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SUMMARY

Some features of gene conversion in fungi and their bearing on the
hybrid DNA models are discussed. Available experimental data from
tetrad analysis seem to give a more complex picture of polarity in intra-
genic recombination and of the relations between conversion and post-
meiotic segregation, and between conversion and crossing-over, than
predicted by the models.

A new hypothesis of the mechanism of gene conversion with special
attention given to the aspect of asymmetry in this phenomenon is
proposed as an alternative to the mechanism suggested by the DNA
hybrid models.

Whitehouse (1963), Holliday (1964) and Hastings & Whitehouse (1964) proposed
models of genetic recombination which postulated a common mechanism for both
conversion and crossing-over. During the past few years evidence has been accumu-
lated which gives support to many predictions of these models and is not compatible
with the 'switch' model developed earlier by Freese (1957) and its later modifica-
tions. (1) It has been shown that meiotic DNA replication is semi-conservative
(Taylor, 1965; Chiang, Kates & Sueoka, 1965). (2) Rossen & Westergaard (1966)
found that the round of DNA replication in the fungus Neottiella rutilans occurs
prior to the nuclear fusion in the crozier, which indicates that recombination
takes place after the main synthesis of DNA. (3) It was found that conversion like
crossing-over occurs in both chromatids of a chromosome at random (Paszewski,
1967). (4) Conversion has been shown often to be correlated with the exchange of
flanking markers, this constituting an argument for the common mechanism of
both types of recombination. (5) Esposito (1968) found that intergenic and intra-
genic (mainly non-reciprocal) recombinations in yeast were influenced in a similar
way both by u.v. radiation and by X-rays. This suggests that conversion and
crossing-over share an event in common. (6) A mechanism of the dark repair of
damage in DNA caused by u.v. irradiation (Setlow & Carrier, 1964; Boyce &
Howard-Flanders, 1964; and others) is a plausible explanation for the homozy-
gotization of heterozygous sites postulated by the models.

There are, however, data which are not easily accounted for by these models and
their later versions (Whitehouse, 1966, 1967; Emerson, 1966). According to the
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models one should observe reciprocal conversions fairly often and this is not the
case. The hypothesis of hybrid DNA formation as an intermediate in gene con-
version, besides its many unproven assumptions, does not seem necessary for the
interpretation of most of the data. It seems that the relation between conversion
and postmeiotic segregation is much more complex than predicted by the models
(hereafter the term conversion is used to describe recombinations resulting in
2:6 and 6:2 ratios and the term postmeiotic segregation for all other types of
aberrant segregation). Furthermore, experimental data accumulated during recent
years suggest that the concept of polarization in intragenic recombination and of a
relation between conversion and crossing-over should be revised.

These questions are discussed below. Data from tetrad analysis will be pre-
dominantly considered here, as they give most information about the pattern of
recombination and leave a minimum of 'degrees of freedom' for interpretation.
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Fig. 1. Possible origins of a tetrad from a cross a + cx +b+ with the central marker
recombined. In scheme A it is shown that two conversions in opposite directions,
possibly occurring independently, may involve all four chromatids (arrows link the
pairs of chromatids which interreact and show the direction of conversion). The
result is the same as for 'classical' two-strand double crossing-over which is repre-
sented by the scheme B.

Reciprocal conversions should be observed as a consequence of hybrid DNA
formation at a mutant site in two recombining chromatids and corrections of
mispairing in opposite directions. This should be the case especially when the
mutants used show conversions equally often in both directions—that is, from
mutant allele to the wild-type allele and vice versa. Actually such events occur
very rarely. A few asci were found in series 75 of white-spored mutants of Asco-
bolus immersus (Rossignol, 1967), which might have resulted from two conversions
in opposite directions. No such asci were found in the series 84W in the same orga-
nism (Paszewski & Prazmo, 1969). Some recombinations observed by Fogel &
Hurst (1967) can be interpreted as reciprocal conversion, but two-strand double
crossing-over is equally possible in this case. It should be noted that in two con-
versions in opposite directions more than two chromatids may be involved; thus
the events described as reciprocal conversion may in fact not be reciprocal in the
same sense as in two-strand double crossing-over (Fig. 1). The rare occurrence of
tetrads such as are shown in the figure in intragenic three-point crosses may be due
either to the rare formation of hybrid DNA at a mutated site as assumed in DNA
hybrid models or to the necessity of occurrence of two recombination 'cycles'
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(scheme A represents such a possibility). The second interpretation should be
considered as a possible explanation of reciprocal conversions as there is evidence
that more than two chromatids may be involved in intragenic recombination. The
situation represented by scheme B is not likely to occur if a, b and c are alleles but
has to be taken into account when a or c is a flanking marker.

Whitehouse & Hastings (1965) assumed that hybrid DNA may occasionally
form at a given site only in one chromatid, so that conversion could be only non-
reciprocal in such cases. In view of the rare occurrence of reciprocal conversions
such a situation was considered later (Whitehouse, 1967) to be regular rather than
exceptional.

Simultaneous conversions at three sites in one direction were observed in several
asci in Ascobolus (Rossignol, 1967; Paszewski & Prazmo, 1969) but no reciprocal
conversion for any site was found in these asci. This would mean that the length of
the hybrid DNA in the two chromatids involved must differ considerably. How-
ever, as we have pointed out previously (Paszewski & Prazmo, 1969), it would be
very difficult to explain this difference if the primary events occurred symmetrically
in both chromatids as is postulated in the models.

There are difficulties connected with the hypothesis of 'repair' of mismatched
bases in the hybrid DNA. According to the models, whenever the site of a mutation
lies within the hybrid DNA region mispairing of bases will result. Such hetero-
zygosity, if not modified, leads directly to postmeiotic segregation. A repair
mechanism which removes the mispairing restores either a normal or a mutated
condition. If repair proceeds in the same direction in two chromatids, conversion is
observed. The postulated mechanism of repair would be similar to that involved in
excision of thymine dimers and filling of the gaps in single DNA strands with new
bases. However, there is no chemical and structural analogy between thymine
dimers and mismatched bases in hybrid DNA, mainly because the former involve
only one strand of the double helix and the latter both strands.

Moreover, in the case of single-pair differences, especially if mutations are of the
transition type, there is no obvious chemical and structural reason for the occur-
rence of 'stress' in the double helix leading to the excision of one or both of the
mismatched bases. It would be easier to imagine greater disturbances in the DNA
structure in hybrid DNA in the case of deletion mutants. However, there is nothing
characteristic in their recombinational behaviour that could distinguish them
from mutants having short deletions or possibly point mutations (Mousseau, 1967;
Rossignol, 1967). It is interesting that the same was true in the case of multi-
point crosses involving mutants in the r l l locus of bacteriophage T4 (Doermann &
Parma, 1967).

The existence of mutants having an impaired system for dark repair of damage
caused by u.v. irradiation and being also unable to recombine suggests that the
same enzymes may be involved in some stages of both processes, but not neces-
sarily in the excision of mismatched bases (Howard-Flanders, 1968; Tuveson,
1969).

Recombination in phages can proceed by the breakage and reunion mechanism
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(Meselson & Weigle, 1961). The joining of broken DNA molecules occurs in two
phases (Tomizawa, 1967). First, a heterozygous overlap by single-stranded ends is
formed (Fig. 2, i) and the molecules are held together by hydrogen bonds within the
overlap. Secondly, the gaps in the single strands are 'patched' and the ends are
joined by covalent bonds (Fig. 2, n). Meselson (1967) suggested that the processes
just described can account for both conversion and postmeiotic segregation. This
hypothesis could only explain conversion associated with crossing-over, and yet
reciprocal conversions should be often observed. However, in this hypothesis the
excision processes remove terminal portions of the polynucleotide chains during
the course of breakage and joining. Thus it is an exonucleotic and not endonucleotic
excision as in the repair hypothesis of the models. If a mismatched base pair happens
to lie in the region of the primary overlap (Fig. 2, i) it most probably remains in
the heterozygous state, although there is a possibility that some kinds of hetero-
zygosity are repaired (Hogness, Doerfler, Egan & Black, 1966).

2

+

a, a2 +

Fig. 2. Two stages in joining of DNA molecules derived from different parents.
Repair synthesis of DNA (broken lines) restores the homozygous state at the two
sites; the third site (a2) remains heterozygous.

Postmeiotic segregation, in general, is a rather rare phenomenon and it is evident
in cases where a number of alleles were taken for investigation that this segregation
is mutant-specific (Stadler & Towe, 1963; Fields & Olive, 1967; Emerson &
Yu-Sun, 1967; Gajewski, Paszewski, Dawidowicz & Dudziriska, 1968). In Asco-
bolus immersus (Rizet's strain) at least 86 mutants from six loci were utilized in
intragenic recombination studies by tetrad analysis, and only four of them showed
postmeiotic segregation. In the case of two of these mutants, which belong to series
46, it was found that, relative to conversion, postmeiotic segregation was rarer
in two-point crosses than in one-point (Gajewski et dl. 1968). It would seem that
the same is true in the case of a series of hyaline mutants of Sordaria brevicollis
(Fields & Olive, 1967), although the frequencies of basic conversion, e.g. in crosses
with the wild type, were only roughly estimated. These results cannot be explained
if the only difference between conversion and postmeiotic segregation was due
to repaired and non-repaired heterozygous DNA, respectively.

Kitani (1962) and Kitani, Olive & El-Ani (1962), studjong conversion within
the g locus in Sordaria Jimicola, observed that postmeiotic segregation was much
more strongly correlated with exchange of outside markers than was conversion.

All these facts suggest that conversion and postmeiotic segregation, while
probably sharing some events in common, differ much more than is postulated by

https://doi.org/10.1017/S0016672300001373 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672300001373


Gene conversion 59

the DNA hybrid models; and it seems doubtful whether the hypothesis of homo-
zygotization is really necessary for the interpretation of recombination data. The
mechanism suggested by Meselson (1967) seems to provide a better starting-point
in the attempt to explain the origin of postmeiotic segregation.

An important feature of intragenic recombination is its polarity; i.e. alleles
situated proximally to one end of a gene or its region convert in two-point crosses
more frequently than those situated distally. It appears that, in most of the studies
where many alleles were used, polarization was only tentative, in some loci it was not
observed at all, or its pattern was very complicated. It is very difficult to make any
generalization concerning this phenomenon when data from different loci are com-
pared (Murray, 1963, 1969; Stadler & Towe, 1963; Case & Giles, 1964; Rossignol,
1964, 1967; Fields & Olive, 1967; Fincham, 1967, Fogel & Hurst, 1967; Mousseau,
1967; Paszewski & Prazmo, 1969).

Polarization may result from differences in the basic conversion frequencies of
the mutants used (that is, conversions observed in one-point crosses), from the
relative situations of the mutated sites or from both. Thus, aknowledge of the basic
rates of conversion for the mutants studied seems necessary before making any
useful interpretation of the polarization observed. The knowledge of these values
will in many cases make the phenomenon of 'marker effect' less mysterious.

According to the models, polarization is a consequence of the occurrence of
primary breakages in DNA in special sites (fixed opening points). It is very likely
that a specific sequence of the bases in DNA plays an important role in this process
as was suggested by Holliday (1967), although localization of sites having such a
sequence within a gene is not clear. Whitehouse (1966) devised an 'operator'
model in which the ends of genes are considered to be the points of first breakages of
DNA. Besides some difficulties with this model discussed by Holliday (1967), a
considerable amount of data in the papers cited above points to the possibility
that primary breakages can occur just as readily in the central parts of genes. Thus,
it seems that to consider the ends of a gene as the points of primary breakage is
not justified on the basis of the available data.

The specific sequences of bases should be regarded, in view of experimental
data, as points of preferential breakage of DNA, rather than as fixed opening-
points. Besides the distance of mutated sites from such points there are most
probably other parameters which determine polarity, like mutant specificity and
mutual relation of a given pair of mutants, to mention only two. As values of these
parameters are variable, the pattern of polarity—that is, direction and degree—is
better described by a, function rather than by a 'model'. Values of the parameters
are characteristic for every pair of alleles, although there may exist similarities in
the patterns for different pairs of alleles, especially when one parameter—for
instance, the distance from the point of preferential breakage—has a predominant
bearing on the pattern.

It is very likely that enzymic degradation of DNA proceeds in opposite direc-
tions in the two strands of the double helix owing to their opposite polarization.
Thus, if primary breakages within a gene occur predominantly in the same strand,
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unidirectional polarization of recombination is to be expected. If primary breakages
occur in both strands, a more complicated picture should be expected. Possibly
mutants causing disturbances in the polarization pattern may create a new point of
breakage, or cancel such a point, or change the strand which breaks.

Finally we should consider the relationship between conversion and crossing-
over. There are numerous data showing a correlation between conversion and
crossing-over; i.e. conversion within a gene is often associated with an exchange of
outside markers. This correlation usually does not exceed 50 % and is often much
lower, which means that conversion may occur without crossing-over. Rizet &
Rossignol (1966) carried out three-point intragenic crosses in Ascobolus and found
that reciprocal exchange between outside sites was often associated with con-
version at the middle site. In other words, they observed what is often called in-
exactly reciprocal crossing-over. These results strongly suggest that every crossing-
over is associated with conversion over a shorter or longer length of a chromosome.
This association is not detectable when conversion occurs in an unmarked region,
and so with increasing distance between sites its manifestation becomes rare.

If this is true, it seems very likely that there is a sequence of events leading to
gene conversion which is necessary but insufficient to accomplish crossing-over. In
other words, the primary events in both types of recombination are identical.
Non-reciprocality of conversion, discussed earlier, strongly suggests that these
events are asymmetrical with respect to the two chromatids involved in the
recombination. This is in contradiction with the DNA hybrid models, which assume
a symmetry of these events, which probably are: breakages of polynucleotide
strands, their partial degradation and their unwinding.

The data from experiments with Ascobolus clearly show that, with increasing
distance of mutated sites within a gene, the relative frequency of crossing-over
usually increases, that crossing-over may occur in more than one region of a gene
and that sometimes its appearence or frequency depends on mutant specificity. On
the other hand, recombination between complementing mutants from neighbouring
loci can be both of the conversion and of the crossing-over type, and, as with non-
complementing mutants, simultaneous conversions in two sites involved are fre-
quent (Case & Giles, 1964; Paszewski, 1967). Thus, it does not look as if there
exist different mechanisms for intragenic and intergenic recombination, and there is
no need for postulating a special kind of intragenic crossing-over (Whitehouse,
1967).

CONCLUSIONS

On the basis of the available data it appears that two features of gene conversion
and possibly crossing-over are relatively well established. They are that (1) a
limiting amount of DNA must be synthesized, and (2) the process is asymmetrical
with respect to the way the two chromatids are involved.

Conversion of deletion mutants to their wild-type alleles provides a direct proof
for the first statement (Rossignol, 1967; Mousseau, 1967). Zimmermann (1968)
showed that, when respiratorily deficient yeast cells are treated with mutagens
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inducing lesions in DNA and kept for some time in buffer deprived of energy, the
number of potential convertants increases. This can be shown by transferring the
cells to the medium selective for convertants and containing glucose which can be
utilized by the cells. These data suggest that degradation of DNA is a primary step
to gene conversion and a limiting synthesis of DNA (which needs energy) is neces-
sary to accomplish the process.
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-Fig. 3. Possible stages in gene conversion. Only two out of four chromatids are
represented. See text for explanation.
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The second statement is based on the fact of the rarity of reciprocal conversions,
both in cases when only conversion occurs and when it is associated with crossing-
over.

It seems that many of the data concerning intragenic recombination could be
more easily explained without postulating the formation of hybrid DNA at a
mutant site as an intermediate, or at least limiting its participation in gene con-
version to some cases. One can assume that recombination starts by breakage of a
single strand in the DNA double helix, followed by its partial degradation and
unwinding (Fig. 3, n). In consequence a strand with a free end is formed. This free
end during chromosome conjugation triggers off an involvement of the homologous
chromatid in recombinational processes, causing partial separation (possibly with
immediate breakage) of its two strands. One of these strands serves as a template
for the repair-type replication (Fig. 3, m) of the partly degraded strand. Then the
template strand breaks (Fig. 3, rv) and a fraction of it is transferred to the first
(recipient) chromatid, where a transitional three-strand structure is formed
(Fig. 3, v). One of the two strands—that is, the 'borrowed' one or the old one (this
alternative rather would be supported by experimental data)—must be degraded
on the length of the triple structure, and then the ends of the polynucleotic strands
are joined by a ligase-type enzyme. The gap in the donor chromosome is repaired
by the normal repairing system (Fig. 3, vr). It is shown in the figure that on a
certain length of a chromatid a hybrid DNA is formed, so it is possible to account
for postmeiotic segregation at some sites. The configuration in Fig. 3 (rv) may be
resolved in different ways than is shown, but they will not be discussed as the aim
of this scheme is to show a line of argument rather than to provide a new model for
recombination.

The scheme given above resembles in many aspects that proposed by Taylor
(1967). The main difference is that Taylor assumes a delay in replication of a small
portion of DNA, whereas here a degradation of DNA is preferred. Besides, Taylor
assumes that meiotic DNA replication has some peculiarities. If in other fungi
replication of DNA takes place before karyogamy as in Neottiella, Taylor's hypo-
thesis is not easily applicable to explain gene conversion in these organisms.

The mechanism suggested here for gene conversion differs from the DNA hybrid
models mainly in that the repairing mechanism with ' single-strand copy-choice'
leads directly to gene conversion without formation of DNA heterozygous at the
mutant site, and it postulates an asymmetry in the primary recombinational
events and unequal role played by two chromatids involved in this type of
recombination. It seems worth noting that the recombinations observed by
Doermann & Parma (1967) in multi-point crosses involving different rll mutants of
phage T4 very much resemble gene conversion in fungi. Although the authors
interpreted them as double crossovers, they questioned the hypothesis that hybrid
DNA is an intermediate in the formation of these crossovers. Although there is
evidence that recombination in phages can proceed by a breakage and reunion
mechanism, the existence of another mechanism, perhaps similar to that involved
in gene conversion, is possible.
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I wish to thank Professor W. Gajewski and Dr A. Putrament for valuable discussion and
critical reading of the manuscript.

After ending this text I encountered a recently published model for gene conversion by
F. Stahl (Genetics 61 (Suppl. 1), part 2, 1-13, 1969). This new, very interesting model and the
hypothesis given here differ but they share two features, namely, they assume asymmetry in
recombination and non-repairing of mismatched bases.
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