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I. INTRODUCTION 
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Any analysis of the process of recombination is dependent on 
the identification of resultant or putative recombinant chromosomes . 
Progeny analysis has been the classical genetical procedure , and 
ample demonstration that it remains a powerful tool is given by 
DR. FOGEL's article in this symposium. Attempts to correlate the 
production of recombinants with aspects of the meiotic process have 
often been thwarted because of cytological difficulties of the 
material; e.g . , as compared to the immense genetic knowledge of 
recombination in Drosophila melanogaster females, we know little of 
the cytology of meiosis in the egg. On the other hand, certain 
cytological features have been associated with crossing over . 
Observations on pairing of homologues , chromosome splitting and the 
appearance of chiasmata led DARLINGTON (1937) to propose his "tor
sion model" for the mechanism of crossing over--a model based on his 
elaboration of JANSSENS' (1924) chiasmatype theory of recombination 
between homologues, and on his own precocity theory of meiosis . 
Again , the chromomeric organization of meiotic prophase chromosomes 
directly influenced BELLING (1933) in the development of his hypothe
sis of crossing over. 

In both DARLINGTON ' S and BELLING's postulates the process of 
recombination was intimately associated with the process of chromo
some duplication. At that time, DARLINGTON supposed that chromosome 
splitting, or the acquisition of visible doubleness, was the result 
of chromosome duplication . BELLING supposed that errors in the 
connection of interchromomeric segments could achieve segmental 
interchange between homologues , thus resulting in the formation of 
recombinant chromosomes . Subsequently , with the establishment of 
DNA into a place of prominence in any genetic considerations, a 
close relation between duplication and recombination of genetic 
material has again been emphasized . Initial supposition and the 
later demonstration of a semi-conservative template mode of chromo
somal DNA replication formed the basis for postulates that recombinant 
chromosomes were produced through changes in the choice of template 
strand (from one homologue to another) during the replication 
process . 

In this paper I wish to evaluate some recent cytological and 
cytogenetic studies in relation to the mechanism of recombination 
and to the relation of recombination to chromosome duplication . The 
resolving power of cytological analysis of meiosis and crossing over 
has been increased significantly over that available to DARLINGTON 
and BELLING by the advent of techniques such as electron microscopy , 
autoradiography and in vit~o culture of meiocytes . It is to data 
from these disciplines that I w1 ll pay most attention . 

II . CHROMOSOME STRUCTURE 

Autoradiography has played a major role in yielding information 
on the structure of the chromosome , and since much of this paper will 
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be concerned with autoradiographic analyses of meiotic chromosomes , 
I will briefly summarize some of the pertinent findings . Since 
TAYLOR, WOODS and HUGHES (1957) provided a dramatic demonstration 
that chromosomal DNA of Vicia faba followed a semi-conservative 
segregation pattern during successive mitoses, there have been many 
corroborations with chromosomes of a wide variety of species . 
Exceptions to the pattern of newly incorporated thymidine being 
distributed to both sister chromatids of each chromosome in the 
first metaphase after a particular chromosomal duplication period , 
and to only one of the chromatids of each chromosome in the succeed
ing metaphase have been recorded. One exception is the absence of 
label segregation between sister chromatids in the second metaphase 
after the isotope-labeled duplication period . Such homologous 
labeling of sister chromatids (isolabeling), usually occurring in 
only some chromosomes of an otherwise regularly segregated comple
ment of any cell, has been found in a wide range of animals and 
plants (see PEACOCK 1965, DEAVEN and STUBBLEFIELD 1969 , DARLINGTON 
and HAQUE 1969) . Isolabeling may indicate that the two segregational 
subunits in chromosome duplication are not necessarily structurally 
single stranded (PEACOCK 1963), but the pattern may also be compatible 
with a unitary structure of the subunits (e . g ., WHITEHOUSE 1968 , 
DUPRAW 1968) . In any event it is clear that the basic tenet of two 
subunits per anaphase chromosome, each of which is conserved during 
chromosomal duplication, holds (see Figure 1) . 

A second exception to an all-and-none distribution of label 
over sister chromatids at the second division metaphase is that of 
sister-chromatid exchange (SCE) . TAYLOR (1958) implied with this 
term that the existence of a switch point of label along the chromo
some, from one chromatid to its sister, marked the occurrence ot an 
actual reciprocal segmental exchange. On noting that in tetraploid 
second division metaphases he frequently found exchanges in identical 
places in two homologues, whereas such coincidence was absent in 
diploid second division cells , he suggested that tetraploid cells 
made it possible to differentiate between SCE's occurring in the 
first and second mitoses following labeling . An exchange in the 
first mitosis would yield a twin SCE in the tetraploid cell; a 
second-division exchange would show only as a single SCE pattern 
(Figure 1). TAYLOR used the relative frequencies of twin and single 
SCE's as a basis for inferring that the two subunits of a chromatid 
followed a restricted pattern of rejoining in an exchange event . 
The restriction was as would be expected if the two subunits were 
the polynucleotide chains of a DNA duplex; i.e ., assuming 3 '-3 ' and 
5'-5 ' bonds to be not permissible, then the broken Watson chain 
could only reunite with another Watson chain (3'-5' bonding) and 
similarly, Crick with Crick. TAYLOR had calculated that with this 
restriction a ratio of 1 twin : 2 single exchanges would be expected , 
contrasting with a ratio of 1 twin: 10 single exchanges generated 
if rejoining of subunits was random . His data favored the first 
alternative, but it was not until he used an experimental design 
which allowed for an effect of colchicine on exchange frequency 
that he found (TAYLOR 1959) an agreement with the 1 twin : 2 singles 
expectation (Table 1). 

This finding with its attractive implication that the DNA of 
an anaphase chromosome may well be . one long duplex was then ques 
tioned (HEDDLE 1969) when some further data (WALEN 1965 , HERREROS 
and GIANELLI 1967 [centromere data], see Table 1) failed to corrobor
ate the earlier work. HEDDLE emphasized the limitations of this 
form of autoradiography in the determination of exchange scores--in 
particular the effect of two independent exchanges being misscored 
as a twin exchange , and of the mode of choice of sister homologues 
in tetraploid cells . However, data from Vicia faba (GEARD and PEA
COCK 1969) and human lymphocytes (HERREROSana GIANELLI 1967) , 
collected such that these potential errors were evaluated , did 
corroborate TAYLOR's 1 twin : 2 singles expectation . 
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Figure 1 . Representation of the observations and interpretations of 
autoradiographic analysis of chromosome duplication by TAYLOR, 
WOODS and HUGHES (1957). The top row of diagrams shows the 
results for a cell with a haploid complement number of 2. In the 
tetraploid second division cell both twin and single sister 
chromatid exchanges are visible. The remainder of the diagram 
shows TAYLOR's interpretation of duplication subunits and the 
mode of origin of twin and single sister chromatid exchanges . 
Heavy lines indicate the presence of isotope . 
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Table 1 . Relative frequencies of twin and single sister chromatid 
exchanges . 

Source Number of Exchanges Ratio of Comments Reference 
Material Twins Singles Singles : Twins 

Bellevalia 81 30 1 : 0 . 37 Colchicine TAYLOR 1958 
romana effect 
(Liliaceae) 

1 4 26 1 : 1 . 86 Corrected TAYLOR 1959a 
against 
colchicine 
effect 

Potorous 15 63 1 : 4 . 20 Including WALEN 1965 
triclacty lis centromere 

9 18 1 : 2.00 Excluding 
centromere 

Human 128 288 1 : 2 . 25 Ex cluding HERREROS and 
lymphocy tes centromere GIANELLI 1967 

55 191 1:3 .4 7 At 
centromere 

Vicia faba 149 287 1 : 1.93 Raw data GEARD and 
PEACOCK 1969 

132 321 1:2 . 43 Max imum 
correction 
;!:or scoring 
errors 

It then became clear that this datum did not necessarily imply 
that the duplication subunits did follow a nonrandom rejoining pat
tern (first pointed out by STAHL 1965) . If breaks occurred in both 
sister chromatids but reunion was restricted to subunits within each 
chromatid , then random rejoining would yield an e xpectation of 
1 t win : 2 single exchanges (see Figure 2) ! A distinction against 
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Figure 2 . An illustration that a ratio of 1 twin SCE : 2 single SCE ' s 
can be predicted on the basis of random reunion of subunits within 
chr omatids . 0 = no exchanges , S = single sister chr omatid 
e x change , T = twin sister chromatid e x change . 
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this possibility and in favor of a dissimilarity of subunits has 
been provided by two autoradiographic experiments which did not rely 
upon identification of twin versus single exchanges . 

BREWEN and PEACOCK (1969a) produced dicentric chromatids by 
X-ray-induced isochromatid breaks in chromosomes of Chinese hamster 
cells which had just completed DNA replication in the presence of 
tritiated thymidine. Following colchicine suppression of anaphase, 
the induced dicentric chromatids were recognized as dicentric chromo
somes in the tetraploid second division cells. The rationale behind 
the experiment was that different distributions of label in the 
intercentromeric region of a dicentric would result, depending on 
the mode of reunion of the chromatid subunits (Figure 3) . If the 
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Figure 3. A diagrammatic representation of the dicentric experiment, 
showing the two alternative types of end-to-end association of 
the segregating chromosomal subunits. The heavy lines indicate 
the presence of 3H- TdR, and the solid chromosome regions indicate 
presence of label (after BREWEN and PEACOCK 1969a). 

subunits obeyed the Watson-Crick restrictions to reunion, then the 
intercentromeric label would always be distributed along one of the 
sister chromatids, except where interrupted by a SCE; if reunion 
were at random, then one-half of the dicentrics would have a switch 
of label at the midpoint of the intercentromeric segment. Of 137 
dicentrics examined, 104 showed label to be conserved along one sister 
chromatid, 27 had label switches in positions obviously distinct from 
the midpoint and 6 had a label switch at the midpoint. Since the 
frequency of dicentrics with switch points (including the 6 with 
median switches) was compatible with the observed frequency of SCE 
in the experiment, there was no reason to suppose that the mode of 
subunit reunion in the formation of any of the dicentrics differed 
from that expected on the restrictive postulate. 

The dicentric experiment provided a clear demonstration that in 
an X-ray-induced exchange event involving sister chromatids , the 
process of reunion reestablished cohesive duplication subunits within 
the chromatids according to the assumption that the two chromatid 
subunits were of opposed polarity . It might be argued that the same 
restrictions need not necessarily apply to sister chromatid exchange 
events which yielded the twin: single data under discussion. A 
further experiment, again utilizing Chinese hamster cells, has per
mitted the conclusion that restrictions, identical to those shown by 
the dicentric experiment, apply to the reunion of subunits in a 
sister chromatid exchange event (PEACOCK and BREWEN , in preparation) . 
The experimental design is shown in Figure 4. Cells which had 
replicated chromosomal DNA in the presence of tritiated thymidine 
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were permitted to undergo a regular mitotic division, then the next 
mitosis (second) was suppressed such that in the following metaphase 
(third) the tetraploid complement was arranged in pairs of diplo
chromosomes. The scored cells were thus endotetraploid cells which 
had proceeded through two unlabeled replication periods as well as 
the initial labeled DNA synthesis . The analysis depended on the 
expectation that if a SCE was in fact a reciprocal segmental exchange 
between sister chromatids as TAYLOR had supposed, distribution of 
the labeled DNA among the four chromatids of a diplochromosome would 
be substantially different from that expected if SCE's were generated 
by reunion of subunits within a chromatid. For example, on the 
TAYLOR model, exchanges during the first or second mitosis would 
result in segments of label in each of the chromosomes making up a 
diplochromosome (a between-chromosome pattern), whereas an exchange 
in the third division would yield one unlabeled chromosome and its 
partner having a SCE (a within-chromosome pattern); on the other 
hand, a within-chromatid random subunit reunion hypothesis for SCE's 
leads to an expected equality of between: within patterns (see 
Figure 4). 
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Figure 4 . Diagram of the endotetraploid experiment illustrating the 
consequences of an exchange in each of the three cell divisions. 
Expectations are shown for both the polarity and no-polarity 
models. Explanation of the categories of label distribution are 
given in the text. 

In actual fact the analysis was considerably more powerful 
than indicated by the simple case described above. WALEN (1965) 
had described a regular pattern of label distribution among the four 
chromatids of second-division diplochromosomes in Potorous, and this 
pattern has been confirmed and extended to the third division in 
cells of man and Chinese hamster (HERREROS and GIANELLI 1967, PEACOCK 
and BREWEN 1970). In second-division diplochromosomes the two 
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labeled chromatids are always the two outermost chromatids of the 
dip lochromosome, whereas in a third division diplochromosome the 
l abe l ed chromatid always has an inside position . An expl anation for 
this phenomenon has not been found, but its r egul ar existence i s 
undoubted. This property of chromosomal DNA segregation has been 
i ncorporated into Figure 4, and it is apparent that it permits a 
d istinction among a between pattern derived from a f irst-d i v i s ion 
exchange (inside-inside distribution of labe l) and a between pattern 
from a second-division exchange (inside-outside l abe l distribution) . 
In addi tion , rather than cons idering thos e d i p lochromosomes in which 
a SCE had occurred in only one of the three divisions, it was pos
sible to consider the data in t erms of 0, 1 or 2 exchanges/chromo
some in each of the 3 mi toses encompassed by the experiment. Table 2 

Table 2 

Example of analysis of data in the 

end oploid experiment 

Observed Number 
Expectation 

Chromosome 
exchange 

phenotype Large Heterochromatic Small 

0-0- 0 
,,. 3,:co:, 

27 18 87 p 

1- 0- 0 
2 

26 16 37 p g 

O- l.-0 
2 

2 8 9 38 p g 

0- 0- 1 
2 

25 11 23 p g 

1-1-0 
2 11 0 4 pg 

1- 0-1 
2 

17 6 6 pg 

0-1-1 
2 

1 0 2 12 pg 

1 - 1- 1 3 11 0 g 

Total 1 , 000 155 62 208 

x2 6 . 600 14. 328 12. 9 19 

Degrees of 
freedom 6 6 

F i t 0,5>p>0,3 0.05>p>0.02 p=0.05 

0-0-0 indicates that no exchanges occurred in any of the three 
cell divisions of the experiment. 

The analysis tests observed chromosome phenotypes against 
expectations derived assuming the polarity model. The data 
conform to the expectations. 

6 
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shows some of the data--those applicable to O or 1 exchanges/ 
chromosome--which clearly provide support for TAYLOR's original 
contention that SCE's were actual exchanges of segments of sister 
chromatids in which the reunion of subunits was not at random. The 
more extensive analyses of the experiment also provided support to 
this conclusion. 

From the various experiments discussed above we may conclude 
that with respect to chromosomal DNA: 

1. there are two subunits of "duplication-segregation" in a 
chromatid (anaphase chromosome); 

2. each unit extends along the length of the chromosome; 
3. the subunits are not identical in that they are not free 

to rejoin at random following an X-ray-induced break or 
during a sister chromatid exchange; 

4. the difference between subunits has a directional sense as 
demonstrated by the identical restrictions which apply to 
reverse (U-shaped) or straight-through (X-shaped) reunion. 

All of these properties are precisely those expected if the 
chromatid consisted of one long DNA double helix, but they do not 
necessarily demand this conclusion. At least three "models" are com
patible with the stated requirements (lateral redundancy, or multi
strandedness, is here ignored as a trivial variant): 

Model A (see Figure 5)--the chromatid consists of two subunits 
each being a continuous polynucleotide chain of DNA. 
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Figure S. Three arrangements of chromosomal DNA consistent with the 
restrictions discussed in the text. Arrows indicate a directional 
dissimilarity of duplication subunits; zig-zag lines represent 
links between adjacent segments of DNA . 

Model B--the chromatid consists of two subunits each being 
composed of a number of single polynucleotide chains (of 
the same directional sense) being linked together end-to
end--the link being of an unspecified nature . 

Model c--the chromatid consists of two subunits each being 
composed of a number of single polynucleotide chains (not 
necessarily of the same directional sense) being linked 
together end-to-end--the link being of an unspecified 
nature. 

These conclusions have been reached on the basis of experiments 
with mitotic systems, but there is no reason to suppose that the 
chromosomes in meiosis differ in any way. Semi-conservative segre
gation of two duplication subunits has been demonstrated in the 
meiotic divisions of both animals and plants (TAYLOR 1965, CHURCH 
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and WIMBER 1969), and although critical experiments have not demon
strated a directional dissimilarity of the subunits, it seems highly 
probable that this will also apply. Sister- chromatid exchanges have 
also been identified and will be considered in a later section of 
this paper . 

III. TIME OF CROSSING OVER 

Recent interest in defining the time at which crossing over 
occurs in the meiotic cycle was initially centered on whether any 
support could be found for the postulate that recombination was 
intimately associated with the normal round of semi-conservative 
chromosomal DNA replication immediately preceding the meiotic divi
sions . Although these copy- choice (see PRITCHARD 1960) mechanisms 
seem to be at variance with many properties of recombination (WHITE
HOUSE 1969), an answer to the above question would still be of value, 
since the time of crossing over may well coincide with other tempor
ally known events in the meiotic cycle. Such a correlation could 
serve to place restrictions on any proposed mechanism of recombina
tion. 

A lack of correspondence of the time of crossing over to the 
period of premeiotic DNA synthesis is indicated by studies in the 
alga Chlamydomonas and the ascomycete Neottiella. In Neottiella 
rutilans, ROSSEN and WESTERGAARD (1966) showed that the nuclei which 
fused to form the zygotic (and meiotic) nucleus had already increased 
their DNA content to a 2C level . Thus the premeiotic synthesis 
period (the DNA replication immediately preceding meiotic prophase 
is defined as the premeiotic synthesis [SJ) occurs before there is 
any possibility of recombinational events . A similar situation may 
hold in Chlamydomonas reinhardi . The strain studied by SUEOKA, 
CHIANG and KATES (1967) liberated eight zoospores from each zygo
spore with only one round of chromosomal DNA synthesis occurring in 
the zygospore . It was shown that the DNA of a zoospore was in £act 
double stranded with one strand having been formed in the zygospore 
S p e riod . If the DNA content of the zoospore is designated as C, 
then it is obv ious that fusion of gametes led to a 4C zygote with 
the subsequent DNA synthesis taking the total chromosomal DNA content 
of the zygospore to BC . This would suggest that the zygospore DNA 
synthesis was simplya post-meiotic replication similar to that 
inferred for ascomycetes such as Neurospora. The demonstration that 
the eight zoospores of Chlamydomonas are genetically four sets of 
pairs (each member of a pair being genetically identical to the 
other member of the pair) reinforces such an interpretation. 

Chlamydomonas provides a clear demonstration of an independence 
of recombination and the process of chromosomal duplication, since 
the premeiotic DNA synthesis would be the synthesis preceding the 
cell division which formed the gametes. This also implies that the 
G1 (unreplicated) haploid vegetative cell contains two copies of the 
genome-- a condition usually existing after DNA replication--and that 
DNA synthesis in the vegetative cell results in four copies of the 
genome . Each gamete formed by cell division would then contain a 2C 
content of DNA and gamete fusion would yield a 4C gamete which could 
proceed through 4-stranded recombination withoutany further DNA 
synthesis . This suggests that the vegetative cell chromatid contains 
a lateral redundancy of its genetic information (cf . Section II) 
but that this redundancy is eliminated at the time of crossing over 
by the omission of a DNA replication between the cell division which 
formed the gametes and the onset of meiosis in the zygote. SUEOKA 
et al. did in fact demonstrate that the zoospore (with a lC content 
of DNA) passed through two cycles of chromosomal DNA replication 
before a cell doubling occurred : this extra round of replication 
would restore the 2C content of the G1 haploid vegetative cell. 
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One observation introduces some uncertainty to the above 
scheme. When the chromosomal DNA synthesis occurs in the zygospore, 
cytological analysis reveals only a single nucleus, indicating that 
the synthesis occurs prior to any meiotic anaphase separations. 
Thus until further evidence is available no definite conclusion can 
be made as to relative timing of recombination and replication: all 
of the following schemes are at least formal possibilities: 

1. DNA synthesis occurs after crossing over has been com
pleted to yield bineme chromatids which are reduced to 
unineme chromatids by the third anaphase in the zygospore. 

2. DNA synthesis occurs prior to crossing over to yield 
bineme chromatids which act as unit structures in crossing 
over and which are reduced to unineme chromatids by the 
third anaphase in the zygospore. 

3 . DNA synthesis and crossing over are coincident with either 
conditions (1) or (2) acting at the points of recombina
tion. 

An indication that DNA synthesis occurs in the zygospore 
either coincident with or prior to crossing over is given in the 
finding that DNA synthesis inhibitors modify recombination values 
(DAVIES and LAWRENCE 1967). The two discrete intervals which show 
a response to the inhibitors both precede diplotene, which is cytolo
gically recognizable. This work suggests that DNA synthesis may be 
involved in the process of recombination but provides no evidence as 
to whether the synthesis is of limited extent, perhaps at pairing or 
recombination sites, or whether it represents the premeiotic semi
conservative replication. A determination of DNA contents of 
vegetative cells, zygotes and zoospores in the tetrad=forroing strain 
used by DAVIES and LAWRENCE would be of considerable value. 

A coincidence of recombination and the premeiotic chromo
somal replication in Drosophila melanogaster has been claimed by 
GRELL and CHANDLEY (1965). They found, by injecting tritiated 
thymidine into adult females, that the premeiotic synthesis occurred 
in the anterior and middle regions of the germarium, and that the 
first appearance of label in mature eggs followed the injection by 
some 6 days. Their results indicated a considerable variance in this 
maturation period with the mean time being 8 days. An identical 
timetable was found for a temperature induced elevation in recombi
nation in the proximal region of chromosome 2. Subsequently CHANDLEY 
(1966) reported that the premeiotic synthesis occurred only in the 
anterior region of the germarium. Cytological observation is not 
favorable in the Drosophila oocyte but electron microscope studies 
have revealed that synaptonemal-complex formation can begin in the 
anterior region of the germarium and that it continues as the pro
oocyte moves posteriorly through the germarium so that the complex 
reaches a maximum length in oocyte stages 3-4 in the anterior portion 
of the vitellarium (KING 1970). Since synaptonemal-complex formation 
is correlated with pairing of homologues (cf. Section VII), it seems 
probable that zygotene begins only a short time after the premeiotic 
synthesis. CHANDLEY (1966) found a labeled 16-cell cyst in region 2 
of the germarium (where synaptonemal complexes are evident in pro
oocytes) within 24 hours of the application of isotope. With this 
telescoped development of early meiotic stages and the observed 
variance in oocyte maturation times, the apparent coincidence of a 
temperature-sensitive period in the recombination process and the 
premeiotic DNA synthesis may not be a reliable indication that 
recombination occurs at the time of chromosome replication. In addi
tion the duration of the premeiotic Sis not known, nor is it known 
that the increase in temperature acts directly on the recombination 
process. Subsequently CHANDLEY (1968) in an analysis of the effects 
of X-rays and heat treatment on various regions of the X chromosome 
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concluded that crossing over normally takes place over an extended 
period of time from interphase to prophase of meiosis, 

MAGUIRE (1968) used heat shock to investigate the time of 
crossing over in maize microsporogenesis. She monitored recombina
tion by scoring the frequency of adjacent II segregation (homologous 
centromeres proceeding to the same anaphase I pole) from an inter
change heterozygote. The interchange involved the nucleolus organi
zer chromosome (6), and MAGUIRE was able to score the mode of meiotic 
segregation by looking at the distribution of nucleoli in the pollen 
tetrads. A decrease in abnormal nucleoli distribution was indicative 
of an increase in crossing over in the region between the breakpoint 
of the translocation and the centromere of chromosome 6. MAGUIRE 
found a temperature-sensitive period in late interphase to early 
synizesis, a stage encompassing leptotene and zygotene. A similar 
period of sensitivity was found by ABEL (1965) in the liverwort, 
Sphaerocarpus. 

Perhaps the most direct identification of the cytological time 
of a temperature effect on recombination frequency is given in the 
study by LU (1969) on the basidiomycete, Coprinus lagopus. LU (1967) 
had earlier established that the basidia on the gills of any one 
fruiting body were closely synchronized in their progression through 
meiosis. He detected a gradient from gill apex to base but this 
represented a minor departure from synchrony. LU found that the 
frequency of recombination between two markers which normally gave 
a linkage distance of 3.44±0.56 could be markedly increased by either 
high or low temperature treatments, the maximum increase by low 
temperature (recombination value of 11.28±0,50) being greater than 
that induced by high temperature (6.84±1,07). In Coprinus, meiosis 
occurs in the basidium in a nucleus formed by fusion of two nuclei 
(karyogamy), and presents cytologically recognizable zygotene, 
pachytene and diplotene stages, LU cites preliminary evidence that 
the premeiotic DNA synthesis occurs in the prefusion nuclei. If 
this is confirmed, the meiotic cycle would be similar to Neottiella 
and would provide a critical demonstration that recombination occurs 
subsequent to premeiotic chromosome replication. 

Such a distinction is almost certainly the case in Coprinus 
even if it is subsequently shown that the premeiotic S occurs after 
karyogamy, since LU has found that the temperature treatments are 
effective in meiotic prophase stages. The largest increas.es in 
recombination occur when the basidia are in pachytene (maximum 
synapsis) for the duration of the treatment, with the other increases 
showing a positive correlation to either the extent of time the 
treatment encompassed pachytene, or to the extent of synapsis which 
had been achieved in zygotene (see Table 3), The data suggest that 
the maximum sensitivity to increased temperature may occur somewhat 
earlier than the corresponding period for decreased temperature, but 
under both regimes an effect is obtained over the whole time course 
of chromosomal synapsis. Subsequently LU (1970) has correlated this 
light microscope study with electron microscopy and has concluded 
that the sensitive period for temperature effects commences with the 
formation of the synaptonemal complex and ends with its disappearance 
(cf. Section VII). 

IV. TIME OF CHIASMA FORMATION 

The use of heat treatments and irradiation to cause perturba
tions in meiotic behavior has also been employed in attempts to 
pinpoint the time of chiasma formation. LAWRENCE (196la,b) identi
fied two stages of meiosis in Lilium and Tradescantia in which 
y-irradiation caused changes in chiasma frequency (scored at 
metaphase I). A decrease resulted from irradiation of premeiotic 
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interphase and an increase from treatment at late zygotene to pachy
tene . Similar periods of sensitivity occur in meioses of the 
Orthoptera. Irradiation of premeiotic S resulted in decreased 
chiasmata frequencies and irradiation of leptotene-zygotene in 
inc~eased frequencies in three di fferent grasshoppers (WESTERMAN 
19 67, 1970; CHURCH and WIMBER 1969) . In addition WESTERMAN found a 
further discrete period of sensitivity in Chorthippus brunneus in 
that irradiation of zygotene-early pachytene caused a marked increase 
in chiasma frequency. 

Table 3 

Th e e ffect of temperature shock on genetic recombina tion 

in Coprinus lagopu.s (after Lu 1969) 

Cold treatment Heat treatment 
Meiotic stages at 

Mean% % increase in Mean% % increase 
treatment r ecombination re combination re combination re combination 

1 . Pref us i on 3_52:±-0.14 0 2.74±"0.37 0 

2. 10% fusion-
4.01:!"o.09 15 

synapsis 

3. 30% fusion- 5.77±0.41 60 6.67:!-0.62 90 
synapsis 

4 . 80% fusion- 9.oo:!"o.41 157 
synapsis 

5. Synapsis 11.26:±-0.61 220 6. 34:±-1. 07 95 
complete 

6. 2-1/2 hr. after 
11 .2s±o.5o synapsis 222 

complete 6.50:±-0_39 85 
7 . 4 hr . after 9. 34:±-0 . 96 1 80 

synapsis 
complete 

8. L ;;r.te pa.chytene- 8.94:±-0.60 155 s. 53:!°o . 45 58 
s orne diplotene 

9. Late pachytene- 5. 50:±-o. 76 57 4_45:!°0.27 27 
diplotene 

10. Diplotene- 3.2s±o.65 0 3, 32:±-0 . 4 1 
diakinesis 

In their experiments CHURCH and WIMBER (1969) noted that high 
temperature during zygotene caused a drop in chiasma frequency, but 
they did not find the spectacular decreases documented by HENDERSON 
(1966) in Schistocerca gregaria and by PEACOCK (1968, 1970) in 
Goniaea a ustralasiae . In Goniaea culture at 37°C resulted, after 
10 days, in almost complete negation of chiasma formation . For the 
first nine days at 37°C the chiasma frequency did not differ sig
nificantly from the 1 6-17 per cell which normally occur at 26°C 
culture, then there was a rapid fall-off in chiasma frequency 
(Figure 6). Anal y sis of the spatial distribution of chiasmata 

0 

along the chromosomes provided no indication that the loss of 
chiasmata was brought about by terminalization of existing chiasmata 
but supported the postulate that the temperature treatment had 
decreased the mean probability of chiasma formation . Injection of 
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tritiated thymidine enabled a timetable of meiosis to be constructed 
and showed that the stage which preceded diplotene-metaphase I by 
10 days was "early pachytene." I was unwilling to name the stage 
as either a classical zygotene or pachytene because it happened to 
be a cytologically obtuse condition. The majority of chromosomes 
could not be visualized easily but where they were visible they 
appeared to be paired, and certainly the one heteropycnotic auto
some pair was clearly in a synapsed condition. Since earlier stages 
were intractable and since a classical pachytene followed, it may be 
presumed that "early pachytene" was either a late zygotene or early 
pachytene stage. This stage occurred some four days after the pre
meiotic DNA synthesis. In Schistocerca although meiosis occurred in 
a shorter time than in Goniaea, HENDERSON also found the temperature
sensitive stage (probably zygotene) to be distinct from the pre
meiotic synthesis. In both Goniaea and Schistocerca, experiments in 
which the animals were subjected to a "pulse" of high temperature 
showed the sensitive stage to be a discrete period in the meiotic 
prophase. In Goniaea other sensitive periods were not detected but 
the experiments did not rigidly exclude the possibility of earlier 
temperature-labile stages. 
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Figure 6, Chiasmata frequencies for individuals of Goniaea austral~ 
asiae fixed at various times after initiation, at Day o, of culture 
at 37°C . Vertical lines represent standard errors tatter ~EACOCK 
1970) . 
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Chiasma formation did not £ail in Goniaea because 0£ lack 0£ 
pairing of homologues. Pachytene was indistinguishable in control 
and heat-treated individuals and so too was synaptonemal complex 
formation (cf. Section VII). Detailed quantitative data from serial 
sections were not collected, but qualitatively the temperature
sensitive period corresponded with the time 0£ maximum development 
of the synaptonemal complex. This may indicate that the sensitive 
period in Schistocerca was earlier than in Goniaea in that HENDERSON 
(1962) reported asynapsis as a consequence of the higher tempera
tures: in Goniaea the univalent chromosomes at diplotene clearly 
arose £rom desynapsis of previously paired homologues. This di££er
ence emphasizes that chiasma formation is likely to prove to be a 
complex process in itself and to be dependent on the coordinate 
prior occurrence of a series 0£ other processes. It is not surpris
ing that more than one labile period can be detected in any one 
organism, nor that lability is known to be a property of different 
stages 0£ meiosis in different species. The time of chiasma forma
tion in any one organism can only be delimited by the latest meiotic 
stage which demonstrates sensitivity to an external stimulus and by 
the stage at which the result, in terms 0£ numbers and distribution 
of chiasmata, can be read--usually diplotene. Thus in Goniaea i£ 
the temperature effect acts directly on chiasma formation, then 
chiasmata are formed at "early pachytene," or if the effect is 
indirect, as it may well be, then chiasma formation may occur at any 
time (or during the whole time) between "early pachytene" and the 
onset of diplotene (a period of 9-10 days at 37°C). 

The results in Goniaea and Schistocerca together with the 
results obtained by irradiation in several Orthopterans suggest that 
chiasma formation does not take place before late zygotene-early 
pachytene. LAWRENCE's (196la,b) results indicate that this may also 
be true of plants, and some recent work in Lilium confirms this 
suggestion. PARCHMAN and STERN (1969) found that cyclohexamide 
inhibited protein synthesis in meiotic prophase and caused many 
aberrations of normal meiotic behavior. A specific effect was 
obtained when the inhibitor was applied to cells in late zygotene
early pachytene--these cells resumed their normal rate of development 
after being returned to inhibitor-free medium, but they failed to 
form chiasmata, and diplotene was characterized by extensive 
desynapsis. Cells treated at earlier stages of zygotene or later 
stages 0£ pachytene form chiasmata and do not show any desynapsis. 

V. EQUIVALENCE OF CHIASMATA AND GENETIC CROSSOVERS 

"The major conclusion which may be drawn from these experi
ments is that, if the achiasmatic condition can be equated with an 
absence of crossing over, then crossing over is a deliberate event 
which occurs after the completion of chromosome pairing." PARCHMAN 
and STERN (1969) concluded their paper (see Section IV) with the 
above sentence and in so doing, really asked two questions. Firstly, 
is there a one-to-one correspondence of the cytological chiasma to 
a genetic crossover event, and secondly, does the prevention of 
chiasma formation necessarily mean that the genetic event also 
failed to take place? 

A number of comprehensive reviews have shown that there is 
considerable evidence to support a direct correlation between 
chiasmata and genetic crossovers (RHOADES 1961, JOHN and LEWIS 1965, 
WHITEHOUSE 1969). Studies in which the frequency of a chiasma in a 
particular segment is compared to the frequency of equational separa
tion of cytologically differentiated homologues at anaphase I have 
provided some of the cleanest evidence. Recently JONES (1969) has 
reported a novel analysis involving heterogeneity for a cytologically 
differentiated neocentromere, terminally situated on one arm of a 
submetacentric chromosome in rye. In a comparison of metaphase 
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chiasma conditions and anaphase disjunctional behavior, JONES found 
close agreement in the frequency of equational anaphase separation 
and the frequency of a chiasma in the neocentric arm. 

Another approach which has provided direct evidence that a 
chiasma reflects a recombination event between nonsister homologous 
chromatids depends upon analysis of isotope distribution at meiosis. 
Autoradiographic detection of exchange events in meiosis depends 
upon the existence of a semi-conservative segregation of chromosomal 
DNA (cf. Section II). TAYLOR (1965) first showed that this mode of 
label distribution existed at meiosis in his study of spermatogenesis 
in the grasshopper, Romalea microptera. Subsequently, similar results 
have been obtained in other grasshoppers (HENDERSON 1966, MOENS 1966, 
PEACOCK 1968, 1970), in a newt (CALLAN and TAYLOR 1968), and in a 
plant (CHURCH and WIMBER 1969b). If gonial cells are labeled in the 
last mitotic synthesis period, then the meiotic chromosomes show a 
segregation of label over sister chromatids. In effect each meiotic 
chromosome is heterozygous for the presence of isotope . This results 
in a genetic analysis which is the inverse of the normal analysis--a 
crossover event is recognized by a first division, reductional distri 
bution of label in the chromosome segment distal to the point of 
recombination! Thus a reciprocal exchange of segments between hom
ologous, nonsister chromatids would yield one chromosome (dyad) having 
both chromatids labeled in the region distal to the crossover point 
with the sister dyad having chromatids with a corresponding absence 
of label. Such a pattern involving like chromatids (both labeled or 
both unlabeled) would not be visible--u,Tgure 7) . 

In an analysis of metaphase I bivalents in Goniaea, each 
bivalent having a single chiasma, PEACOCK (1970) found 26/46 to have 
one dyad showing terminal isolabeling (reductional isotope distribu
tion) with its sister dyad having the reciprocal pattern . Additional 
unpublished data bring this to a figure of 57/102. These data pro
vide a direct correlation between genetic exchange and cytological 
chiasmata since both are scored on the same chromosome . More e x ten
sive data are available comparing chiasma frequency to label 
distribution in anaphase I (metaphase II) dyads . These data comple
ment the type of analysis reported by JONES for the heterozygous 
neocentromere (see above) . In the first comparison of chiasma 
frequency to switch points of label (exchanges), TAYLOR (1965) found 
a close correlation between the means. He concluded that most 
exchanges resulted from breakage and reciprocal exchange between 
homologous, nonsister chromatids, but since the exchanges appeared 
to be randomly distributed among chromosomes (according to their 
length) whereas chiasmata were not, he was loathe to suggest a one
to-one relation between a chiasma and an exchange. However, treatment 
of TAYLOR's data by tetrad strand analysis shows the two distributions 
to be in agreement (see reference to SCHROEDER in PEACOCK 1970) and 
put these data in line with the metaphase-I bivalent analysis in 
Goniaea. 

In a more extensive analysis in Schistocerca, CRAIG-CAMERON and 
JONES (1970) found that both the mean-label-exchange frequency and 
the frequencies of various label-exchange "phenotypes" among anaphase 
dyads agreed closely with predictions based on chiasma scores. 
CHURCH and WIMBER (1969b) found an agreement in the frequency of 
positioning of switch points near the centromere and the frequency 
of proximally located chiasmata . 

These several studies present a strong case for the correspon
dence of a cytological chiasma, scored at diplotene, diakinesis or 
metaphase I, to the occurrence of a reciprocal exchange between non
sister, homologous chromatids viz. to genetic crossovers . Collec
tively, and in particular this applies to the observations on 
metaphase-I bivalents, these autoradiographic analyses have provided 
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data analogous to the demonstration in phage that recombinants con
tain biparental DNA molecules (MESELSON and WEIGLE 1961)--recombinant 
chromatids are produced by a process or processes of breakage and 
reunion of chromosome segments. 

HOMOLOGUES WITH LABEL SEGREGATION 

/ 

2 3 4 

CROSSOVER BETWEEN CROSSOVER BETWEEN 

I, 4 or 2, 3 I, 3 or 2, 4 

n 
U18EL SEGREGATION TERMINAL ISOLABEL 

Figure 7. Diagram showing the two patterns of label distribution 
among the dyads of a bivalent having a single crossover. It is 
assumed that the crossover is achieved by breakage and reunion 
of nonsister chromatids. Presence of label is indicated by a 
broken line (after PEACOCK 1970). 

At the beginning of this section, I phrased two questions . I 
have, above, answered the first in concluding that there is very 
strong evidence that a chiasma mirrors a genetic crossover event but 
as yet I have not addressed the second question as to whether an 
induced failure of chiasma formation necessarily reflects an induced 
cessation of exchange. This question is of great significance to 
experiments which have investigated times of recombination by moni
toring chiasma frequencies, since it is conceivable that a chiasma 
could be resolved subsequent to an exchange event. One analysis has 
been specifically directed at this problem. PEACOCK (1970) combined 
an autoradiographic exchange analysis with his studies on temperature
induced reduction of chiasma frequency. His results clearly showed 
that label distribution was in accord with chiasma frequency even 
where this frequency had been reduced to ca. 1-0/cell. Moreover, in 
Goniaea, univalent chromosomes can be distinguished from dyads which 
had been involved in metaphase-I bivalents, and it was evident that 
label patterns indicative of nonsister chromatid exchange were 
restricted to the latter dyads--univalents were noncrossover dyads. 
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PEACOCK observed that since a temperature shock at "early pachytene" 
decreased both chiasma frequency and reciprocal-nonsister-exchange 
frequency to the same extent, and since there was a restriction of 
exchanges to only those chromosomes which had been associated by 
chiasmata, it seemed obligatory to conclude that each chiasma in 
Goniaea is formed as a result of the occurrence of a recombination 
event between nonsister homologous chromatids. This recombination 
event must not take place, or at least must not be finally consum
mated, until "early pachytene" or later in pachytene. 

VI. SISTER-STRAND EXCHANGE 

In his analysis of meiotic label patterns, TAYLOR (1965) found 
evidence of a low frequency of sister-chromatid exchanges similar to 
thos·e found in experiments on mitotic systems (cf. Section II). 
TAYLOR noted that it was possible that all of the SCE's he scored at 
meiosis had in fact occurred in the premeiotic mitosis. MOENS (1966) 
found them to be common in premeiotic mitoses in Chorthippus, and 
they have been identified in three other analyses of meiotic labeling 
(CHURCH and WIMBER 1969b, PEACOCK 1970, CRAIG-CAMERON and JONES 1970). 
In none of these studies was it possible to determine whether all of 
the SCE's occurred in the last gonial division or whether some 
occurred in meiosis. PEACOCK concluded that the SCE's did not play 
a direct role in the meiotic recombination process because (1) they 
occurred in similar frequencies in bivalents and in non-crossover 
univalents and (2) they occurred in the X chromosome, which does not 
have a synaptic partner in the male grasshopper, and furthermore, 
their frequency in the X was equivalent, on a unit length basis, to 
their frequency in the autosomes. Analysis of meiosis in an organism 
having a ring chromosome would enable a test as to their occurrence 
in both the gon.ial and meiotic divisions: a dicentric chromatid at 
anaphase I would result from a SCE at meiosis. BREWEN and PEACOCK 
(1969b) used a ring chromosome in a mitotic system to show that 
3H-thymidine caused a high frequency of sister-chromatid exchanges . 
Thus the possibility must be entertained that some or all of the 
SCE's found in rod chromosomes in both mitotic and meiotic systems 
are an artifact of the system of analysis. I should emphasize that 
these exchanges did not interfere with the analysis of meiotic 
exchanges. They had to. be taken into consideration in the compu
tations, but, if anything, they served to increase the resolution of 
the Goniaea experiments . 

It should be noted that although tritium disintegrations may be 
highly significant in relation to the observed SCE, exchanges have 
been noted in systems which are free of isotope . Thus SCHWARTZ (1954) 
on the basis of his studies on ring chromosomes concluded they may 
play a regular role in the mechanism of crossing over, and GREEN 
(1968) has identified them in three different tandem duplications in 
Drosophila . GREEN performed some elegant analyses to characterize 
the intrachromosomal exchanges (SCE) that he was detecting, and 
showed that these events were comparable to inter-chromosomal double
crossover events (rather than to single events), and that their 
frequency was not correlated with the genetic length of the dupli
cations he used. These exchanges would seem not to correspond to 
the events scored in autoradiographic experiments where a label 
switch appears to result from a single reciprocal exchange between 
chromatids, and where frequency of events is directly related to 
chromosome length. 

VII. THE SYNAPTONEMAL COMPLEX 

Electron microscopy has added to the study of meiosis with the 
identification of the synaptonemal complex . First described by 
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MOSES (1956) and FAWCETT (1956), the tripartite structure (2 lateral 
and 1 central elements) was shown by MOSES (1958) to be associated 
with the paired homologues of pachytene bivalents . Reconstructions 
from serial sections (WETTSTEIN and SOTELO 1967) have confirmed 
MOSES' observation and have established the relation of 1 synaptonemal 
complex to 1 bivalent, the complex occurring along the complete 
pachytene length of each pair of chromosomes . In fact this relation 
has been used to establish the chromosome number of a protozoan in 
which chromosomes were not easily resolved with the light microscope 
(MOENS and PERKINS 1969). 

The time of appearance of the synaptonemal complex has been 
studied in both animals and plants . A detailed account of these a n d 
other studies can be found in the comprehensive review of MOSES 
(1968). In plants such as Lilium, chromosomes can be seen to be 
unpaired when they enter prophase of meiosis--the classical leptotene 
stage . Recently WALTERS (1970) has reported being able to distin
guish the entire diploid complement of chromosomes in an unpaired 
condition in a contraction stage preceding leptotene (in Lilium) . 
The unpaired leptotene chromosomes then become associated in homolog
ous pairs during zygotene so that a haploid number of bivalents a r e 
present at pachytene . MOENS (1968) identified "axial cores " in 
leptotene chromosomes of Lilium and was able to show that these 
axial cores formed the lateral elements of the synaptonemal complex. 
At zygotene he observed that 2 axial cores became associated with a 
third central element when the distance between the cores was about 
1200 A. Filamentous structures e x tending between the lateral ele
ments and the central element have been widely reported (see MOSES 
1968). MOENS found in Lilium that filaments of about 600A extend 
perpendicularly from the axial cores of unpaired zygotene chromosomes 
and that the central element of the synaptonemal complex appeared to 
be ·formed as a result of interdigitation of these filaments from 2 
axial cores . Many other studies have revealed a decreasing frequency 
of single axial cores during the leptotene-zygotene transition with 
a concomitant increase in frequency of synaptonemal complexes . The 
implication from these studies, that axial cores characterize 
unpaired chromosomes and that the cores of homologues interact to 
form a tripartite synaptonemal complex during synapiss of the homol
ogues , is supported by several lines of evidence . 

In an asynaptic mutant of wheat (Triticum durum) LACOUR and 
WELLS (1970) showed that chromosomes passed through a normal leptotene 
hut that zygotene and pachytene were completely suppressed . They 
found no evidence of synaptonemal complexes in the material although 
axial cores were prominent . MOENS (1969a) provided another piece o f 
evidence in his examination of a triploid Lilium species . As in 
other triploids trivalents are found as a result of chiasma forma
tion between one of the homologues with both of the other t wo 
homologues . MOENS found in pachytene associations of three chromo
somes that the synaptonemal complex showed lateral element s witches ; 
i . e ., an axial core of one of the three chromosomes which had inter
acted with an axial core of a second chromosome to form a synaptonemal 
complex in a particular region could , in an adjacent region , be 
associated in a complex with the axial core of the third chromosome 
of the group . Thus the morphology of the complex parallels the 
pairing partner switches seen in pachytene and diplotene by light 
microscopy . In yet another analysis , this time in grasshopper 
spermatocytes, MOENS (1969b) has further characterized the transition 
from axial cores to synaptonemal complex . In this grasshopper , 
Locusta migratoria, zygotene- pachytene presents a bouquet arrangeme nt 
of the chromosomes with all chromosome ends being grouped in o n e 
peripheral area of the nucleus . This condition is prevalent in many 
animals, and a number of investigators have observed that it is 
characterized by attachment of the synaptonemal complex to the 
nuclear membrane (e . g ., in human oocytes , BAKER and FRANCHI 196 7; 



RECOMBINATION IN HIGHER ORGANISMS 141 

mouse spermatocytes, WOOLAM, FORD and MILLEN 1966) . In his study, 
MOENS identified at leptotene all 44 ends of the 22 autosomes at the 
attachment of their axial cores to one small area of the nuclear 
membrane . During zygotene he observed that the attachments became 
associated in pairs, the interaction between cores beginning near 
the nuclear membrane . By pachytene there are 22 synaptonemal com
plexes attached to the membrane all in the one area : the axial core 
of the X chromosome is also attached to the membrane . 

These various observations, together with the reconstructions 
from serial sections, leave little doubt that the tripartite complex 
of the pachytene bivalent has its origin in the interaction of the 
single axial cores of homologous chromosomes, each axial core forming 
one of the two lateral elements of the complex. There is little 
support for the suggestion that each lateral element is composed of 
structures from both homologues (GASSNER 1967). 

Complexes or related structures have been reported which seem 
not to be associated with pachytene bivalents. In the cricket 
Gryllus , WETTSTEIN and SOTELO (1967) found segments of complex within 
the univalent X chromosome . This may represent the formation of a 
complex by association of one region with another region of the same 
chromosome and may provide an indication that under some conditions 
complexes need not specify homologous association . However, it is 
conceivable that the X chromosome may have duplicated regions and 
that the complex is restricted to pairing between such regions. The 
same uncertainty applies to the reports of complexes in haploid 
tomato (MENZEL and PRICE 1966). WETTSTEIN and SOTELO also found 
short double complexes in Gryllus; it seems likely that these corre
spond to the double complexes reported by MOENS (1969) in the regions 
of initiation of pairing between axial cores . Polycomplexes of 
other kinds have been reported and are considered extensively by 
MOSES (1968) . I will only mention here that, in mosquito, ROTH 
(1966) has concluded that the polycomplexes found in diplotene of 
the oocy te represent aggregates of complexes which previously were 
associated with the pachytene bivalents . A somewhat analogous situ
ation is reported by GASSNER (1969) in the mantid, Bolbe, in which 
the s ynaptonemal complexes remain associated with the bivalents even 
at metaphase and are visible as "mid-bodies" at first anaphase. In 
general it seems that the complexes are broken down at the end of 
pachy tene rather than being removed in toto . LU (1967) reports that 
in the fungus Coprinus the central element disappears prior to the 
lateral elements, and MOENS (1968) has noted "stripped cores" in 
the diffuse stage preceding diplotene . In any event, observation of 
remov al or disappearance of the complex is an indication that it is 
not an integral part of the meiotic chromosome per se . This does 
not preclude the complex from a structural role during its ephemeral 
association with the chromosome . Enzymatic analyses (COLEMAN and 
MOSES 1964 , NEBEL and COULON 1962) have indicated that both the 
central and lateral elements are largely composed of protein, closely 
associated with chromosomal fibers. Equivocal results were obtained 
with regard to the presence of DNA in the central region of the 
complex . A recent study utilizing whole-mount preparations rather 
than thin sections has convincingly shown that the three elements of 
the complex, together with the transverse filaments from the central 
to lateral elements , are composed of protein (COMINGS and OKADA 1970) 
and retain their structural integrity after removal of chromosomal 
DNA . Protein synthesis has been demonstrated to be necessary for 
the formation and stabilization of the complex in Lilium (ROTH and 
PARCHMAN 1969) . 

The fact that the synaptonemal complex is associated with 
s y napsis of homologous chromosomes during zygotene of meiosis is 
clear . What of its relation to recombination? Its presence in 
oocytes and absence from spermatocytes in Drosophila melanogaster 
(MEYER 1960) indicates a correlation between crossing over and the 
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presence of the complex. This indication is supported by the obser
vation that in Drosophila females homozygous for a mutation which 
abolishes recombination (c[3]G/c[3]G) the complex is absent (MEYER 
1964, SMITH and KING 1968); in females heterozygous for a deletion 
covering the c(3)G region (sbd105;+), complexes are present in much 
reduced frequency and for a shorter period than in controls, and 
crossing over is reduced to about 50% of its normal level (HINTON 
1966) . MEYER (1964) also found that complexes did not occur in the 
achiasmate spermatocytes of Tipula caesia but were present in the 
chiasmate spermatocytes of T-:-oTeracea:-However, GASSNER (1967, 
1969) has identified the complex in achiasmate spermatogeneses of 
the scorpionfly (Panorpa) and a mantid (Bolbe). Furthermore, chiasma 
formation can be suppressed without apparent effect on the synaptone
mal complex. This is true of (1) genetically determined desynapsis 
in barley (NILAN, VON WETTSTEIN and EDEN 1969) and tomato (MOENS 
1969c), and in intergeneric hybrids in the Solanacea (MENZEL and 
PRICE 1966); and (2) desynapsis induced by temperature shock (PEACOCK 
1970) or by the physiological shock of initiation of in vitro culture 
(PARCHMAN and ROTH 1970). Conversely, either genetic (c[3]G homo
zygotes in Drosophila, asynaptic gene in wheat (LA COUR~WELLS 
1970), or induced suppression of synaptonemal complex formation 
(ROTH and ITO 1967) leads to failure of crossing over and chiasma 
formation . 

VI I I. PROPHASE DNA SYNTHESIS 

If as has been argued here, there is an equivalence of 

1 . breakage and reciprocal exchange of segments of homologous 
nonsister chromatids, 

2. reciprocal crossing over of genetic markers, and 
3. formation of cytological chiasmata, 

then we might expect to find evidence of incorporation of nucleotides 
into DNA at pachytene. This expectation is by no means obligatory, 
since there are no critical data in eukaryotes demanding that recom
bination involves breakage and rejoining of DNA molecules, nor is 
there a critical demonstration that a chromosome consists of a con
tinuous DNA double helix (see Section II). On the other hand, the 
increasing amount of data which suggest a direct relation between 
gene conversion and reciprocal crossing over (see FOGEL, this volume) 
strongly implicates the involvement of the DNA duplex in the recombi
nation event . HOLLIDAY's (1967) finding that radiation-sensitive 
mutants in Ustilago, which probably are deficient in dark-repair 
activity, have abnormal recombination properties also is indicative 
of DNA metabolic activity in crossing over . Converse support may be 
given by the report that Drosophila melanogaster females of a geno
type which is recombination negative (homozygous for the C[3] G muta
tion, HINTON 1966) have increased sensitivity to X-rays in respect to 
dominant-lethal induction (WATSON 1968). 

Incorporation of deoxyribonucleotides has been reported during 
meiotic prophase of the male newt Triturus viridescens. WIMBER and 
PRENKSY (1963) detected DNA synthesis at zygotene-pachytene, amoun
ting to 2% or less of the interphase synthesis. Subsequently, CALLAN 
and TAYLOR (1968) , in an analysis of meiosis in male Triturus 
vulgaris, found no evidence of a prophase DNA synthesis and cautioned 
that WIMBER and PRENKSY may have been misled by cytoplasmic DNA 
synthesis . This seems unlikely, since WIMBER and PRENKSY detected 
the synthesis during examination of metaphase I bivalents and then 
checked their finding by direct observation on zygotene-pachytene 
nuclei examined a few hours after isotope injection. However, it 
should be emphasized that there is no evidence to directly implicate 
this synthesis with recombination . DNA synthesis at pachytene which 
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is certainly not directly concerned with recombination occurs in 
amphibian oocytes (GALL 1968)--this synthesis is of extra DNA seg
ments coding for ribosomal RNA. PEACOCK (1970) was not able to 
detect any DNA synthesis in prophase of grasshopper spermatocytes 
using autoradiographic methods which should have detected any incor
poration amounting to more than 1% of the interphase replication. 
TAYLOR (1959b) also failed to detect any prophase incorporation in 
Lilium meiocytes. Recognition that autoradiographic analyses have 
distinct limitations with respect to detection of low levels of 
incorporation is emphasized by TAYLOR's Lilium study, since recent 
work (STERN and HOTTA 1969) has demonstrated that prophase DNA 
synthesis does in fact occur in Lilium and related plants . STERN 
and his colleagues have documented a number of properties of this 
system which are pertinent to the present discussion . 

Two distinct periods of DNA synthesis occur during the meiotic 
prophase--at zygotene, synthesis amounts to approximately 0,3% of 
the genome and has a distinctive base composition (48-50% GC in con
trast to the 40% GC of the bulk nuclear DNA). This synthesis does 
not represent ribosomal DNA synthesis, since in Lilium r-DNA has a 
GC content of 55% and is distinguishable from zygotene DNA in buoyant 
density centrifugation. Hybridization analysis showed that the DNA 
sequences synthesized in zygotene are represented in somatic cells 
(HOTTA, ITO and STERN 1966). HOTTA and STERN (1970) then demon
strated that the zygotene synthesis did not represent amplification 
or replacement of any sequences but that it was part of the normal 
round of semi-conservative DNA replication. DNA prepared from 
meiotic cells in stages subsequent to the premeiotic interphase 
synthesis and prior to the transition from zygotene to pachytene 
was found to contain half as many sequences complementary to the 
zygotene-synthesized DNA as were found in DNA prepared from either 
somatic or post-zygotene meiotic cells (Figure 8) . A feature of the 
Lilium in vitro culture system is that explantation of cells during 
premeiotic DNA synthesis causes the cells to revert to a mitotic 
division mode rather than proceeding normally through meiosis . In 
such cells HOTTA and STERN found the sequences normally synthesized 
in zygotene were synthesized and that their synthesis occurred at 
the end of the S period. This suggests that zygotene DNA is a late
replicating species of DNA, but as yet there are no data from 
regular somatic cells. 

In contrast to the findings for zygotene DNA, pachytene
synthesized DNA has been found to have comparable numbers of comple
mentary sequences in DNA prepared from all stages of meiosis and 
from mitotic cells (Figure 8). These data indicate that the pachy
tene synthesis does not represent a delayed synthesis . HOTTA and 
STERN concluded that there was no net DNA synthesis-- rather a 
replacement of existing DNA sequences occurred . They were unable 
to detect any excised DNA fragments during pachytene, but support 
for the conclusion of replacement synthesis came from experiments 
with hydroxyurea which proved to be a very inefficient inhibitor to 
the pachytene synthesis. Hydroxyurea is an effective inhibitor of 
semi-conservative DNA synthesis (and is highly effective against 
the zygotene and S-phase synthesis) but fails to inhibit repair 
synthesis (PAINTER and CLEAVER 1967) . Yet another distinction 
between zygotene-DNA and pachytene-DNA is that pachytene-DNA (which 
represents 0.1%, or less, of the genome) does not have a distinctive 
base composition but is variable even within a species . In equilib
rium banding a number of peaks are found, all with densities over
lapping the bulk DNA distribution . This is what might be expected 
of a DNA repair synthesis operative over various sections of the 
genome. 

Additional support for the suggestion that the pachytene DNA 
synthesis is a repair activity stems from a study of certain 



144 

100 

80 

~ 40 

"' _, 

* 

PEACOCK 

Pre . G2 Lep Ze Zl Pe P/ I[ 

Source of Fixed DNA 

Figure 8. Hybridization of 32P-labeled zygotene- DNA (solid bars) 
and pachytene-DNA (hatched bars) to DNA prepared from cells at 
successive stages of the meiotic cycle. The stages are indicated 
on the abscissa . The earliest premeiotic stage (Pre . ) used was 
late S-phase . Leptotene (Lep . ), zygotene (zyg . ), and pachytene 
(Pl stages were identified cytologically. The subscripts "e" and 
"l" signify early and late respectively . Cells at stages- later 
than pachytene are grouped under "II." The values plotted were 
obtained under saturation conditions (after HOTTA and STERN 1970). 

enzymatic activities throughout the course of the meiotic cycle in 
Lilium (HOWELL and STERN 1970) . A single endonuclease activ ity has 
been identified in microsporocyte extracts . The level of activity 
of this endonuclease varies during the course of meiosis; the enzyme 
could not be detected in the premeiotic interphase, leptotene or 
diplotene but activity was detectable during zygotene- pachytene , 
reaching a max imum in early pachytene (Figure 9) . This striking 
temporal pattern affords a coincidence of max imum activity with the 
time of the pachytene DNA synthesis. Properties of the enzyme are 
consistent with a role in DNA repair. It requires double-stranded 
DNA as a substrate and produces (pH optimum 5 . 2) single-strand 
breaks to yield 5 ' -hydroxyl and 3' - phosphoryl end groups . These 
properties contrast with those of another endonuclease which HOWELL 
and STERN ident ified in the perianth, a somatic tissue surrounding 
the anthers . The somatic enzyme has a pH optimum of 5.6 and it 
produces double- stranded breaks . Single-strand breaks, unlike the 
double- strand breaks produced by the somatic nuclease, are normally 
repairable and in fact the meiocyte extracts did contain polynucleo
tide ligase activity. The level of ligase activity also varied 
temporally, with peaks at the time of the premeiotic Sand during 
zygotene-pachytene. The ligase was found to require 3' - hydrox yl and 
5'-phosphoryl groups to effect rejoining--a condition not produced 
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by the meiotic endonuclease. However, HOWELL and STERN found the 
microsporocyte extract to contain both phosphatase and kinase 
activities capable of modifying the 5'-hydroxyl and 3'-phosphoryl 
termini to groups capable of being rejoined by the ligase. Again 
the kinase was found to have peak activity at zygotene-pachytene. 
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Figure 9. Endonuclease activity in microsporocyte extracts at 
premeiotic interphase and various meiotic prophase stages. Bud 
l ength is correlated with meiotic stage of microsporocytes (after 
HOWELL and STERN 1970) . 

Thus HOWELL and STERN have shown that at zygotene-pachytene 
there is a coordinate presence of a complement of enzymes capable 
of mediating DNA breakage and repair activities. They suggest these 
activities represent the pachytene DNA synthesis (HOTTA and STERN 
1970) and that they are involved in the process of genetic recombi
nation . 

IX. SYNOPSIS 

Throughout this paper I have avoided the question of chromo
some pairing with the exception of its relation to the synaptonemal 
complex. Undoubtedly different organisms have differing properties 
in matters of premeiotic pairing, chromosome association and mode of 
initiation and subsequent development of homologue synaps is . Never
theless, the wide variety of organisms treated in this review do 
seem to fit into the following general framework with respect to 
the meiotic prophase: 

1 . Leptotene chromosomes have, or form, an associated protein
aceous axial core which may or may not be anchored at one 
or both ends to the nuclear membrane. The core seems not 
to be constituted of regular portions of the chromosome 
itself, but rather to be an additional material, since it 
is later removed without structural damage to the chromo
some. 

2. During the transition to zygotene the axi al cores of 
homologues participate in, or cause, the formation of a 
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third central element to yield a tripartite synaptonemal 
complex . Different species have different "critical" 
distances at which axial cores interact in this way . A 
tripartite complex is characteristic of paired regions 
of homologues and its most extensive development (in 
length) coincides with, and further characterizes, 
pachytene . In the Liliaceae the replication of a specific 
fraction of the genome (DNA)--a replication which com
pletes the semi-conservative genome duplication--is 
necessary for the orderly progression of the above 
sequence of events . Furthermore, continued protein 
synthesis through zygotene appears to be necessary for 
both the formation and stabilization of the complex . 

3. The complex appears to be a necessary prerequisite for 
meiotic recombination , but it is not essential for homolog
ous pairing and orderly progression through meiosis (e.g., 
Drosophila male), nor does its presence ensure that cros
sing over will occur. 

4 . The assumption that the complex in some way mediates 
meiotic recombination implies that such recombination 
does not occur until after the formation of the complex. 
Evidence in favor of this tenet is, I think, compelling. 
Data from genetic, cytological (chiasmata), biochemical 
and autoradiographic studies argue for the time of 
recombination to lie in the period from zygotene to the 
end of pachytene. In some organisms it may encompass a 
large part of the time, in others the actual recombina
tion events may all occur during a discrete period. 
Homologous pairing, in a given region, is thus seen to be 
a prerequisite to recombination in that region . Elaborate 
theories as to the possible way in which the synaptonemal 
complex mediates (this word is not meant to necessarily 
imply active participation) crossing over have been pro
posed, but these in large part rest solely on other 
theories and not on pertinent factual evidence . 

5. Some doubts as to the precedence of homologous pairing (at 
a light microscope level) to crossing over have arisen 
from comparison of frequencies of modes of pachytene pair
ing to cro~sover frequencies in paracentric inversion 
heterozygotes (MAGUIRE 1966, NUR 1968) . Homologous pairing 
is equated to loop pairing in the inverted region and 
crossover frequencies are determined by anaphase bridge 
and fragment frequencies . In both studies there was an 
unsuspected equivalence of the frequencies of these two 
phenomena even though the genetic length of the inverted 
region was relatively short. The results do not, however, 
provide any critical evidence against the generalization 
that synapsis precedes recombination in any given region, 
but it is possible that detailed experimental analyses of 
such situations may add significantly to our meager knowl
edge of the recombination process . I might mention that 
cytological and genetic analyses of other structural 
rearrangements have lent strong support to point #4 
(RHOADES 1968) . 

6 . In stating that cytological analyses have contributed to 
our knowledge of recombination, I implied that the 
cytological chiasma ranked along with a recombinant 
phenotype as a measure of crossing over. Here too I think 
the data are compelling; for most meiotic systems the 
chiasma provides visible evidence that a reciprocal, 
segmental exchange between nonsister, homologous chromatids 
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has occurred. Autoradiographic data have shown that a 
recombinant chromatid arises as a result of a breakage and 
reunion process and that it truly is a biparental structure 
containing previously duplicated DNA from each homologue. 
This may reflect a biparental DNA molecule similar to that 
found in bacteriophage recombination, but critical evidence 
for this is lacking . Such evidence should be forthcoming 
in organisms such as Chlamydomonas which permit differen
tial labeling of each homologue. However, it should also 
be remembered that the restrictions that can be applied to 
the structure of the chromosome are such that other alterna
tives are possible. The demonstration and characterization 
of a repair-replication DNA synthesis in pachytene of 
Liliaceous species is strongly suggestive of a direct role 
of DNA breakage and repair-reunion in the process of 
chromosomal recombination, but again critical data are not 
yet extant. 
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