism to secure strict 

autosyndetic pairing in the tetraploid cottons. 

A mechanism based on differential rates of contraction of the 

two genomes as put forward by Endrizzi (1962) would sound valid if the 

pachytene chromosomes of the A and D genomes were of the same length. 

If the D chromosome contracts faster than the A chromosome, then the A 

and D chromosomes will not approach equality in size at late pachytene 

since it has been now established that the A chromosome exceeds the D 

chromosome in size at pachytene. However, the present study did show 

that there are differences in the degree of contraction between the 

chromosomes of the A and D genomes as evidenced by the existence of the 

near equal size of bivalents at late pachytene and the two-fold differ

ence at both early or mid-pachytene and diakinesis. 
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A genetical mechanism as proposed by Riley (1960) and Kimber 

(1961), unfortunately, cannot be tested in the manner it has been in 

wheat due to the lack of a complete set of aneuploids in cotton. 

However, a gene or genes may reinforce an existing mechanism, but cannot 

be the sole explanation for the diploid-like behavior of amphidiploid 

cotton. 

There is a two-fold difference in DNA content between the A and 

D chromosomes (Edwards 1973) and since the homoeology of the two genomes 

has been established (Gene tics and Cytology of Cotton 1956-67 1968), 

then the extra DNA is presumably repetitive. It has also been estab

lished in the present study that the variation in DNA content is paral

leled by difference in chromosome size at meiotic prophase. The A, B 

and D homoeologs of hexaploid wheat are of the same size and shape. It 

is obvious, then, that the A and D homoeologs of cotton are highly 

differentiated, and consequently differential affinity of the homologous 

chromosomes would be expected to be very highly pronounced. Hence, a 

genetical mechanism would appear redundant in that case. In wheat 

because of equality in size and shape of the three homoeologs, non-

preferential pairing between the homoeologs would be expected to be 

strong such that a gene or genes limiting pairing to homologs would be 

highly selected for. 

The mechanism which restricts chiasma formation to homologs and 

controls chromosome size in the amphidiploid cotton depends on two 

factors: (1) the amount and distribution of repetitive DNA or hetero-

chromatin; and (2) the time difference in contraction of the chromosomes. 
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It is obvious from the mode of pairing shown by three types of bivalents 

at pachytene that different chromosomes have different amounts and 

distribution of heterochromatin. In some cases there are sizeable 

heterochromatic segments proximal or distal, and large unpaired regions 

are evident. In other cases the heterochromatic segments are short and 

interposed between the euchromatic segments and such bivalents exhibit 

near normal pairing. It is also noted that the A chromosomes either 

start contraction before the D chromosomes at early pachytene or they 

contract faster than the D chromosomes until late pachytene when equality 

in size is essentially attained. Between late pachytene and diakinesis 

the A chromosomes either slow down in their contraction or the D chromo

somes contract faster such that by diakinesis the A chromosomes are 

twice the size of the D chromosomes, and this size difference is main

tained through metaphase I. This reversal of contraction or the differ

ence in time of contraction between the A and D genomes leads to failure 

of chiasma formation and hence to early separation of the homoeologs in 

the haploids and the hybrid. Consequently, the amphidiploid 

cottons will show strict bivalent formation and disomic inheritance. 

Pachytene Analysis and Longitudinal 
Redundancy in Cotton 

The organization of the eukaryotic chromosome is a problem that 

still begs for an answer. Great ideas and clues have been piling up re

sulting in two basic models for chromosome structure—uninemic and 

polynemic. Two proposals have been advanced to explain the variation in 

DNA content between species, namely, longitudinal redundancy and lateral 
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redundancy. The evidence for and against uninemy has been reviewed by 

several authors (Wolff 1969, Prescot 1970, Comings 1972, Comings and 

Tack 1973). However, the cytologica15biochemical and physical data are 

in favor of longitudinal redundancy (Rees and Jones 1967, 1972; Jones 

and Rees 1968; Kavenoff, Klotz and Zimra 1973; Petes et al. 1973), and 

hence provided additional support to the unineme model of the eukaryotic 

chromosome. 

Katterman and Ergle (1970) proposed a polynemic structure to 

account for the variation in DNA content between the species of Gossypium. 

Their proposal was based on the cytological observation made by Brown 

(1954, 1958, 1961, 1962) that the pachytene chromosomes of the haploids 

of cotton and species hybrids of Gossypium were of the same length in

dependent of species differences in chromosome size at metaphase. 

Edwards et al. (1974) suggested a uninemic structure for the cotton 

chromosome, and concluded that the two-fold difference in DNA content 

of the A and D genomes is best explained by longitudinal multiplicity 

of the repeated sequences of DNA throughout the genome. 

If lengthwise repetition explains differences in DNA content 

between the species of Gossypium, we should expect at pachytene of the 

haploids and ^D,. unpaired loops or overlaps in regions where 

segments of chromosomes have been repeated. Such configuration have 

been observed in the present study (Figures 3a, 4f, 5c, 8a). Further

more, these loops or overlaps were not confined to one or few bivalents, 

but occurred in the majority of bivalents. It has also been observed 

that in the unpaired loops the A chromosome is two times longer 



than the D chromosome homoeolog, which is in perfect agreement with the 

two-fold difference in DNA content reported by Edwards (1973) and 

Edwards et al. (1974). Thus, the pachytene analysis clearly indicates 

that the differences in the total chromatin length between the A and D 

genomes of the genus Gossypium are attributed to differences in length

wise repetition of the repeated sequences of DNA throughout the genome. 

Consequently, the structure of the cotton chromosome is uninemic rather 

than polynemic. 



SUMMARY 

This study was conducted to determine differences in size and 

contraction of chromatin material at the different stages of meiosis 

between the A and D genomes of the genus Gossypium, and to relate these 

differences to the mechanism responsible for the diploid-like behavior 

of the allotetraploid cotton. 

Meiotic prophase and metaphase were analyzed for six haploids 

(AD)^ of Gossypium hirsutum, hybrid between G. arboreum and G. 

raimondii (D,.), and the doubled hybrid 2(A^D^). Buds were killed and 

fixed in a mixture of 70 parts of 95 percent ethyl alcohol and 30 parts 

glacial acetic acid. Meiosis was studied in iron propiono-carmine 

smears of microsporocytes. The pachytene and diakinesis data of the six 

haploids were pooled. The metaphase I data for three of the haploids 

were pooled since they did not differ significantly in their mean number 

of bivalents per cell. 

The meiotic prophase analysis of the haploids and the F^ 

hybrid showed that pachytene chromosomes of the A and D genomes were 

paired allosyndetically and not of the same size. However, either the 

A chromosomes contracted earlier or contracted at a faster rate than the 

D chromosomes such that by late pachytene equality in size of the paired 

members was attained in most of the bivalents. From late pachytene till 

metaphase I there was an alteration in their rates of contraction such 
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that the D chromosomes were about half the size of the A chromosomes at 

both diakinesis and metaphase I. 

The percentages of bivalents at pachytene for the haploids and 

the F^ hybrid were 77 percent and 85 percent respectively. By 

metaphase I these percentages dropped to one percent for the haploids 

and 45 percent for the hybrid. The mean number of bivalents per 

cell at pachytene, diakinesis, and metaphase I were respectively 10.00, 

7.40, and 1.09 for the haploids, while for the F^ hybrid the means 

were 11.00, 9.50, and 5.82. The mean number of bivalents per cell at 

metaphase I for the hybrid was 25.78. 

The chromosomes of the A and D genomes showed a time difference 

in contraction as well as differences in rate of contraction. This time 

difference in the degree of contraction is assumed to be responsible for 

limiting chiasma formation and subsequent metaphase association to 

homologous chromosomes in the allotetraploid cottons. The pachytene 

analysis supported the longitudinal multiplicity of the repeated 

sequences of DNA as an explanation for the variation in DNA content 

between the A and D genomes. A uninemic structure has been proposed for 

the cotton chromosome. 
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