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Summary. Chromosome associations at pachytene, diakinesis, and metaphase I were analyzed in haploids of 
the allotetraploid G.hirsutum, in the Fi hybrid between G. arboreum (A2) and G.raimondii (D6), and in the doubled 
hybrid 2(A2Ds) in an effort to define more clearly the mechanism responsible for the diploidlike behavior of 
the natural allotetraploids. The mean number of bivalents per cell at pachytene, diakinesis, and MI were re- 
spectively I0.00, 7.40, and 0.80 for the haploids and II.00, 9.50, and 5.82 for the AeD5 hybrid. The two 
pachytene means were not significantly different, but the two diakinesis means and the two MI means were 
significantly different. 

At early pachytene members of paired chromosomes were not equal in length, but at late pachytene both 
members were equal in length in most bivalents. It was particularly evident in the unpaired regions that one 
partner was much thicker or more deeply stained than its counterpart. Since A chromosomes are twice the 
size, have twice the amount of DNA, and contain greater amounts of repetitive DNA than D chromosomes, 
it was concluded that the bivalents consisted of A and D homoeologs. In order for the paired homoeologs to 
attain equality in length at late pachytene, it is presumed that the A chromosomes either started contracting 
before the D chromosomes or contracted at a faster rate. During the stages following late pachytene, the D 
chromosomes contracted at a faster rate than the A chromosomes resulting finally in a two-fold difference in 
the size of the A and D chromosomes at MI. It is assumed that this differential rate of contraction would lim- 
it intimate pairing attraction and chiasma formation between hornoeologous chromosomes. 

We concluded that a gene control system analogous to that wheat and oats does not determine the diploidlike 
meiotic behavior of the natural allotetraploids of Gossypium. This is based on the high frequency of homoelogous 
pairs at pachytene in the haploids, on the strict homologous pairing in the synthetic 2(A2Ds) hybrid, and onthe 
roles repetitive DNA is assumed to have in regulating synapsis and chiasma formation and in structurally dif- 
ferentiating the A and D homoeologs. 

It was proposed that differences in genome chromosome size may determine whether a gene or non-gene con- 
trol mechanism is required for regulating homologous pairing in allotetraploids. 

Introduction 

The diploid species (2n = 2x = 26) of Gossypium have 
been divided into six genome groups, two of which 

are designated A and D. The allotetraploid 

(2n = 4x = 52) species are made up of A and D ge- 

homes that are highly homoeologous to the A and D 

genomes of the diploids. 

The metaphase I chromosomes of the A and D 

genomes of both the diploids and the allotetraploids 

are different in size, the A chromosomes being about 

twice the size of the D chromosomes. Brown (1954, 

1958, 1961, 1962), however, reported that pachytene 

AD bivalents in haploids of G.hirsutum and in species 

hybrids were of the same length despite their differ- 

ential size in the ensuing MI. At that time, these 

two observations were not considered contradictory 

since it was assumed that polynemy could account for 

the difference in chromosome size at MI. 

Kimber (1961) proposed a genetical mechanism 

analogous to that in wheat to account for the diploid- 

like pairing behavior in the amphidiploid cottons. 

Endrizzi (1962) and Gerstel (1966) suggested alter- 

natives to Kimber's genetical mechanism. The former 

author based his proposal on the difference of chro- 

mosome size of the A and D genomes and on Brown's 

pachytene pairing observations. He proposed that the 

differences in linear movement or contraction be- 

tween the A and D chromosomes of the allotetra- 

ploids was the major force regulating homologous 

pairing. Although the evidence is not entirely one- 

sided, it does indicate that a controlling mechanism 

like that in wheat does not occur in the cotton amphi- 

diploids (Riley and Law, 1965). Nevertheless, the 

allotetraploid cottons are often cited as a possible 

case for gene controlled mechanism for regulating 

chromosome pairing. The present report discusses 

additional information obtained in Gossypium which 

reinforces the premise for the non-gene model of 

control of bivalent pairing in Gossypium. 

Following those earlier cytological studies in 

Gossypium, it has been shown that the size difference 

of the MI chromosomes of the A and D genomes 
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Table I. Chromosome associations at pachytene, diakinesis and metaphase I in Gossypi~ hirsut~ 
haploids, (AD)~, and G.arbore~ (A2)x G.raimondii (Do) hybrids, FIA2Ds and 2(A2Ds) 

(AD)~ Hyploid F~ A2D5 2 (A2Ds) 

Mean No. of Mean No. of 
Number Bivalents Number Bivalents Number Mean No. of 

Meiotic of per Cell of per Cell of Bivalents 
Stage Cells and Range Cells and Range Cells per Cell 

Rachytene 13 I0.00(4-12) 5 11.00(9-12) 12 26 ~ 
Diakinesis 103 7.40(4-11) 102 9.50(6-12) 60 26 
Metaphase I 2070 0.80(0-7) 320 5.82(1-11) 194 25.78 

~ Estimated by comparing its pachytene pairing with that of the natural allotetraploid G.hirsut~ and 
that of the (AD)I hyploids and F• A2D5 hybrid. 

correspond to their difference in DNA content (Kat- 

terman and Ergle 1970~ Edwards et al., 1974). 

Furthermore, recent studies of renaturation rate 

curves of denatured DNA show that the amount of re- 

petitive DNA is directly related to chromosome 

size in these two genomes (Wilson 1974). In view 

of the overwhelming evidence for the uninemic struc- 

ture for the eukaryotic chromosome, these data sug- 

gest that the A and D homoeologs should differ in 

length at pachytene. Brown's reports would appear, 

therefore, to be at variance with these more recent 

findings. 

Lacking in the earlier cytological studies of 

Gossypi~ haploids and of FIAD hybrids was a de- 

tailed examination of the early and late stages of 

pachytene. Such observation would serve a two-fold 

purpose: To recheck Brown's observations in an ef- 

fort to reconcile the discrepancy between DNA con- 

tent of A and D chromosomes and their pachytene 

length in AD bivalents and to use this information 

along with recent findings in an attempt to define more 

clearly the nature of the mechanism regulating homo- 

logous pairing in the natural allopolyploids of Gossy- 

pi~. 

Materials and Methods 

Plant materials used were five haploids ~(AD)• gen- 
ome, n = 2x = 26], each originating from a different 
genetic background of the allotetraploid G. hirsut~; 
F• hybrid (2n = 2x = 26) of G.arbore~ (A2 genome) x 
G. raimondii (D5 genome), and its raw synthetic al- 
lotetraploid F~ hybrid [2(A2D~), 2n = 4x = 52]. The 
FIAeDs and 2(A2Ds)hybrids usedinthe present study 
originated from the same hybrid plants studied by End- 
rizzi and Phillips (1960). The A genome of G. arbore~ 
and D genome of G. raimondii are very closely related 
to the two taxons that contributed the A and D genomes 
of the natural allotetraploids (Phillips 1963). All 
plants were maintained in a glasshouse from which 
flower buds were collected and analyzed over a period 

of two years. The buds were killed and fixed in a 7:3 
mixture of 95 % ethyl alcohol and glacial acetic acid. 
Pachytene, diakinesis, and metaphase I stages were 
studied in iron-propinio-carmine smears of micro- 
sporocytes. 

Diakinesis and MI stages are not too difficult to 
obtain in Gossypi~. The pachytene stages, however, 
are less readily obtainable, and when found, are gen- 
erally difficult to analyze~ nevertheless, over 500 
cells, mainly of the (AD)I haploids and the A2D5 hy- 
brid, were studied. In a vast majority of these cells, 
analysis of the total complement was not possible due 
to the large number of chromosomes present and the 
frequent fusion of heterochromatic regions that pre- 
vented the identity of every single chromosome with 
certainty. Consequently, a complete, unambiguous 
pachytene analysis was obtained only in 13 cells of the 
haploids and in 5 cells of the A2D~ hybrid. We are 
confident that the results obtained with these cells re- 
present the normal pachytene pairing behavior in the 
two plant forms because the results obtained from the 
partially analyzed cells showed ranges of pairing ap- 
proaching that found in the completely analyzed cells. 

Results and Discussion 

Description of the Associated Chromosomes 

The mean number of bivalents per cell and their ranges 

at pachytene, diakinesis, and MI in the three plant 

forms are given in Table 1. In the (AD)I haploids and 

the A2D 5 hybrid the paired bodies were asymmetri- 

cal at meiotic prophase and MI. At early pachytene 

the paired chromosomes in both plant forms were 

either completely synapsed or incompletely synapsed, 

and the two chromosomes were not of the same length 

(Fig. 1a-f). Pachytene pairing in A2D 5 was more in- 

timate and extensive than in the (AD) 1 haploids. In 

both plant types the unpaired regions were usually one 

or two per association, and they could be short or 

long, terminal or intercalary (Fig. 1a-f). The inter- 

calary unpaired segments were more frequent than 

the heteromorphic terminal ends. When the unpaired 

region was intercalary, two situations were encoun- 
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tered. The first involved short unpaired regions in 

which the partners appeared near equal in length, but 

one partner was much thicker or more deeply stained 

than its counterpart (Fig. ia, b). The second situation 

was noted in the long unpaired regions in which the 

partners were markedly of unequal length in the dif- 

ferential segment (Fig. la, b, c ). Here frequently the 

longer chromosome was thicker or more deeply stained 

and frequently contained loops and/or "fold-back" pair- 

ing (Fig. la,b). Heteromorphic terminals, unpaired 

(Fig.lc,d,e,f) or paired (Fig. If), were not uncom- 

mon. Occasionally the longer member was thicker 

or more deeply stained than its shorter counterpart 

(Fig. le). In all the above situations, the synapsed 

regions preceding the unpaired region were often high- 

ly heterochromatic. It is assumed that the difference 

in length and thickness of the unpaired regions in bi- 

valents in conjunction with the high frequency of biva- 

lents per cell are indicative that they are heterogenetic 

associations, presumably between homoeologs, of A 

and D chromosomes. 

At late pachytene most bivalents showed complete 

or normal pairing and both members of a pair were 

virtually of the same length (Fig. Ic,d,f). Some bi- 

valents exhibited either bumps, loops, and overlaps. 

This equality in length of the two paired chromosomes 

at late pachytene is in marked contrast to their none- 

quality in length observed at early pachytene, suggest- 

ing differential behavior in contraction of members of 

paired homoeologs. 

The results reported here are not in complete 

agreement with Brown's observations in which she 

reported that pachytene chromosomes can pair inti- 

mately and are of equal length irrespective of their 

size difference in the following metaphase. The two 

observations may in fact agree if it is assumed that 

her observations were made at late pachytene. 

Pachytene pairing in the 2(A2D5) hybrid was 

complete and normal like that in the natural allote- 

t r ap lo id  G. h i r su tum.  

Unpai red  t e r m i n a l  s e g m e n t s  and loops o b s e r v e d  

in the p r e s e n t  m a t e r i a l s  a r e  typical  of those  o b s e r v e d  

in hybr id  combin ing  two genomes  with c h r o m o s o m e s  

of d i f fe ren t  lengths  such  as Lolium perenne • A .  

temulentum (Rees  et a l . ,  1966; R e e s  and Jones  1967), 

A l l i u m  cepa • A .  f i s t u l o s u ~  ( Jones  and R e e s ,  1968), 

and Oryza s a t i v a  x O . a u s t r a l i e n s i s  (Li et a l . ,  1963).  

In the l a t t e r  hybr id ,  the 12 c h r o m o s o m e s  of  O . a u s t r a -  

Fig. la-h. Pachytene and Metaphase I meiotic con- 
f igura t ions  of Gossypium hirsutum (AD)• haploids  and 
g. arboreum (A2) X G.raimondii (Ds) hybr id .  ( a ) E a r l y  
pachytene  b iva lent  of F z A e D s .  ( b - f ) E a r l y  and la te  
pachytene  b iva len t s  of G. h i r su tum haplo ids .  I n t e r c a -  
l a r y  and t e r m i n a l  unpa i red  h e t e r o m o r p h i c  r eg ions  a r e  
shown in F i g .  l a - f .  Note nonequal i ty  in length and d i f -  
f e r e n c e  in th ickness  of p a i r e d  m e m b e r s  in the pachy-  
tene  con f igu ra t i ons .  Also note " fo ldback"  pa i r ing  in 
F i g .  l a , b , d .  The a r r o w  in F i g .  l e  points  to a s ing le  
h e t e r o m o r p h i c  b iva len t .  F i g .  l a - c  a r e  c a m e r a  luc ida  
ink d rawings ,  the o t h e r s  a r e  p h o t o m i c r o g r a p h s .  (g) 
shows MI pa i r ing  of 6II + 14I in the Fz A2D5 hybr id .  
H e t e r o g e n e t i c  pa i r ing  of A and D homoeo logs  can be 
seen  in the b iva l en t s .  Note that the l a r g e  A c h r o m o -  
s o m e s  a r e  twice  the s i z e  of the sma l l  D c h r o m o s o m e .  
(h) MI of the 2(AzD5 ) hybr id  showing 26II. 

linesis are distinctly larger than the 12 chromosomes 

of O. sativa, and in the meiotic stages the two chromo- 

some complements exhibited differential condensation 

and staining properties. As in the plant forms studied 

here, the large chromosomes of O.australiensis were 

stained more darkly and thicker in width even during 

the stage when the paired members were equal in 
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length. The difference in size of the chromosomes 

of the two genomes and their differential behavior in 

condensation (size and differential condensation are 

probably interdependent) may be of distinct impor- 

tance as a mechanism to engender homogenetic pair- 

ing in an alloploid form. 

At diakinesis in the (AD) 1 haploid and in the A2D 5 

hybrid, the chromosome size difference between A 

and D univalents and between paired members of AD 

bivalents was quite evident. The bivalents were asym- 

metrical, indicating heterogenetic pairing. The A chro- 

mosomes were more deeply stained than the D chromo- 

somes and they were about two times larger. Some of 

the D univalents were very faintly stained, making them 

less conspicuous. Most bivalents were of the open type, 

however, closed bivalents were not uncommon. At 

diakinesis in the 2(A2D 5) hybrid, all bivalents were 

ring-shaped (closed) and symmetrical, indicating 

strict homogenetic pairing. 

Data on chromosome pairing at MI for AD ha- 

ploids and for A2D 5 hybrids have been reported by 

several investigators, therefore, we will only pre- 

sent our MI observations that are pertinent to the 

discussion. At MI, the A chromosomes are about 

twice the size of the D chromosomes (Fig. Ig) �9 The 

bivalents in both plant forms exhibit heterogenetic 

pairing as evident by their asymmetry, and the ma- 

jority were open or rod-shaped. Closed bivalents were 

far less frequent in the (AD) 1 haploids than in the 

A2D 5 hybrid. 

The 2(A2D 5) hybrid at MI showed strict pairing 

of homologs in which 98 Y~ of the bivalents were closed. 

Eighty-five percent of the cells had the maximum of 

26 bivalents (Fig. lh) and the remaining 15~ had 25 

bivalents plus two univalents. 

It was pointed out above that members of paired 

chromosomes were different in length at early pachy- 

tene, but that both paired members had attained sim- 

ilarity in length at late pachytene. Since the chromo- 

somes of the A genome contain nearly twice as much 

DNA as chromosomes of the D genome, it is assumed 

that the longer chromosomes of the early pachytene 

pairs are A chromosomes. Thus, to attain equality 

in length at late pachytene the A chromosomes either 

started contracting before the D chromosomes or 

contracted at a faster rate. During the stages follow- 

ing pachytene the D chromosomes contracted at a 

faster rate than the A chromosomes, resulting final- 

ly in the two-fold difference in size in the A and D 

chromosomes at MI. We can assume that this differ- 

ential rate of contraction of the chromosomes of the 

two genomes would have a significant influence on the 

degree of intimate pairing and on the formation of 

chiasmata between homoeologs. Differential rates of 

contraction between chromosomes and chromosome 

arms have been reported in other organisms (Ho 

andKasha, 1974). 

Comparison of Chromosome Associations at the 

Meiotic Stages 

The means and ranges of bivalents per cell at pachy- 

tene for the (AD) 1 haploids and for the A2D 5 hybrid 

were 10(4-12) and 11(9-12), respectively (Table I). 

The two means are not significantly different. In both 

plant forms, a few cells were observed in which chro- 

mosome associations indicated the maximum of 13 

synapsed bodies were present. These results show 

that both plant forms have the same frequency of 

high heterogenetic pairing at pachytene. This suggests 

that the affinity existing between A and D homoeologs 

of the haploids and between A 2 and D 5 homoeologs 

of the hybrid are very similar and, presumably, com- 

parable to that which existed between the two ancestral 

A and D genomes that combined to form the allote- 

traploid species. As meiosis progressed there was 

a decrease in the average number of bivalents per 

cell at diakinesis and at MI in both forms. The de- 

crease was greater to a pronounced degree in the 

(AD) 1 haploids where the high mean of I0 pairs at 

pachytene was reduced to 7.40 at diakinesis and fi- 

nally to 0.80 at MI. These values in the FIA2D 5 

hybrid were respectively 11.00, 9.50, and 5.82. The 

frequency of bivalents at both diakinesis and MI of 

the (AD) 1 haploids were significantly different from 

those of the A2D 5 hybrid. These values show that 

percent pairing in the haploids decreased from 77 

at pachytene to a low between 1% and 8% at MI, while 

in A2D5, the decrease was from 85 Y~ at pachytene to 

45% at MI. The high frequency of MI pairing in A2D 5 

is analogous to the high pairing recorded in diploid hy- 

brids obtained from crosses of any two of the three 

diploids considered to be ancestors of hexaploid wheat 

(Riley and Chapman, 1958; Kimber and Riley, 1963). 

In hexaploid wheat the failure of pairing between its 

three genomes is now controlled genetically. 
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Mechanism of Control of Meiotic Behavior in the 

Allotetraploids 

Two important facts suggest to us that the near total 

elimination of bivalent formation in the haploids and 

the regular homologous pairing in the natural allo- 

tetraploids do not necessarily indicate that a gene 

control mechanism analogous to that in wheat exists 

in the allotetraploids. 

The first is the high frequency of pachytene pair- 

ing in the (AD) 1 haploids, a frequency of occurrence 

equal to that of the A2D 5 hybrid. In the latter, the 

two genomes undoubtedly arose from a common an- 

cestral genome even though both species now occur 

on separate continents. Because of their common 

origin, a high frequency of bivalents can be expected 

in their F l since their chromosomes are homoeolo- 

gous and a gene(s) preventing homoeologous pairing 

would not be expected in their genomes. Kimber (1962) 

studied prophase pairing in euhaploids and nulli-5B 

haploids of wheat and noted very little synapsis of 

homoeologs in the former. The nulli-5B haploidshow- 

ever, exhibited much more prophase pairing andcom- 

plex configurations were frequently seen. He conclud- 

ed that the action of the gene on chromosome 5B pro- 

hibits synapsis between homoeologous chromosomes. 

If the strict homologous pairing that occurs in the 

natural allotetraploids of Gossypium is genetically 

controlled as in wheat or oats, one would expect to 

find, as has been observed in wheat haploids, little 

or no pairing at pachytene in their haploids. The high 

frequency of pachytene pairing in the cotton haploids 

and the absence of pachytene pairing in wheat haploids 

argues against any kind of single-step genetic changes 

in the Gossypi~ allotetraploids as a mechanism re- 

stricting pairing to homologous chromosomes. 

The second important fact is the strict homologous 

pairing occurring in the 2(A2D 5) allotetraploid hybrid. 

The A2D 5 hybrid showed an average of 5.8 AD biva- 

lents at MI, but upon doubling the two genomes the re- 

sulting allotetraploid exhibited strict homologous pair- 

ing (Table I), establishing that a genetically controlled 

mechanism would not be necessary for diploidization 

of chromosome pairing in the allotetraploids of Gossy- 

piz~. This point has been emphasized for the bivalent- 

forming synthetic tetraploid, 2(A2D I) (Endrizzi 1962; 

Gerstel 1966). Other synthetic intergenomic tetra- 

ploids in Gossypi~ also show the shift to homoge- 

netic association. Although only a few such tetra- 

ploids have been studied, the shift is most apparent 

in the hybrids involving genomes of different sizes; 

the intragenomic tetraploids, on the other hand, ex- 

hibit higher multivalent frequencies (Brown 1951; 

Sarvella 1958; Anonymous 1968). 

One might argue, however, that the regular homo- 

logous pairing in these synthetic tetraploids, particu- 

larly in the 2AD hybrids, could as well be due to 

structural changes that have accumulated in the con- 

temporary diploids (Sears, in Gerstel 1966); the 

presumed structural changes would not have been pre- 

sent in their ancestral diploids from which the natural 

allotetraploids were derived. Data which argue against 

this interpretation have been reported by Sarvella, 

1958; Gerstel and Phillips, 1958; Phillips 1962, 1963, 

1964~ Gerstel 1966. 

The results of their studies show an autotetra- 

ploid-like behavior for multivalent frequency and for 

testcross segregation ratio of genetic markers in the 

synthetic hexaploids of G. hirsut~ • Asiatic species 

(AD • A, tetrasomic for the A genome). This indi- 

cates that the A genomes of the diploid species and 

the allotetraploid species are structurally very sim- 

ilar. Of the nine diploid D species, the genome of 

raimondii (D5) is most closely related to the D 

genome of the aHotetraploid. In AD x D 5 hexaploids 

(tetrasomic for the D genome), multivalent frequen- 

cy was lower than expected from random chromosome 

association (6.16vs expected of 7.8 to 9.1) and test- 

cross segregation ratios were higher than expected 

(average of 9.3:1 vs expected of 7:1, see Endrizzi 

1974, for basis of the expected of 7:l rather than the 

5: I ratio). Overall, these data suggest a high degree 

of structural similarity between the chromosomes of 

the A genomes and between the chromosomes of the 

two D genomes. They do not suggest a level of struc- 

tural divergence sufficient to account for the homolo- 

gous pairing that occurs in the synthetic tetraploids, 

unless one assumes the unlikely event of concomitant, 

parallel structural divergence of the two genomes of 

the allotetraploids and the contemporary diploids. It 

should be understood, that the structural changes dis- 

cussed above are of the types, cryptic in nature, dis- 

cussed by Stebbins (1950). Below we present data for 

the existence of different kinds of chromosome struc- 

tural differentiation, i.e. differences in amounts of 

repetitive DNA, which we believe plays a significant 
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r o l e  in  the  r e g u l a r  b i v a l e n t  f o r m a t i o n  of the  a l l o t e t r a -  

p lo id .  

The a p p r o x i m a t e  1:2  s i z e  r e l a t i o n s h i p  of the  c h r o -  

m o s o m e s  of the  D and A g e n o m e s  ( F i g .  l g )  i s  a p p a r -  

ent  in both  the  (AD) 1 hap lo ids  and the  A2D 5 h y b r i d .  

Addi t iona l  i n f o r m a t i o n  of t h e i r  c h r o m o s o m e s  s i z e  

r e l a t i o n s h i p  h a s  b e e n  r e p o r t e d  by E d w a r d s  et  a l .  

( 1974) .  They a l so  r e p o r t e d  tha t  the  A g e n o m e  c o n -  

t a i n s  n e a r l y  twice  the  a m o u n t  of DNA as  tha t  of the  

D g e n o m e ,  and conc luded  tha t  th i s  i n c r e a s e  in DNA 

con ten t  can  be  a t t r i b u t e d  to a m p l i f i c a t i o n  of the  r e -  

p e t i t i v e  s e q u e n c e s  t h r o u g h o u t  the  g e n o m e .  T h e i r  c o n -  

c l u s i o n  on the  i n t e r s p e r s i v e  p a t t e r n  was c o n f i r m e d  

v e r y  r e c e n t l y  by Walbot  (1975) ,  who r e p o r t e d  tha t  

the  a l l o t e t r a p l o i d  G.hirsutw~ c o n s i s t s  p r i m a r i l y  of  

i n t e r s p e r s e d  r e p e t i t i v e  and n o n r e p e t i t i v e  s e q u e n c e  

e l e m e n t s .  Six h o m o e o l o g o u s  g e n e t i c  m a p s  have  b e e n  

e s t a b l i s h e d  in the  a l l o t e t r a p l o i d  G. hirsutwn ( E d w a r d s  

et  a l . ,  1974) .  Excep t  fo r  a n i n v e r t e d  r e g i o n ,  t h e m a p s  

r e v e a l  tha t  gene  o r d e r  and map  d i s t a n c e s  of h o m o e l o g s  

a r e  v i r t u a l l y  the  s a m e  d e s p i t e  t h e i r  two- fo ld  d i f f e r e n c e  

in DNA c o n t e n t .  This led  E d w a r d s  et  a l .  (1974)  to 

conc lude  tha t  the  n u m b e r  and o r d e r  of the  unique  s e -  

q u e n c e s  and the  r e c o m b i n a t i o n  s i t e s  in  the  A and D 

g e n o m e s  have  r e m a i n e d  u n c h a n g e d  and  c o n s t a n t  in 

each  g e n o m e  and tha t  the  i n c r e a s e  in g e n o m e  s i z e  i s  

due to i n c r e a s e  in r e p e t i t i v e  DNA. R e c e n t  s t u d i e s  on 

the  r e n a t u r a t i o n  r a t e s  of d e n a t u r e d  DNA of the  A and 

D g e n o m e s  show tha t  the  A g e n o m e  c h r o m o s o m e s  do 

indeed  have  g r e a t e r  a m o u n t s  of r e p e t i t i v e  DNA (Wi l son  

1974) .  It h a s  been  s u g g e s t e d  t ha t  one of the  p o s s i b l e  

func t ions  of r e p e t i t i v e  DNA is  in the  r e g u l a t i o n  of c h r o -  

m o s o m e  p a i r i n g  ( B r i t t e n  1972; Stack and C l a r k  1973) .  

H e t e r o c h r o m a t i n  ha s  been  iden t i f i ed  a s  r e p e a t e d  s e -  

q u e n c e s  of DNA (Yunis  and Y a s m i n e h  1970; Y a s m i n e h  

and Yunis  1971; A r r i g h i  and Hsu 1971; Dolfini  1974; 

Sanchez  and Yunis  1974) .  S tud ies  by Shaw (1971)  and  

F o n t a n a  and  V i c k e r y  (1974)  show that  the  s i z e  and  d i s -  

t r i b u t i o n  of h e t e r o c h r o m a t i c  s e g m e n t s  ( r e p  D N A ) h a v e  

a de f in i t e  i n f l u e n c e  in the  o v e r a l l  c o n t r o l  and r e g u l a -  

t ion  of c h i a s m a  f o r m a t i o n .  It is  a p p a r e n t  tha t  the  above  

func t iona l  r o l e s  a t t r i b u t e d  to r e p e t i t i v e  DNA a r e  

wholly  c o m p a t i b l e  with the  f ind ings  in Gvssypiw~ and 

can  be invoked  to exp la in  i t s  c h r o m o s o m e  p a i r i n g  

b e h a v i o r .  Our  work ing  h y p o t h e s i s  i s  tha t  at  the  t e t -  

r a p l o i d  l e v e l ,  t he  r e g u l a t o r y  a c t i v i t y  of the  r e p e t i -  

t ive  DNA would be m o s t  e f f ec t i ve  and the  p r e d o m i n a t -  

ing f o r c e  in c o n t r o l l i n g  r e g u l a r  h o m o l o g o u s  b i v a l e n t  

f o r m a t i o n s  in Goasypium. Thus ,  the  m o m e n t  the  t e t r a -  

p]oid  l eve l  was  a t t a i n e d ,  the  r o l e s  e x e r c i s e d  by the  

r e p e t i t i v e  DNA in s t r u c t u r a l l y  d i f f e r e n t i a t i n g  ho -  

m o e o l o g s  and in r e g u l a t i n g  p a i r i n g  and  c h i a s m a  f o r -  

m a t i o n  would i n i t i a t e  an i m m e d i a t e  sh i f t  to s t r i c t  b i -  

v a l e n t  f o r m a t i o n  of h o m o l o g o u s  c h r o m o s o m e s .  

In c o n c l u s i o n ,  we b e l i e v e  tha t  the  da ta  in  gossy- 

plum do not  s u g g e s t  the  e x i s t e n c e  of a gene  c o n t r o l  

p a i r i n g  m e c h a n i s m  in t h e i r  n a t u r a l  a l l o t e t r a p l o i d s ,  

but tha t  they  do s u g g e s t  an a l t e r n a t i v e ,  n o n - g e n e -  

c o n t r o l l e d  m e c h a n i s m  as  d i s c u s s e d  a b o v e .  Is it p o s -  

s i b l e  t ha t  t h e r e  a r e  at  l e a s t  two a l t e r n a t i v e  s y s t e m s  

fo r  r e g u l a t i n g  h o m o l o g o u s  p a i r i n g  in a l l opo lyp lo id s  

c o m b i n i n g  c l o s e l y  r e l a t e d  g e n o m e s ?  The fo l lowing 

d i s c u s s i o n  po in t s  out t h i s  p o s s i b i l i t y .  

Gene c o n t r o l  m e c h a n i s m s  p r o m o t i n g  s t r i c t l y  ho-  

mo logous  c h r o m o s o m e  p a i r i n g  e x i s t s  in  the  a l l o p o l y -  

p lo ids  of T r i t i c ~  ( S e a r s  and Okamoto  1958; Ri ley  

and  C h a p m a n  1958; R i l ey ,  C h a p m a n  and K i m b e r  1959; 

F e l d m a n  1966; Ri ley  et  a l .  1966; K e m p a n n a  and 

Ri ley  1962; M e l l o - S a m p a y o  1968; D r i s c o l l  1 9 7 2 ) a n d  

of Arena ( G a u t h i e r  and M c G i n n i s  1968; R a j h a t h y  and  

T h o m a s  1972; L a d i z i n s k y  1973) .  It i s  ev i de n t  tha t  

t h e s e  a l l o p o ly p lo id s  ev o lv ed  b e c a u s e  of the  s e l e c t i o n  

fo r  a g e n e t i c a l l y  c o n t r o l l e d  m e c h a n i s m  r e g u l a t i n g  

s t r i c t l y  h o m o l o g o u s  p a i r i n g .  It i s  a l so  e v i d e n t  tha t  the  

a l lopo lyp lo id  of Gossypium was s u c c e s s f u l  in i t s  o r i g i n  

and e s t a b l i s h m e n t  without  the  r e q u i r e m e n t  of a gene  

c o n t r o l l e d  s y s t e m .  

T h e r e  i s  one n o t i c e a b l e  d i f f e r e n c e  in the  two s y s -  

t e m s .  The c h r o m o s o m e s  of e a c h  of the  m u l t i p l e  ge -  

n o m e s  of Tritiaum and Arena a r e  v i r t u a l l y  of the  s a m e  

s i z e  and m o r p h o l o g i c a l l y  i d e n t i c a l ,  whi le  the  two ge -  

h o m e s  in the  a l lop lo id  Gossypiwn a r e  m a r k e d l y  d i f f e r -  

ent  in s i z e  and,  due to q u a n t i t a t i v e  d i f f e r e n c e s  in r e -  

p e t i t i v e  DNA, m o r p h o l o g i c a l l y  d i f f e r e n t .  This may  be 

the  key  to why a gene  c o n t r o l l e d  p a i r i n g  m e c h a n i s m  is  

n e e d e d  in one  but not  in the  o t h e r .  The d i f f e r e n c e  as  

p r o p o s e d  h e r e  n e e d s  f u r t h e r  e x p l o r a t i o n  wi th in  o t h e r  

po lyplo id  f o r m s  by d e t e r m i n i n g  the  r e l a t i o n s h i p s  of 

t h e i r  g e n o m e  c h r o m o s o m e  s i z e  and the  s y s t e m  c o n -  

t r o l l i n g  r e g u l a r  b i v a l e n t  p a i r i n g .  If a b e h a v i o r  a n a -  

logous  to tha t  in Gossypiwm could  be d e m o n s t r a t e d  in 

o t h e r  a l l o p l o i d s  with g e n o m e s  of d i f f e r e n t  s i z e s ,  t h i s  

would p r o v i d e  s t r o n g  s u p p o r t  for  the  two k inds  of 

p a i r i n g  c o n t r o l  s y s t e m s .  

The f inal  i n d i s p u t a b l e  p r o o f  in  o u r  c a s e ,  h o w e v e r ,  

would c o m e  f r o m  the  a c q u i s i t i o n  and s tudy  of a c o r n -  
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plete set of aneuploids in the allotetraploids similar 

to those in hexaploid wheat which firmly settled the 

situation in that species. The monosomic stocks ob- 

tained for several chromosomes in cotton have not 

produced any nullisomic individuals. However, the 

recovery, though very rare, of two and possibly three 

ditelocentrics may eventually provide the proper source 

material to settle the issue. 

The one question surely to arise is why the pair- 

ing of homoeologs in the (AD) I haploids and the 

A2D 5 hybrid differ greatly, and significantly, at MI 

but not at pachytene. The functional basis of this dif- 

ference is not known, but clues as to the possible 

causes may be provided by the reviews on chromo- 

some pairing by Moens (1972) and on chromosome 

pairing and chiasma formation by Riley and Law ( 1965). 

It is generally agreed, and apparent in the latter re- 

view, that pairing and chiasma formation in a species 

are regulated by the integrated operation of a balanced 

complex of many genes and by the structural organi- 

zation of the chromosome, which is determined in part 

by such factors as repetitive DNA, associated his- 

tones, and proteins. 

Even though pachytene pairing was noted to be more 

intimate in A2D 5 than in haploids, the two did not dif- 

fer in the frequency of paired members at this stage. 

Thus, it seems that the largest component contribut- 

ing to their observed difference is the modification of 

chiasma formation. Since little is known of the de- 

tailed biological processes that regulate pairing and 

chiasma formation, we can only give a rather simple, 

speculative explanation of the possible cause. 

It can be rightly assumed that each of the A and D 

species consisted of a balanced complex of genes and 

chromosome phenotypes controlling meiotic pairing 

and chiasma formation that was selected to operate 

most efficiently at the diploid level. Following the 

formation of the amphidiploid, diploidization, under 

the influence of natural selection, would provide a 

means of returning to, or reselecting for, a system 

conditioned to operate most efficiently at the tetra- 

ploid level. It is assumed that in the process of di- 

ploidization a number of subtle quantitative and quali- 

tative genetic changes were selected within the two 

controlling diploid systems, which established a 

control system with genetic activity and regulation 

divided or partitioned between the two genomes. In 

this particular case selection would be imposed pri- 

m a r i l y  on the s y s t e m  regu la t ing  c h i a s m a  f o r m a t i o n .  

It is  a s s u m e d  that in haploids  of the na tura l  a l l o t e t r a -  

p loids  the s y s t e m  would be highly inef fec tua l  in con-  

s u m m a t i n g  the exchange  of DNA s t r ands  be tween ho-  

moeo logs ,  r e s u l t i n g  in a v e r y  low f r equency  of b iva -  

lents  at MI. 
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