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CHROMOSOME PAIRING IN AUTOTETRAPLOID BOMBYX MALES. 

INHIBITION OF MULTIVALENT CORRECTION BY CROSSING OVER 
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Chromosome pairing and synaptonemal complex (SC) formation have been analysed on spread and silver stained 
chromosome complements from autotetraploid Bombyx spermatocytes (4n = 112). 

The establishment of distant subtelomeric associations between homologous chromosomes previously shown 
to precede SC formation in diploid Bombyx spermatocytes is also found in the tetraploid spermatocytes. Specific 
associations can form on either side of a chromosome leading to SC formation between three or all four homologues. 
In an animal with aberrant meiosis homologous associations were infrequent or absent resulting in almost random 
SC formation. 

A mean of 13.3 quadrivalents and 25.1 bivalents was present at zygotene while in pachytene complements the 
mean ofquadrivalents was reduced to 8.7 and that of bivalents correspondingly increased to 37.1. It is concluded 
1) that chromosome pairing and SC formation during zygotene combine the four homologues at frequencies 
approaching the theoretical maximum of 67%, 2) that the initial pairing is optimized during the zygotene-pachytene 
transition to yield a maximum of bivalents and 3) that the occurrence of crossing over at pachytene effectively 
prevents conversion of multivalents into bivalents. A reduction of quadrivalent frequency occurs also between 
pachytene and metaphase I probably due to bivalent and trivalent - univalent formation when the SC is resolved 
and suitable chiasmata are absent to hold the four chromosomes together. These and earlier observations on 
chromosome pairing in the male silkworm are compared and compiled into a flow-chart summarising the events 
of chromosomes pairing as deduced from ultrastructural analysis. 

1. INTRODUCTION 
Meiosis in polyploid organisms has been stud- 

ied in a large number of  light microscopical 
investigations (7, 22, 23, 28, 29, 45) and more 
recently by ultrastructural work based on serial- 
ly sectioned or spread chromosome comple- 
ments (4, 10, 11, 12, 15, 24, 25, 34, 36). Most of  
these studies reflect the abundant  occurrence of  
polyploidy in plants, either natural or induced 
by chromosome doubling of  diploids or inter- 
specific hybrids. 

Polyploidy in animals, on the other hand, is 

rare, one of  the few well investigated examples 
being the experimentally induced polyploidy in 
the silkworm, Bombyx mori. (An excellent dis- 
cussion of the remarkable difference between 
the frequency of polyploidy in the plant and 
animal kingdoms can be found in Astaurov, 1). 

It is unlikely that the rare occurrence of 
polyploidy in animals is related to the meiotic 
division per se. It has been shown in detailed 
ultrastructural analyses that the individual pro- 

cesses comprising the meiotic prophase (i.e. 
synapsis, synaptonemal complex formation, 

Abbreviations: LC = lateral component; SC = synaptonemal complex. 
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crossing over, chiasma formation and disjunc- 
tion) progress in essentially the same way in 
normal diploid plants and animals as far as can 
be assessed by morphological criteria (cf. 9, 48). 

As pointed out previously (37) the silkworm is 
a favorable experimental system for the analysis 
of the meiotic prophase. In" addition to the 
possibility of obtaining polyploids of both sexes, 
crossing over and chiasma formation do not 
occur in the heterogametic female sex of the 
silkworm (42, 26). Instead, the synaptonemal 
complexes (SC) in oocytes remain bound to the 
homologues, and in modified form continue to 
hold the homologues together until their dis- 
junction at anaphase I, thereby replacing cross- 
ing over and chiasma formation in maintaining 
the association of homologues beyond pachy- 
tene (32, 33). In the male meiosis the SCs are 
eliminated after pachytene, the homologues be- 
ing held together by chiasmata (l 6) as is normal- 
ly the case in recombination proficient organ- 
isms. The silkworm thus provides a unique 
opportunity to study the effect of crossing over 
and chiasma formation on the pairing behaviour 
of multiple copies of homologues during the 
meiotic prophase. 

Previous ultrastructural analyses of synapsis 
and synaptonemal complex formation in au- 
totriploid (3n = 84) and autotetraploid (4n = 
I 12) Bombyx oocytes (34, 36) revealed a strictly 
specific pairing of homologous chromosomes 
into bivalents and multivalents during the first 
part of zygotene. This pairing pattern was dra- 
matically changed in pachytene nuclei: The 
number of multivalents became small or zero, 
while the number of bivalents approached the 
theoretical maximum of 28 in the triploid and 
56 in the tetraploid. The chromosomes of the 
third set in the triploid were either foldback 
paired, formed nonhomologous associations of 
two or more chromosomes, or were present as 
univalents. 

Based on these observations it was concluded 
(34, 36) that the complete or almost complete 
conversion of multivalents into bivalents re- 
flects an instability of the central region of the SC 
in chromosome segments where exchange of 
pairing partner has occurred. This instability 
was suggested to promote turnover of the central 
region of the SC shifting the site of pairing 

partner exchange towards the telomeres, so that 
trivalents are converted into a bivalent and a 
univalent, and quadrivalents into two bivalents. 
A residual capacity for synapsis and SC forma- 
tion in the triploid finally accounts for the 
various nonhomologous associations. 

Triploid Bombyx females produce unbal- 
anced gametes, each containing one complete 
genome plus a varying fraction of the third 
genome, and are sterile. Tetraploid females, on 
the other hand, exhibit an almost regular dis- 
omic segregation, are fertile and produce viable 
(but sterile) triploid offspring when crossed to 
diploid males (2). Comparable ultrastructural 
analyses of chromosome pairing and its correc- 
tion at zygotene and pachytene in polyploids of 
the recombination proficient Bombyx male 
have so far not been available. 

It is the aim of the present study to determine 
the frequency of bivalents and multivalents at 
zygotene and pachytene in tetraploid Bombyx 
spermatocytes and to monitor the initial specific 
synapsis as well as the subsequent modification 
of pairing and SC formation. 

Results described below demonstrate that in 
the tetraploid Bombyx male, multivalents form 
during the early specific pairing phase at fre- 
quencies approaching the theoretical maximum 
expected if SC formation occurs with equal 
probability between any two LCs at each end of 
a chromosome quartet. Conversion ofmultiva- 
lents into bivalents takes place at the zygotene- 
pachytene transition. At pachytene when cross- 
ing over occurs (16), multivalents not yet con- 
vened into bivalents are fixed by crossovers and 
can then no longer be converted. 

During the specific pairing at zygotene three 
or even all four homologues are frequently 
associated at the telomeres, demonstrating that 
each chromosome at a given region has at least 
two sites for specific recognition and that both 
sites can be utilized simultaneously. 

Finally, a single tetraploid silkworm was 
found in which the specific recognition between 
homologous chromosomes appeared to be de- 
fective leading to almost random pairing and SC 
formation at early zygotene. This supports the 
notion (35) that recognition between homo- 
logues and subsequent SC formation are sepa- 
rate processes. 
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Table I. Mean lateral component length per genome for di- and polyploid Bombyx oocytes and spermatocytes. 

Late zygotene Early pachytene Mid-late pachytene Reference 
(lam) (~tm) (/am) 

Oocytes 

Diploid (R) 196 (4) 212 (6) 32 
Triploid (R) 137 (4) 171 (7) 34 
Tetraploid(R) 150 (7) 133 (11) 36 

Spermatocytes 

Diploid (R) 202 (8) 198 (16) 257 (14) 16 
Diploid (S) 219 (270) 213 (40) 215 (85) 35 
Tetraploid (S) 185 (33) t 190 (27)-' 186 (27) 3 

N umbers in paranthesis are the number of nuclei analysed. R, reconstructed complements. S, spread complements. 
1) 66-95% pairing. 2) 95-99% pairing. 3) 99-100% pairing. 

2. M A T E R I A L S  A N D  M E T H O D S  

The si lkworms (hybrids between strain Lyon 

200 and 300) were kindly provided by Professor 

J.M. LEGAu Laboratoire  de Biom6trie,  Univer -  

sit6 Claude Bernard, France. Since 1982 the 

hybrids have been main ta ined  as a r andom 

breeding populat ion in the laboratory on an 

artificial diet (Silkmate E, N ihon  Nosan  Kogyo 

KK,  Japan).  Hatching of  diapause eggs stored 

for up to 6 months  at 5 ~ was induced by 

incubat ion in 16% HCI at 46 ~ for 6-7 min  (39). 

The  eggs hatched 10-14 days later. 

Table II. Mean number of chromosome associations in tetraploid Bombyx spermatocytes at 66-95% pairing. 

Number LC length Percent Uni- Bi- Tri- Quadri- Other 
of of one pairing valents valents valents valents associ- 
nuclei genome ations 

(/am) 

Animal 1 ~ 15/13 
Mean 170 86 1.5 23.6 1.3 13.7 0.7 
S.D. 11 - - 3.6 - 2.6 
Range 151-183 66-94 0-9 18-30 0-9 7-18 0-2 

Animal 22 12 
Mean 190 83 1.2 23.2 0.6 14.1 0.8 
S.D. 11 - - 5.4 - 2.7 
Range 178-214 75-93 0-5 15-31 0-2 11-18 0-1 

Animal 3 8 
Mean 203 94 0 33.3 0 11.4 0 
S.D. 15 - - 3.7 - 2.8 
Range 179-218 92-95 - 30-39 - 9-13 

Total 35/33 
Mean 185 87 1.0 25.1 0.7 13.3 
S.D. 18 - - 7.1 - 2.7 
Range 151-218 66-95 0-9 18-39 0-9 7-18 

1) Carries translocation 1. Total complement length could not be accurately determined for 2 nuclei. 
2) Carries translocation 2. S.D., standard deviation. 
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Tetraploid males were obtained as described 
by KAWAMURA ( 19, 20, 21 ) by exposing 120-130 
min old eggs to low temperature (-10 ~ for 24 
h. Subsequent hatching was induced by HC1 
treatment as described above. Two to four days 
later, when the serosa cells had become pigment- 
ed the tetraploid eggs were identified by the 
larger cellular and nuclear diameter of their 
serosa cells. 

Spread chromosome complements were pre- 
pared, stained and measured as described previ- 
ously (35). Altogether 113 normal autote- 
traploid nuclei from three animals and 29 nuclei 

from one animal deficient in specific painng 
were micrographed in the electron microscope. 
The total lateral component (LC) length was 
only determined for the best preserved comple- 
ments (87 normal and 16 aberrant nuclei) in 
which most or all LCs could be unambigously 
traced. In the remaining nuclei, in which insuf- 
ficient spreading and/or the position of the 
nucleolus prevented complete tracing of the 
LCs, the degree of SC formation was estimated 
subjectively and the frequencies of chromosome 
associations counted. 
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Figure 1. A micrograph and a tracing of a spread chromosome complement at 67% pairing from animal 1 carrying 
translocation 1. The complement includes 24 bivalents (numbers 3, 4, 8, 12, 16, 18, 21-25, 28), 9 univalents and 
9 trivalents (numbers 5-7, 10-11, 13, 17, 20, 26-27), 6 quadrivalenls (1, 2, 9, 14, 15, 19) and an association of 3 
chromosomes (number 13), including the long translocation chromosome TI. The individual chromosome sets 
are numbered from 1 to 28 based on decreasing mean LC length of the four homologues making up either a 
quadrivalent, a trivalent and a univalent or two bivalents of similar length. 

One of the trivalents, possibly chromosomes number 11, the univalent number 13 and the short univalent 
number 27 may together with the association of 3 chromosomes (number 13) comprise the two chromosome sets 
affected by the translocation, Knobs are denoted by hatching. Arrows indicate subtelomeric associations not 
involving the SC. IL = interlocking. (Bar = 5/am). 
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3. RESULTS 
3.1. The temporal sequence ofzygotene and 

pachytene nuclei 
The spread chromosome complements were 

divided into three stages on the basis of the 
extent of SC formation. The zygotene stage (35 
nuclei) included nuclei in which less than 95% of 
the lateral components were combined into SCs. 
The zygotene-pachytene transition (33 nuclei) 
contained nuclei from 95 to 99 percent paired 
and the pachytene stage (45 nuclei) completely 
paired nuclei and nuclei with neglible asynapsis 
at the sites of pairing partner exchanges. 

As can be seen from Table I the mean length 
of one genome was nearly the same at the three 
stages. The table also shows that the LC length 
of the genome for tetraploid spermatocytes was 
about the same as that previously reported for 
diploid spermatocytes at corresponding stages 
whether determined from spread (35) or sec- 
tioned nuclei (16). This is in contrast to the 
situation in the female (Table I) where an in- 
crease in ploidy level is accompanied by a 
decrease in the LC length of the genome. The 
significance of this difference is unknown. 

3.2. Zygotene (66-95% pairing) 
3.2.1. Synapsis and SC formation 

Due to the small number of tetraploid males 
obtained after the cold treatment and the diffi- 
culty in preserving chromosome complements 
at early zygotene (35) the earliest zygotene 
nuclei adequately spread and stained had 66% of 
the LCs paired into SCs. 

Table II shows the LC lengths per genome, the 
mean percentage of pairing and the frequency of 
chromosome configurations of the 35 spread 
nuclei from the three animals. It can be seen 
from the table that there were only minor 
differences among the three animals, the most 
interesting being the higher frequency of biva- 
lents and lower frequency of quadrivalents in 
animal 3, in which the mean percent pairing is 
about 10% higher than in animals 1 and 2. The 
mean number of chromosome associations in 
all nuclei and their range and standard deviation 
were large as expected for events occurring by 
chance. 

Assuming that the four homologues of each of 

the 28 chromosomes in a tetraploid spermato- 
cyte are so located that pairing and SC formation 
occur with equal probability between any two 
LCs at either end, the probability of simulta- 
neous initiation of SC formation at both ends of 
the same pair of LCs is 0.33. Formation of a 
quadrivalent requires initiation of SC formation 
between different combinations of LCs at oppo- 
site ends which has a probability of 0.67 (43). 
With these assumptions, 67% of the 28 chromo- 
some quartets will pair as quadrivalents (18.7) 
and 33% as pairs ofbivalents (18.7 bivalents). In 
three nuclei, this was actually observed. Seven 
nuclei had 15, 16 or 17 quadrivalents while the 
remaining 25 nuclei contained between 7 and 14 
quadrivalents (Figure 6). 

A survey micrograph of a nucleus at 67% 
pairing is shown in Figure 1. The nucleus con- 
tained 9 univalents, 24 bivalents, 9 trivalents, 7 
quadrivalents and one association of three chro- 
mosomes. The chromosome complement of a 
second nucleus at the same stage of pairing 
(66%) included 4 univalents, 18 bivalents, 4 
trivalents and 15 quadrivalents. The number of 
trivalents and univalents in the remaining 
zygotene nuclei with 75 to 95% of the LCs 
paired, ranged between 0 and 2 and the number 
of univalents between 0 and 5 with mean values 
per nucleus of 0.7 and 1.0, respectively. In more 
advanced nuclei there was thus a marked reduc- 
tion in the number of univalents and trivalents 
indicating that unpaired univalents are capable 
of finding and recognizing their homologues at 
late zygotene, yielding associations of the four 
homologues in the form ofa quadrivalent or two 
bivalents. 

Except for chromosomes I which carry a large 
knob (chromosomes 1, Figure 1), chromosomes 
2 carrying the nucleolus organizer regions (chro- 
mosomes 2, Figure 1) and a quartet of shorter 
chromosomes (usually ranking as number 9-10 
by length) identifiable by a small knob (chromo- 
somes 9, Figure 1 ) it was not possible to identify 
individual chromosomes by criteria other than 
their LC length. Based on this criterion, it was 
apparent that all chromosome associations (ex- 
cept those involved in the chromosomal rear- 
rangements, see section 3.5) found in zygotene 
nuclei involved only homologous chromo- 
somes. This shows that synapsis and SC forma- 
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tion, even when four copies of each chromo- 
some of the genome are present as in an autote- 
traploid, operates with a high degree of specifici- 
ty, which is unaffected by the competition be- 
tween pairing partners in the presence of more 
than two copies of each chromosome. 

Several incompletely paired trivalents and 
quadrivalents (denoted by arrows in the mi- 
crograph in Figure 1) revealed subtelomeric 
associations between apparently homologous 
chromosomes in which SC formation was not 
yet initiated. These associations and the short SC 
segments (0-2.5 lam) extending from the attach- 
ment plaques of LCs in many incompletely 
paired trivalents and quadrivalents (Figures 1 
and 3) provide additional indications for the 
involvement of subtelomeric chromosome re- 
gions in the initial recognition between ho- 
mologous chromosomes. It is furthermore evi- 
dent that each chromosome has the capacity of 
associating with a homologue at either side of the 
chromosome (see for example chromosomes 10 
and 20 in Figure 1). 

An unexpected complication of this analysis 
was the presence of a chromosomal rearrange- 
ment in two of the investigated animals, involv- 
ing two nonhomologous chromosomes in each 
of the animals (see section 3.5). In Figure 1, one 
of the associations of three chromosomes (num- 
ber 13, LC lengths 5.1, 5.6 and 9.5 ~tm) probably 
included two homologues and a long rearranged 
chromosome. Due to the incomplete pairing, 
the remainder of the chromosomes belonging to 
the affected chromosome sets could not be 
identified in this and in several other mid-late 
zygotene nuclei (Table II). 

The vast majority ofquadrivalents (more than 
90%) contained only one pairing partner ex- 
change as expected if initiation of SC formation 
is limited to one site at each end of the chromo- 
some. In only a few cases were SC segments 
found which did not extend from a subterminal 
site of the homologues (quadrivalent 15 in 
Figure 1 and quadrivalent 3 in Figure 3). It is 
considered unlikely that these few interstitial SC 
segments reflect the activity of true interstitial 
recognition sites. They may have arisen as the 
result of fortuitous SC formation between LCs 
brought into proximity either by interlocking or 
after the association of the four homologues at 

Figure 2. A quadrivalent in which two of the four 
homologues are intertwined (denoted by arrows). 
Completion of SC formation in this quadrivalent may 
result in either two interlocked bivalents or more likely 
in a quadrivalent with two pairing partner exchanges, 
the interstitial SC formation being initiated between 
the intertwined LCs. (Bar = 2 ~tm). 

subterminal sites. 
The high frequency of quadrivalents at 

zygotene, in some nuclei approaching the theo- 
retical maximum of 67%, implies that associa- 
tion of the four members of each chromosome 
quartet occurs in a large proportion of the 
chromosome sets prior to and during SC forma- 
tion at zygotene. 

3.2.2. Interlocking 
A total of 42 chromosome and bivalent inter- 

lockings were found in the 35 zygotene comple- 
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ments analysed. In addition, intertwinings such 
as that shown in Figure 2, were identified in 
several cases. The topological relationship of 
overlapping LCs in quadrivalents could not be 
equivocally resolved in most cases due to the 
near parallel orientation of the individual homo- 
logues of a chromosome quartet, and it was 

uncertain to what extent intertwining and inter- 
locking of homologues in quadrivalents con- 
tributed to the pairing pattern observed at 
zygotene. Since interlocked chromosomes of a 
quadrivalent are homologous the juxtaposition 
of interstitial LC regions by interlocking or 
intertwining may result in initiation of intersti- 
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Figure 3. Micrograph and tracing of a spread chromosome complement from animal I at 86% pairing. The 
complement includes 22 bivalents (8, 10, 11, 12, 15, 16, 18, 24-26, 28), I trivalent and 1 univalent (17), 13 
quadrivalents (I-7, 14, 19, 20, 22, 23, 27) an association of 7 chromosomes and a short bivalent fragment (9, 13, 
TI, T2), the latter 8 chromosomes comprising the two chromosome sets affected by the transloeation. The 
chromosomes are ranked as described in the legend to Figure 1. Note that two pairs of bivalents (numbers 8, 12) 
appear to be associated but at a distance exceeding the width of the SC. The knobs are denoted by hatching. Arrows 
indicate subtelomeric associations not involving the SC. (Bar = 5/am). 

tial SC formation between the interlocked re- 
gions rather than triggering the resolution of  the 
interlocking. This will lead to a quadr ivalent  

with two exchanges of  pair ing par tner  if  the LCs 

are combined  differently outside the interlocked 
region. 
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Figure 4. Micrograph of a spread chromosome complement from animal 1 at 95% pairing. The complement 
includes 22 bivalents (n umbers 6-8, I0, I I, 14, t9, 2 I, 25-26, 28), a trivalent and a univalent (number 16) and 16 
quadrivalents ( 1-5, 9, 12-13, 15, 17-18, 20, 22-24, 27). The translocation could not be identified in this nucleus. 
The univalent belonging to chromosome set 16 is interlocked by the homologues ofquadrivalent 24. Note that the 
presumed homologous bivalents 8, 10 and 25 are associated distally or subterminally. The chromosomes are ranked 
as described in the legend to Figure 1. Kn = knob. IL = interlocking. (Bar = 5 p.m). 

The consequence of interlocking of  an  un-  
paired chromosome by a bivalent  belonging to 
a different chromosome set is illustrated in 
Figure 4 where the univalent  chromosome 16 is 
t rapped between the homologous chromosomes  

24. The remaining  three chromosomes 16 are 
paired into a trivalent. It is possible that the 
interlocking will resolve and  the released univa-  
lent jo in  its homologous  trivalent,  bu t  it appears 
more  likely that the t rapping of  a un iva len t  at a 
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Table III. Mean number of chromosome associations in tetraploid Bombyx spermatocytes at 95-99% pairing. 

Number LC length Percent Uni- Bi- Tri- Quadri- Other 
of of one pairing valents valents valents valents associ- 
nuclei genome ations 

(lam) 

Animal 1 ~ 
Mean 
S.D. 
Range 

Animal 3 
Mean 
S.D. 
Range 

24/18 
180 97 0.1 29.9 0 11.5 0.8 

15 - - 5.6 - 2.7 - 
159-210 95-99 0-2 20-39 - 7-18 0-1 

209 96 0 36.9 0 9.9 
14 - - 5.8 - 2.9 

194-242 95-98 0-1 26-42 - 7-15 

Total 33/27 
Mean 190 97 0.2 31.5 0 11.1 
S.D. 20 - - 6.3 - 2.'8 
Range 159-242 95-99 0-2 20-42 - 7-18 

1) Carries translocation 1. Total complement length could not be accurately determined for 6 nuclei. S.D., standard 
deviation. 

late stage ofsynapsis will delay its movement  to 
the point where specific recognition and subse- 
quent SC formation are no longer possible. 

3.3. Zygotene-pachytene transition 
(95-99% pairing) 

In most of  the nuclei, the short unpaired LC 
stretches were found at the site of  pairing partner 
exchange in quadrivalents and only two nuclei 
contained two univalents. Trivalents were not 
observed at this stage. In animal 1, which carries 
translocation 1 (see section 3.5) the shorter 
translocation chromosome was folded back on- 
to itself forming a short hairpin in most nuclei. 
The remaining seven chromosomes involved in 
or affected by the translocation frequently ex- 
hibited unpaired LC segments. These were not 
included in the calculation of  the pairing per- 
centage. 

A comparison of  the chromosome comple- 
ments shown in Figure 1 (67% pairing), Figure 
3 (86% pairing) and Figure 4 (95% pairing) and 
the data shown in Tables II and III demonstrate 
that all univalents present at 67% pairing are 
homologously paired into bivalents or have 
combined with their homologues into quadriva- 
lents by the end of the zygotene stage. The 

extention of SC formation in quadrivalents 
tends to reduce the number  of  pairing partner 
exchanges, frequently by formation of stretches 
of double SC (quadrivalents 3, 4 and 17 in Figure 
4). 

Primary associations not involving the SC, 
were found between homologous chromosomes 
or bivalents in nearly completely paired nuclei 
(for example bivalents 12 in Figure 3 and biva- 
lents 10 in Figure 4). In both cases the ho- 
mologous bivalents (as judged by their similar 
lengths) appeared to be held together at a dis- 
tance exceeding the width of  the SC, the tension 
created during spreading having bent the biva- 
lent segments on either side of the association 
sites revealing a subterminal physical connec- 
tion between the bivalents. 

As found for zygotene nuclei, the number  of 
quadrivalents varied considerably among the 
nuclei (Table III and Figure 6) with one nucleus 
having 18 quadrivalents. In 3 nuclei 15, 16 or 17 
quadrivalents were observed and the remaining 
29 nuclei had between 7 and 14 quadrivalents. 

Interlockings were observed in three nuclei, 
one in each of  two nuclei and three in the third. 
Only one of  the interlockings involved nonho- 
mologous chromosomes while the rest were 
between homologues. 
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: Figure 5. A spread chromosome complement  from 
animal 1 at 100% pairing. The complement  includes 42 bivalents 

(1-2, 5-9, 11, 13-14, 16-19, 22-28) and 7 quadrivalents (3-4, 10, 12, 15, 20-21). The 
chromosomes are ranked as described in the legend to Figure 1. Kn = knob. (Bar = 5 ~tm). 
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Table IV. Mean number of chromosome associations in tetraploid Bombyx spermatocytes at 99-100% pairing. 

Number LC length Percent Uni- Bi- Tri- Quadri- Other 
of of one pairing valents valents valents valents associ- 
nuclei genome ations 

(pm) 

Animal I t 38/21 
Mean 182 99-100 0 35.5 0 9.2 0.6 
S.D. 12 - - 4.8 - 2.5 - 
Range 170-212 - - 24-42 - 5-16 0-1 

Animal 3-' 5/4 
Mean 208 99-100 0 43.6 0 6.2 0 
S.D. 7 - - 1.0 - 1.9 - 
Range 201-217 - - 42-50 - 3-8 - 

Animal 53 2 
Mean 183 99-100 0 48.0 0 4.5 0 

Total 45/27 
Mean 186 99-100 0 37.0 0 8.7 
S.D. 15 - 5.8 - 2.8 
Range 170-217 - 24-52 - 3-16 

1) Carries translocation 1. Total complement length could not be accurately determined for 17 nuclei. 
2) Carries translocation 2. Total complement length could not be accurately determined for 1 nucleus. 
3) Tetraploid nuclei formed by chromosome doubling in otherwise diploid animal. 
S.D.. standard deviation. 

3.4. Pachytene (99-100% pairing) 

Even in apparently completely paired chro- 
mosome complements, short regions at the site 
of pairing partner exchange remained unpaired 
(quadrivalent 4 and 12 in Figure 4). It is, 
however, considered unlikely that synapsis in 
such regions ever progresses to such an extent 
that the short unpaired LC stretches become 
fully paired with an SC. Nuclei with up to 1% 
unpaired LCs were therefore included in this 
group. The abundant  asynapsis in the associa- 
tion involving the translocations and their ho- 
mologues were not taken into account in the 
determination of the pairing percentage stages. 

A typical pachytene nucleus is shown in 
Figure 5. The nucleus contained 42 bivalents 
and 7 quadrivalents one of which (chromo- 

somes 15) had two exchanges of pairing partner. 
In quadrivalents 3, 10 and 21 the sites of pairing 

partner exchange was close to the telomeres, 
possibly indicating that conversion of these 

quadrivalents was in progress at the time of 
fixation. In the remaining quadrivalents (num- 

bers 4, 12, 15, 20) the exchange of pairing 

partner was located approximately in the middle 
of the multivalent. 

It was evident when the spread complements 
in Figures 1, 3, 4 and 5 were compared, that a 
considerable modification of the initial synapsis 
and SC formation had occurred between mid- 

late zygotene and pachytene. The double SCs as 
well as the multiple exchanges of pairing partner 
in some early quadrivalents were replaced by 
normal synapsis and SC formation which, apart 
from the presence ofquadrivalents, appeared as 
regular as in the diploid. 

The data given in Table IV and Figure 6 show 
that completion of pairing and SC formation 
was accompanied by a further reduction in the 
number of quadrivalents from a mean at 
zygotene of 13.3 to 8.7 at pachytene, only one of 

the 45 pachytene nuclei having more than 14 
quadrivalents. The reduction in the number of 
quadrivalents was matched by a corresponding 
increase in the number ofbivalents from a mean 

at zygotene of 25.1 to 37.0 at pachytene (Tables 
II-IV and Figure 6). A comparison of the fre- 

quency of chromosome associations in te- 
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Figure 6. The relative quadrivalent frequency in nuclei 
at zygotene, the zygotene-pachytene transition, 
pachytene and metaphase 1 (data from 18) with 1-2, 
3-4, 5-6 ..... etc. quadrivalents, n equals the number of 
nuclei. 

traploid spermatocytes at metaphase I (18) and 
at pachytene (Table IV and Figure 6) revealed a 
further increase in the number of bivalents 
(from 37.0 to 42.2) and a corresponding reduc- 
tion (from 8.7 to 6.7) in the number ofquadriva- 
lents. These changes are most likely a conse- 
quence of the distributionof crossovers in the 
quadrivalents at pachytene: in the absence of 
crossing over and chiasma formation in the two 
opposite "arms" of the four "arms" ofa quadri- 
valent, elimination of the SC after pachytene 
resolves the association of the four homologues 
comprising a quadrivalent into 2 bivalents. Al- 
ternatively, in the presence of only two chias- 
mata in adjacent "arms" of the cross the result 
observable at metaphase I is a univalent and a 
trivalent. 

Recombination nodules were not identifiable 
in spread complements after silver staining and 
quantitative data on the number and distribu- 
tion of crossovers in pachytene quadrivalents 
are thus not available. Examination of two 
serially sectioned tetraploid nuclei did, however, 
reveal 50 and 58 recombination nodules in the 
two mid-late pachytene nuclei. The few quadri- 
valents in which the distribution of recombina- 
tion nodules was analysed contained up to three 
nodules, but the recombination nodules were 
not distributed among the "arms" in a way 
which would preserve multivalents after SC 
elimination. If these nodules represent the total 
number of crossing over events in these quadri- 
valents, then all quadrivalents in the two nuclei 
would convert into two bivalents upon elimina- 
tion of the SC after pachytene. In agreement 
with this, exclusive bivalent formation has actu- 
ally been observed in some cells at metaphase [ 
(18). 

Only three interlockings were detected in the 
45 nuclei analysed, all involving homologous 
chromosomes as judged by their similar length, 
confirming that interlocking of homologous 
chromosomes is not recognized by the repair 
system with the same efficiency as when nonho- 
mologous chromosomes are involved, perhaps 
because the interlocked homologues are not 
subjected to physical tension during chromo- 
some movements to the same extent as unasso- 
ciated nonhomologous chromosomes. 
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Figure 7. The 8 chromosomes involved in, or affected by the rearrangement in animal 1. The longer translocation 
chromosome (T l) is homologously paired with one chromosome from each of the two chromosome sets A (a,-a3) 
and B (b~-b3). The short translocation chromosome (T2) is only paired with the longer chromosome set. The relation 
of the short chromosome T3 to the A and B sets is uncertain. As can be seen in the micrograph, it has distinct 
telomeric attachment plaques at both ends but does not form an SC with the chromosomes involved in the 
translocation or their homologues. (Bar = 2 gm). 

3.5. Chromosomal rearrangements 
As mentioned in previous sections two of  the 

analysed animals (numbers I and 2) contained 
chromosomal rearrangements, possibly recipro- 
cal translocations. 

3.5.1. Translocation 1 
In animal 1 (Figures 7 and 9) the rearrange- 

ment was identified in 62% of  the analysed 
nuclei and involved two non-homologous chro- 
mosomes of  nearly equal length (mean lengths 
for the two sets of homologues involved: A 

(a~-a0 = 6.1 lain and B (bl-b3) = 6.3 gm). The 
longer translocation chromosome (T 1 = 9.7 lam) 

paired with its homologous segments at either 
end, giving rise to an association of 5 or 7 
chromosomes. 

The pairing behaviour of  the smaller translo- 

cation chromosome (T2 = 3.6 gm) was less 
regular: in two of  the 27 analysed zygotene and 
zygotene-pachytene nuclei in which a transloca- 
tion multivalent was identified, the shorter 
translocation chromosome was absent. The T2 
chromosome was present as a foldback paired 
univalent in 11 nuclei. In the remaining 14 
nuclei, T2, in most cases foldback paired with 
itself, had formed a second SC segment with a 
chromosome B. With one exception, both 
telomeres of  T2 had distinct telomeric plaques 
indicating that both ends of  this chromosome 
were attached to the nuclear envelope. The 
extent of SC formation between T2 and its 
presumed homologous segments on the chro- 
mosomes B never exceeded half of  the length of  
T2, possibly indicating that the foldback pairing 
preceded SC formation with a chromosame B. 
In four nuclei the T2 chromosome had a short 
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d3 

c2 

Knob Knob 

Figure 8. Association of 7 chromosomes involved in or affected by the translocation in animal 2. The translocation 
has occurred between one of the shorter knob bearing chromosomes C (c~-c~), ranking as numbers 9-10 by length 
and a slightly longer chromosome set D (d~-d3). The long translocation chromosome (TI) is paired with an SC 
segment to its respective homologous segments on chromosomes C and D. The second translocation chromosome 
was not identified in this nucleus. (Bar = 2 lain). 

discontinuity of the LC at the tip of  the hairpin. 
This, most likely reflects a secondary breakage of  
the LC, although it cannot be entirely excluded 
that LC fusion between two monotelomeric 
fragments accounts for the continuous T2 chro- 
mosome present in the remaining 21 nuclei. 
Pairing between T2 and a chromosome A was 
never observed. 

Based on the similarity of  the combined 
length of  T1 and T2 (13.3 ~m) and the sum of  
the mean lengths of  the chromosomes A and B 
(12.4 l, tm), T I and T2 most likely arose by a 
reciprocal translocation between a chromosome 
A and a chromosome B (Figure 9). The fact that 
T2 never forms a SC with members of the A set 
is explicable if the break point is located distal to 
the subterminaI recognition site on the A chro- 

mosome and T2 hence lacks a recognition site 
for A. 

In addition to T1 and T2, expected as the 
result of  a reciprocal lranslocation, a third short 
chromosome or chromosome fragment, T3 
(mean length 1.6 p.m) was present in 22 of  the 27 
nuclei in which the rearrangement was identi- 
fied. The short T3 had distinct telomeric attach- 
ment plaques at both ends (Figure 7) and was 
foldback paired into a short hairpin in nearly all 
nuclei. Two nuclei contained 2 copies of  T3 
which either formed a short "bivalent" orone  T3 
was paired with one of the chromosomes A and 
the other formed a hairpin. Pairing between T3 
and one of the chromosomes A was observed in 
an additional 7 nuclei while T3 was present as a 
univalent in the rest. 
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T1T2T 3 a b  TIT 2 cd 

Figure 9. Schematic drawing of the pairing pattern in 
the translocations shown in Figures 7 and 8 accompa- 
nied by an idiogram giving the mean length of the 
chromosomes involved. The T2 chromosome in 
translocation 2 was only observed in a single nucleus. 
Only the thick lines indicate actual LC length. Hatched 
areas denote the position of the knobs in translocation 
2. Due to the varying extent of SC formation between 
the longer translocation chromosomes (T l) and their 
homologous segments in different nuclei, the position 
of the break points in the TI chromosomes could not 
be identified. 

The origin of  the short T3 chromosome is 
uncertain; according to its pairing behaviour it 
appears to be homologous to the chromosomes 
A although SC formation was only observed in 
7 of the 27 nuclei. If this is the case, the 
rearrangement cannot be accounted for by a 
simple translocation but may have involved a 
more complex rearrangement with subsequent 
organization of  new telomeric attachment 
plaques at the broken ends of  T2 and T3. 

3.5.2. Translocation 2 
The second translocation found in animal 2 

involved one member of  the shorter knob bear- 
ing chromosomes C (c,-c3) and one member of  
the slightly longer chromosomes D (dl-d3) 
(mean lengths 7.2~tm and 8.6~tm, respectively) 
(Figure 8). The longer translocation chromo- 
some TI (mean length 11.5 p.m)joined the 
chromosomes C and D into an association of  5 
or 7 chromosomes in 10 of the 12 zygotene 
nuclei traced. In one nucleus, a presumed sec- 

ond translocation chromosome, T2, was identi- 
fied, paired throughout its entffe length with a 
chromosome D. A distinct telomeric attach- 
ment plaque was present at one end while the LC 
at the other end lacked this terminal differentia- 
tion. The combined length of  the T1 and the T2 
chromosomes ( 15.1 ~tm) was nearly the same as 
the sum of the mean lengths of  the chromo- 
somes C and D (15.8 ~tm) indicating that T2 
actually represents the second product of a 
reciprocal translocation (Figure 9). 

3.6. Partial failure of recognition between 
homologues 

The initial specific association of  homologous 
chromosomes during the first part of zygotene, 
the subsequent SC formation and the correction 
of  the initial pairing through turnover of  the 
central region of  the SC in tetraploid Bombyx 
spermatocytes result in a highly regular synapsis 
favouring bivalent formation, the relatively few 
quadrivalents with one or rarely two exchanges 
of  pairing partner being the only disorder intro- 
duced by the presence of four instead of  two 
copies of each chromosome. 

The chromosomal pairing behaviour of  one 
animal differed markedly from the regular pair- 
ing pattern described above and found in the rest 
of  the animals analysed. In this aberrant animal, 
the progression of  pairing and SC formation 
were arrested at about 50% pairing. Completely 
paired complements were not found. The mean 
LC length of  one genome amounted to 229 ~m, 
i.e., approximately the same as in nuclei with 
normal pairing ( 187 Bm), whereas a comparison 
of  idiograms from normal and the aberrant 
animal revealed marked differences in LC 
length of  several chromosomes, one or more 
LCs from the aberrant animal being almost 
twice as long as the normal chromosomes 1 and 
2. In addition nearly all complements contained 
several circular chromosome fragments (Figures 
1 la, b and Table V) indicative of uncontrolled 
breakage/reunion events. Apart from these ir- 
regularities, the morphology of  the SCs and the 
unpaired LCs appeared normal (Figures I I a and 
12). 

The LC length of  one genome, the percent 
pairing, the total number of  chromosomes and 
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Table V. Lateral component length of one genome, percent pairing and number of chromosome associations in 16 
nuclei from a Bnmbyx male with aberrant synopsis. 

Nucleus LC length Percent Univa- Biva- 
number (iam) pairing lents lents 

Fully or partly nonhomologous chromosome associations. 
The number of chromosomes per association is given in 
roman numbers. CF, circular fragments. The number of 
LCs and and LC fragments is given in paranthesis, 

I 187 55 10 6 
2 175 59 3 3 
3 208 45 6 1 
4 279 60 6 8 
5 250 46 11 3 
6 203 56 10 4 
7 275 5] 9 2 
8 184 67 8 9 
9 248 48 9 6 

10 266 50 9 5 
11 236 59 14 9 
12 253 64 7 9 
13 237 48 I1 6 
14 215 45 10 6 
15 189 46 21 l0 
16 252 45 14 2 

1011, 2111, 41V, 3V, 2VI, IVlI, IXI 5CF (I09) 
511, 21II, 31V, 1Vl, IVlll, 21X, 1XI,1XXX 8CF (I 10) 
911,2III,21V,2V, IVI, IVll, IlX, IXIX, IXXi 3CF (I 12) 
211, llII, 3IV, 2V, 2VI, IXI, IXIII, IXXVIII 8CF(113) 
811, lIII, 4IV, 4V, 1VI, IVII, IlX, IXXIV 5CF(118) 
611, 5111, IlV, 3V, IVI, IIX, IXI, IXVIII 5CF (108) 
511, IlV, IV, 21X, 1LXV 4CF(115) 
411, 6111, 21V, 1V, 2VII, IVIII, IX, IXVI 6CF (113) 
511, 1 III, 3IV,2V, IVII, IX, IXII, IXVI, 1XVIIt 6CF (119) 
1II, 4III, 5IV, IVII, IIX, IX, 1XIV, IXXII 3CF(115) 
611, 41II, 31V, IV, IVI, IXV, IXX 5CF (114) 
611, 2111, IV, IVII, IVIII, I1X, 2XXI 4CF (1 14) 
311,6111,3IV, IV, 1VI, 1VIII, IX, IXII, IXVIII 6CF (118) 
311, 3111, 41V, IV, 3V1, IVII, IXI1, 1XIV 2CF (109) 
411, 2III, 3V, IVI, 21X, IX, 1XI 5CF (115) 
81I, 31II, IIV, 2V, 4VI, IlX, IXXV 5CF([i5) 

chromosome segments are given in Table V. It 
is evident from these data that the pairing, 
except from a small number  of  regularly paired 
bivalents (from 1 to 10) was highly irregular. 
Obviously chromosome associations involving 
more than four chromosomes must be at least in 
part nonhomologous,  but  the vast majority of 
associations of  2 to 4 chromosomes were also 
classified as nonhomologous from the large 
differences in LC length of  the chromosomes 
involved. In one nucleus (number 7, Table V) 65 
chromosomes were associated forming a com- 
plex chain or network of chromosomes (Figure 
10). Only 7 of  the 71 SC segments joining the 65 
chromosomes did not include a pair of  telom- 

eres (the SC between chromosomes 2-8, 2-16, 
5-7, 6-18, 19-50, 27-54, 3 t-39, Figure 10). Dou- 
ble and triple SCs combining three or four LCs 
in the same region were found in 10 cases, all 
except one including a set of telomeres. 

The 65 LCs in the tracing and the idiogram 
were numbered according to decreasing length 
to assess the homology of the chromosomes 
joined by SC segments, It is evident that similar- 
ity in LC length indicates homology of  the 
chromosomes paired with an SC only in few 
cases (clearly seen in chromosome associations 
28-30-32, 33-35, 20-22). Most of the SC seg- 
ments join nonhomotogous chromosomes (for 
example chromosome associations 3-33, 1-41, 

Figure i0. Tracing of an association involving 65 chromosomes from an animal with aberrant synapsis and SC 
formation (nucleus 7, Table V). The idiogram gives the LC length of the individual chromosomes, ranked and 
numbered according to decreasing length. A total of 71 SC segments join the 65 chromosomes, 7 SC segments being 
interstitially initiated, the rest including a pair of telomeres. It is evident from the idiogram and the tracing that 
most of the SC segments are between nonhomologous chromosomes; in only a few cases does the similarity in length 
(and consequently in chromosome number) indicate homology of the paired chromosomes. 

Even when allowance is made for LC stretching during spreading the longest LCs exceed those found in normal 
nuclei indicating that chromosomal rearrangements have accompanied the aberrant synapsis in this nucleus. 
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Figure l l. Chromosome complement (nucleus 15, Table V) from an animal with aberrant synapsis and SC 
formation. Figure I la, a survey micrograph of the spread complement. (Bar = 5 txm). Figure 1 lb, a tracing of the 
LCs and SCs. Bivalents (b) and univalents (u) are drawn with thin lines, multiple associations (m) with thick lines. 
Figure 11 c, idiogram showing the pairing pattern and the extent of SC formation. Figure I ld, histogram giving the 
relative distribution of SC segment lengths. The hatched portion of the histogram represents the lengths distribution 
obtained by excluding the completely paired homologues. 

Normal synapsis and SC formation have only occurred between l0 pairs of homologues, while the remaining 
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chromosomes are either present as univalents (21 chromosomes) or have engaged in various partly or entirely 
nonhomologous associations. 

The majority of the nonhomologous associations consist of chains of chromosomes combined by short SC 
segments extending 0-2.5 lam from the telomeres. Interstitial SC formation is only present in a single case (in 
association number 7). The prevalence of short distal SC segments is apparently not due to physical hindrance of 
further progression of SC formation, since free LC segments in most cases extend from the pairing forks, their abrupt 
bending most likely being introduced by the spreading of the complement. 
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5-54, 9-29-46). In addition to the 65-association 
the nucleus contained 9 univalents, 2 bivalents, 
5 partly or entirely nonhomologous associations 
of 2-9 chromosomes and 4 circular fragments. 
The pairing behaviour in this nucleus shows an 
almost total failure of specific recognition of 
homologues prior to SC formation. 

A survey micrograph of a second nucleus 
(number 15, Table V) from the same animal is 
shown in Figure 1 la accompanied by a tracing 
of the LC complement (Figure 1 lb), an idio- 
gram (Figure 1 lc) and a histogram showing the 
length distribution of SC segments (Figure IId). 
The nucleus contained 21 univalents, 10 biva- 
lents, 14 associations involving from 2 to 11 
chromosomes and 5 circular fragments. A total 
of 74 SC segments were present, of which 70% 
ranged in length between 0 and 2.5 I.tm. If the 
length of completely paired bivalents are sub- 
tracted the prevalence of short SC segments 
becomes even more pronounced, amounting to 
89%. Rather than a continuous spectrum of SC 
lengths, it thus appears that SC formation in this 
nucleus was arrested about 2.5 - 3 ~tm from the 
telomeres. Although not analysed quantitative- 
ly, the impression from the remaining 26 traced 
nuclei was that this phenomenon was typical of 
synapsis in this animal. 

In a single nucleus (number 2, Table V) triple 
SC formation joined four LCs (Figure 12 and 
Table VI) in the same region. The 9 associated 
chromosomes shown in the figure belong to a 30 
chromosome association comprising two chains 
of 19 and 11 chromosomes, joined by a short 
interstitial SC segment. The LC lengths of the 
individual chromosomes shown in Table VI 
demonstrate that the multiple telomeric associa- 
tions involve both homologous and nonho- 
mologous chromosomes. SC formation involv- 
ing more than four LCs in the same region was 
not observed. 

4. DISCUSSION 
4.1. Alignment of homologous chromosomes 

It has recently been shown that the initial 
alignment of homologous chromosomes which 
precedes SC formation in diploid Bombyx sper- 
matocytes is mediated by a short subterminal 
segment at each end of the chromosome (35). 
After spreading and silver staining, the subter- 
minal segments of homologous chromosomes 
were observed to be physically associated, the 
connection being sufficiently strong to with- 
stand the tension created by the spreading and 
flattening of the nucleus. In the vast majority of 
early bivalents the subterminal connections 
were present only between homologous chro- 
mosomes, as judged from their similar lengths. 
As a rule the subsequent SC formation begins at 
the associated subterminal regions and then 
proceeds to the nearest pair of telomeres. Less 
frequently, SC formation proceeds in the oppo- 
site direction, leaving the short LC segments 
between the telomeres and the association sites 
unpaired. 

On the basis of these observations it was 
concluded that the specific pairing of ho- 
mologous chromosomes with the SC in diploid 
Bombyx spermatocytes is the consequence of an 
initial recognition and specific association of 
subterminal homologous chromosome regions 
("recognition sites") rather than the result of an 
absolute requirement for homology of chromo- 
some regions to engage in,SC formation (35). 
The formation of apparently normal SCs be- 
tween nonhomologous chromosomes or chro- 
mosome segments (see reviews 9 and 48) may 
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Figure 12. Part of a spread chromosome complement (nucleus 2) from an animal with aberrant synapsis and SC 
formation. The LC lengths and pairing pattern of all chromosomes included in the 30-chromosome association 
to which the 9 chromosomes included in this figure belong are given in Table VI. The length of each chromosome 
of the 5 groups of paired telomeres (A-E) in the figure can be read from Table VI, a~-a 3 identifying the telomeres 
of the A group, b r b  4 the B group etc. 

not signify a loss of  the requirement for specifici- 
ty but may rather indicate that SC formation per 
se occurs irrespective of  homology of  the chro- 
mosome segments to be paired as proposed in 
several recent papers (13, 27, 35, 46). 

The observations on chromosome pairing in 
tetraploid spermatocytes confirm these conclu- 
sions. Although early zygotene chromosome 
complements were not obtained the pairing 
pattern in quadrivalents at mid zygotene re- 
vealed both distant connections (i.e., 2-3 times 
the width of the SC) between homologous chro- 
mosomes not yet combined by an SC and a high 
frequency of short SC segments (0-2.5 /am) 
extending from the telomeres. Some quadriva- 
lents also contained SC stretches initiated sub- 
terminally but extending away from the initia- 
tion site leaving short distal LC segments un- 
paired. 

The present observations further show that 

the individual chromosome is capable of  recog- 
nizing and establishing contact to more that one 
homologue at a given recognition site; in a 
number of  quadrivalents three or all four chro- 
mosomes were associated at one or both ends, 
implying that the association of  two ho- 
mologous recognition sites or subsequent SC 
formation does not exhaust their potential for 
recognising additional homologues. 

Specific pairing with formation of  the SC 
involving more than two homologues at the 
same region has been observed in tri- and 
tetraploid Bombyx oocytes (34, 36) as well as in 
a number of phylogenetically distantly related 
species such as tetraploid yeast (4), triploid 
Coprinus (38) and chicken (6), aneuploid hu- 
man oocytes (44) and bull spermatocytes (8) 
clearly indicating that this is not a unique feature 
of  meiosis in Bombyx. Reports of  triple pairing 
in plants areless common (see ref. 9). Most likely 
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Table VI. Lateral component lengths of the 30-chromosome association to which the chromosomes 5-13 shown in 
Figure 11 belong. The individual telomeres in groups A - E, Figure 11, are denoted a~-a3, brb4, c~-c4, dl-d3 and e~-e2. 

Chromosome LC length 
number (p.m) 

5 
6 
7 
8 
9 

10 
I1 
12 
13 

Chromosome LC length 
number (l~m) 

3.9 
4.3 1 
4.8 interstitial SC 2 
7.7 . . . . . . . . . . . . . . . . . . . . . . . .  3 

4 
8.4a~ 5 
5.9 az b3 6 
5.4 a3 b_, 7 
5.7 c3 bl 8 
4.4 ct b4 9 
5.8 c, dt 10 
5.4 c4 d3 11 
4.3 el d2 
8.6 e, 

14 7.8 
15 11.1 
16 3.5 
17 4.8 
18 6.1 
19 6.2 

2.0 
1.4 
4.1 
4.1 
9.0 
6.2 
7.6 
8.9 
9.0 
7.9 
8.9 

this reflects the scarcity of  ultrastructural inves- 
tigations of the early zygotene stage in autopoly- 
ploid higher plants rather than a functionally 
different mechanism of recognition and SC 
formation. This contention is supported by the 
results of  the spreading analysis of  chromosome 
pairing in tri- and tetraploid Allium. Although 
distinct stretches of  double SC were not detected 
either in triploid (25) Or in tetraploid Allium (24) 
at early zygotene or pachytene, the observed 
pairing pattern comfirms both the existence of  
specialized association/recognition sites and 
their potential for specific recognition of  more 
than one homologue. Both trivalents and 
quadrivalents exhibited a number of  associa- 
tions aligning unpaired chromosomes with their 
homologues paired with an SC, i.e., a pairing 
pattern identical to that reported for triploid (34) 
silkworm oocytes and found in tetraploid sper- 
matocytes. 

The pattern of  SC formation in both diploid 
and tetraploid Bombyx spermatocytes indicates 
that competence for SC formation between two 

chromosomes is first aquired at the initial asso- 
ciation/recognition sites and proceeds from 
there in both directions. The rate of  SC forma- 
tion may depend upon the preceding events 
which make the LCs competent to form an SC. 

The notion that recognition, aquirement of  
LC competence and SC formation are separate 
events of  synapsis is supported by the pairing 
behaviour of the aberrant tetraploid silkworm 
male described in section 3.6. Considering that 
the nuclei of  this animal contain four copies of  
each homologue, the observed number of  biva- 
lents ( 1-10 or a mean of 5% of all chromosomes) 
at about 50% pairing, is remarkably small. At a 
similar stage of  pairing virtually all the chromo- 
somes are homologously paired or associated in 
diploid (96%, 16) and in normal tetraploid 
nuclei (94%). Even in the two animals carrying 
a reciprocal translocation, which in a tetraploid 
organism would be expected to constitute a 
particularly difficult pairing problem, associa- 
tions involving 5 or 7 homologously paired 
chromosomes were found in most of  the nuclei 
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(Tables II-IV): evidently, the conditions for 
specific pairing in the aberrant tetraploid animal 
were far from optimal during early zygotene. 

Only a mean of 9% of the chromosomes were 
present as univalents, i.e., approximately the 
same number as in normal tetraploid nuclei, 
implying that sufficient chromosome move- 
ments had occun'ed to bring most of the chro- 
mosomes into proximity although apparently at 
a time when the LCs were already competent for 
SC formation. The random contacts between 
recognition sites effected by the chromosome 
movements at zygotene (31, 40) which are 
preserved only if they have occurred between 
homologous sites in normal meiosis, apparently 
resulted in immediate SC formation in the 
aberrant spermatocytes even when the associat- 
ed recognition sites were nonhomologous. The 
pairing behaviour in the aberrant animal thus 
indicates that the meiotic defect responsible for 
the prevalent unspecific SC formation lies in the 
regulation of the timing of SC formation relative 
to the achievement of stable associations be- 
tween homologous recognition sites. 

It has been shown in Lilium (reviewed in 41) 
that the delay of the zygotene DNA replication 
is mediated by the temporary binding of a 
73,000 kD protein, the so-called L-protein (17), 
to the zygotene DNA sequences. This binding 
effectively delays replication of the zygotene 
DNA over the entire premeiotic S-phase until 
the onset of the zygotene stage. If the ability to 
engage in SC formation and replication of the 
zygotene DNA are causally related events, as 
proposed by HOLM (14) and HASENKAMPF (13), 
then the release of the L-protein from the 
zygotene DNA sequences may be the con- 
trolling factor in the temporal relation between 
recognition and SC formation at early zygotene. 
If so, a precocious release of the L-protein from 
the zygotene DNA sequences in the aberrant 
tetraploid spermatocytes could account for the 
breakdown of the mechanism which normally 
ensures that the initiation of SC formation is 
delayed until associations are present only be- 
tween homologous recognition sites. 

This sequence of events readily explains the 
temporal separation of homologous and nonho- 
mologous pairing observed in triploids and in 
rearrangement heterozygotes (reviewed in 48) if 

the chromosomal changes (replication of 
zygotene DNA) conferring competence to form 
an SC, progress to completion during mid and 
late zygotene whether or not the LCs are associ- 
ated. Direct experimental evidence in support of 
this idea is provided by the presence of central 
region material in unpaired LC segments of 
several pachytene trivalents in triploid Coprinus 
(Figures 2 and 5 in 38), in synapsing homologues 
of the ascomycete Neottiella (47) and can be 
inferred from the pairing behaviour in sperma- 
tocytes of the rodent Ellobius, heterozygous for 
ten Robertsonian trahslocations (3). In the latter 
case, multiple chromosome associations form 
during late zygotene through SC formation be- 
tween the two nonhomologous LC segments left 
unpaired after the initial specific pairing of the 
translocation chromosomes (which lack the 
short arms of the pairs of acrocentric chromo- 
somes from which they are derived). The resul- 
tant chromosome chains with alternating ho- 
mologous and nonhomologous SC formation 
comprise an intermediate situation between 
normal homologous pairing and the unspecific 
pairing seen in the aberrant Bombyx male. The 
extreme situation encountered in haploid or- 
ganisms where all recognition sites are nonho- 
mologous shows that LC competence and subse- 
quent SC formation can progress to a point 
where about 60% of the complement is paired 
with an SC (9). 

4.2. Formation and resolution of quadrivalents 
The number of quadrivalents in tetraploid 

Bombyx spermatocytes decreases from a mean 
of 13.3 at mid-late zygotene to 8.7 at pachytene. 
At the same time the frequency of bivalents 
increases from 25.1 to 37.0 (Table VII). The 
frequencies of bivalents and quadrivalents at 
metaphase I reported by I~WAGUCHI (18) 
amounted to 42.15 and 6.7, respectively, and 
thus demonstrate a further reduction of the 
quadrivalent frequency with a concomitant in- 
crease in bivalent frequency. Except for mid-late 
zygotene nuclei with means of one univalent 
and 0.7 trivalents (reflecting yet incomplete 
pairing), the frequency of univalents and triva- 
lents are negligible or zero in tetraploid sperma- 
tocytes. 
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Table VII. Frequency of different chromosome associations in tetraploid Bombyx spermatocytes and oocytes. 

Stage U nivalents B i v a l e n t s  Trivalents Quadrivalents 

Spermatocytes 
66- 95% pairing 1.0 25.1 0.7 13.3 
95- 99% pairing 0.2 31.5 0.0 11.1 
99-100% pairing 0.0 37.0 0.0 8..7 
Metaphase P 0.45 42.15 0.05 6.7 

Oocytes ~ 
Early pachytene 2.0 36.7 0.7 8.4 
Mid-late pachytene 1.4 51.9 0.6 0.9 

1) Data from (18). 2) Data from (36). 

This demonstrates that only about 50% of the 
quadrivalents initially formed during zygotene 
survive up to metaphase I, the remaining 50% 
being converted into bivalents between zygotene 
and metaphase I. Previous reconstruction analy- 
sis of tetraploid Bombyx oocytes (36) revealed 
8.4 quadrivalents and 36.7 bivalents per nucleus 
at early pachytene i.e., frequencies identical to 
those determined for tetraploid spermatocytes 
at pachytene, while at late pachytene only 0.9 
quadrivalents but 51.9 bivalents were present in 
the oocytes (Table VII). Almost total conversion 
ofquadrivalents into bivalents thus occurs in the 
female whereas only about 50% of the quadriva- 
lents convert into bivalents in the male. This 
remarkable sex dependent difference in the 
behaviour of multivalents during the meiotic 
prophase between the recombination proficient 
male and the recombination deficient, achias- 
matic female establishes definitively that the 
occurrence of crossing over at pachytene in the 
male prevents further conversion of quadriva- 
lents into bivalents. This constraint is absent 
during pachytene in the female thus enabling an 
almost complete conversion of multivalents 
into bivalents prior to the onset of the post- 
pachytene modification of the SCs required to 
maintain the bivalents up to metaphase I in the 
absence of chiasma formation (33). 

In addition to providing experimental sup- 
port for our earlier conclusion on the effect of 
crossing over on the correction of chromosome 
pairing (34, 36, 48), the present data justify a 
more detailed analysis and discussion of the 
formation and fate of quadrivalents in autote- 

traploids, a subject which has received consider- 
able attention both in classical cytogenetic stud- 
ies (7, 23) and in more recent light microscopical 
(5, 22, 28 29, 45 and literature cited herein) and 
ultrastructural (9, 10) investigations. Compara- 
tive analyses at zygotene or pachytene and 
metaphase I in autotetraploids of the nematodes 
Heterodera (11) and Meloidogyne (12), autote- 
traploid Allium porrum (23) and the autote- 
traploid Bombyx female (36) illustrate that reg- 
ular bivalent formation at metaphase 1 can be 
achieved by at least three fundamentally differ- 
ent mechanisms: 1)In tetraploid nematodes ex- 
clusive bivalent formation occurred at 
pachytene, each SC being anchored to the nucle- 
ar envelope at one end only. This suggests that 
initial recognition and SC initiation at the begin- 
ning of zygotene are confined to a single region 
in each bivalent, which would effectively pre- 
vent exchange of pairing partner and thus ensure 
exclusive bivalent formation at zygotene. 2) In 
autotetraploid Allium porrum (23) quadriva- 
lents were readily observed at pachytene, and in 
some nuclei all 32 chromosomes were paired 
into 8 quadrivalents. None the less, only biva- 
lents were present at metaphase I, each bivalent 
having two chiasmata one at each side of the 
centromere. In this case, regular bivalent forma- 
tion is achieved by strict control of the number 
and localised distribution of crossovers and 
chiasmata. Only the few quadrivalents in which 
the exchange of pairing partner separates the two 
adjacent chiasmata on either side of the cen- 
tromere will survive up to metaphase I ( 10 in 380 
cells compared to 1-5 per cell in other autote- 
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traploid Allium without chiasma localisation). 
Resolving quadrivalents were observed at diaki- 
nesis confirming this conclusion but also show- 
ing that - even with a localisation of the two 
crossovers per bivalent- a conversion ofquadri- 
valents into bivalents at pachytene did not 
contribute significantly to the reduction of the 
quadrivalent frequency. 3) The autotetraploid 
Bombyx female (36) finally exemplifies a situa- 
tion where quadrivalents form during zygotene 
and where complete pairing correction at early 
pachytene alone accounts for the elimination of 
quadrivalents. 

The interpretation of the pairing behaviour at 
metaphase I is less straightforward in autote- 
traploid organisms with two or more recognition 
sites per chromosome and where crossing over 
and chiasma formation are not confined to 
specific regions. An extensive analysis of chro- 
mosome associations at metaphase I in a num- 
ber of autotetraploid plants (28, 29) revealed a 
considerable variation from cell to cell but a 
remarkably similar mean frequency of quadri- 
valents in nearly all the species analysed, close to 
the frequency expected (67%) from random 
pairing initiation at both ends of associated 
chromosome sets with no subsequent pairing 
correction. A similar correspondence between 
the observed and the expected random frequen- 
cy at metaphase I was also reported for the 
isogenic tetraploid (a successively chromosome 
doubled haploid) barley (5) and to a lesser extent 
for autotetraploid Triticum monococeum (see 
discussion in 10). 

The pairing pattern at metaphase I in autote- 
traploid Hyoscyamus (22) on the other hand 
showed preferential bivalent formation, involv- 
ing 72% of the chromosomes (the quadrivalent 
frequency at pachytene was not determined) as 
has also been reported for autopolyploids of 
Chrysanthemum (45) and Allium vineale (24). 
In the latter species, the quadrivalent frequency 
determined at pachytene amounted to 80% 
whereas only 22% of the homologues formed 
quadrivalents at metaphase I, possibly due to a 
low chiasma frequency (24). These observations 
indicate that, except for the preferential bivalent 
formation at zygotene described in nematodes 
(I 1, 12) and proposed to account for the regular 
bivalent formation in polyploid Chrysanthe- 

mum (45), multivalents are present at pachytene 
at frequencies approaching or even exceeding 
the 67% expected from random telomeric initia- 
tion in associated homologous chromosome 
groups. The final pairing pattern at metaphase I 
in most of the autotetraploid plant species inves- 
tigated thus appears to be determined primarily 
by the number and distribution of crossovers 
and chiasmata. This is in contrast to the Situa- 
tion in tetraploid Bombyx spermatocytes where 
the conversion of quadrivalents into bivalents 
before crossing over is the main source of the 
reduction in multivalent frequency. 

A critical parameter in this context may be the 
duration of the interval between completion of 
SC formation and the occurrence of crossing 
over. The conditions for pairing correction may 
be less favorable than those existing in auto- 
tetraploid Bombyx in the following situations: 
1) If the time available for pairing correction is 
short as is indicated for allohexaploid wheat 
where SC formation rarely if ever reaches com- 
pletion before diplotene elimination of the SCs 
commences (15). 2) If long chromosomes with 
multiple initiation sites for SC formation, as is 
commonly found in plants (13, 14, 15, 24, 25), 
lead to multiple exchanges of pairing partner. 

4.3. Concluding remarks 
The ultrastructural analysis of chromosome 

pairing in diploid and polyploid males and 
females of the silkworm have provided a detailed 
picture of the basic events of meiotic prophase 
(16, 32 - 37). This information has been com- 
piled in the flow-chart shown in Figure 13 which 
covers the period from the completion of the 
premeiotic DNA replication until the comple- 
tion of pairing and SC formation at pachytene. 
The upper half of the diagram includes the initial 
specific alignment of homologous chromo- 
somes and the proposed temporal relation be- 
tween homologue recognition and initiation of 
SC formation. The lower part of the diagram 
describes the progression and completion of SC 
formation, during which interlockings are re- 
solved, exchanges of pairing partners eliminated 
through turnover of the central region of the SC 
and inequalities of LC lengths in structurally 
heterozygous chromosome complements are 
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Figure 13. Flow-chart of synapsis and SC formation during the meiotic prophase in the male silkworm. 
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accommodated through synaptic adjustment. 
The latter process has not been unambiguously 
identified in the silkworm but has been de- 
scribed in a number  of other species, mainly in 
rodents (see 30 for a general review). The effect 
of  crossing over on synaptic adjustment is at 
present somewhat unclear; in a number  of  cases 
crossing over has been shown to prevent subse- 
quent adjustment (48) while in others, synaptic 
adjustment has been shown to occur inspite of  
crossing over and chiasma formation for exam- 
ple within the inverted segment in heterozygotes 
for pericentric inversions (30). 

With this limitation the diagram shows that 
rather than a single consecutive series of  events, 
early meiotic prophase comprises a set of dy- 
namic processes which, in addition to ensuring 
recognition and SC formation between ho- 
mologous chromosomes, resolve interlockings 
(and possibly also the less fatal chromosome 
intertwinings) through controlled breakage and 
repair of  entire chromosomes, remove or reduce 
pairing irregularities in the form of  pairing 
partner exchanges and, through specific or non- 
specific SC formation, minimize the frequency 
of univalents. 
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