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ABSTRACT

From the analysis of large samples of gene conversion asct in the g locus
of Sordaria fimicola, it was found that neither the conversion event itself nor
conversion-associated recombination of flanking markers cause either chiasma
or chromatid interference with crossing over in a neighboring interval. The
presence of more than one kind of crossover event, one causing interference
the other not, is considered. The existence of two kinds of gene loci, one of
single-cistron composition and the other of multiple-cistron composition, is dis-
cussed in relation to reciprocal recombination within a locus.

IN the present study, the nature of gene conversion has been reexamined with

regard to the presence or absence of interference in association with conver-
sion, and the well-established observation that a conversion event is accom-
panied, with high frequency, by flanking marker recombination exhibiting
normal segregation ratios.

The presence of conversion-associated recombination, that is recombination
of flanking markers on either side of a converted locus, has been noticed since
the early period of gene conversion research (MrrcaeLL 1955; Frerse 1957;
Krrani, Orive and Er-Ant 1962; Staprer and Towe 1963; Case and Gires
1964). The close relationship of gene conversion to recombination of flanking
markers has been observed in all cases that permit tetrad analysis in the presence
of flanking markers (Kirant and Ovive 1967, 1969, in Sordaria fimicola; FocEL
and Hurst 1967 and FoceL and MorTiMER 1969, in Saccharomyces cerevisiae;
Staprer and Karrya 1969, in Neurospora crassa; and Staprer, Towe and
Rosienvor 1970, in Ascobolus immersus; CuovNICK et al., 1970, CHOVNICK,
BavranTynE and Horm 1971, and CrovNick 1973, in Drosophila melanogas-
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University of North Carolina and Cambridge University.

Genetics 89: 467-497 July, 1978,



468 Y. KITANI

ter). This phenomenon is also conspicuous in the analyses of prototrophs derived
from reciprocal recombination even though nonreciprocal and reciprocal recom-
binants are generally not distinguished from each other (Sippior and PurrRamMENT
1963, in Aspergillus nidulans; Fincuam 1967 and Murray 1968, 1969 and
1970, in Neurospora crassa). In addition, the phenomenon of localized negative
interference (PrrrcHarD 1959; PrEs 1967) could be considered as conversion-
associated recombination, although aberrant segregation was not examined in
these studies.

In most of the proposed models, the conversion event itself and its associated
recombination of flanking markers are considered to occur by the interaction
of two homologous chromatids out of the four in the meiotic bivalent (FREESE
1957; Warrerouse 1963; Horrmay 1964a,b; WroiregousE and HasTINGs
1965; Emerson 1969; WrnteroUse 1970). The involvement of more than two
chromatids in the fundamental mechanism of conversion and its associated
recombination can be eliminated from consideration, even though more than
two chromatids may appear to be involved sporadically as secondary products
(EmersoN 1969). This situation is clearly and unambiguously shown in the
aberrant 4+ : 4m segregation asci described by Kitant and Orive (1967), and
Krrant (1962), as pointed out by EmersoN (1969).

Chiasma interference is expected in the adjoining short intervals if it is
assumed conversion itself and its associated flanking marker recombination take
place at the same time and by the same mechanism as ordinary crossing over.
On this assumption, the conversion event and associated recombination must
require synapsis and chiasma formation at the same time as the ordinary cross-
overs in nearby intervals. For these reasons, the presence or absence of inter-
ference at a suitable interval near the gene conversion locus may indicate an
aspect of gene conversion that has fundamental importance in relation to the
mechanism of genetic recombination. The present analysis examines these prop-
erties in 19 one-point crosses and 11 heteroallelic crosses in Sordaria fimicola.

MATERIALS AND METHODS

Many of the asci used in the present analysis are derived from previous studies (KiraNt and
Ovrrve 1967, 1969, 1970). The asci from the crosses in which k, or g, was used as a parent have
not appeared in previous reports. The ascus records (raw data) of the crosses discussed in KiTan:
and OLive (1967, 1969), have been deposited with the Editor of GENETICS. The ascus records of
the crosses discussed in Kitant and Orive (1970), the crosses introduced in this report, and the
crosses of the “zone-analysis” in KiraNt and Wartenouse (1974), have been likewise deposited
with the Editor.

The linkage relationship of the g locus to the adjacent flanking markers mat and cor and the
secondary marker sp is shown in Figure 1A. The gene distances in this map are based on
Er-Ani, Ouve and Krrant (1961). Although these distances show slight differences from the
ones in the control experiment, the analysis in this report is based on this map. The sequence
of the g locus alleles is shown in two different orders in Figure 1. Figure 1B is based on the
frequency of wild-type spore production (ordinary map sequence) and has some uncertainty
in the relative positions of k, and %, as shown in Figure 11 of Krtant and Orive (1969).
Figure 1C and 1D are different from 1B in the relative positions of %, and 4,, and are based
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sp mat glocus cor

¢ 9=9 hs { he ha=hy

D 9,=9s » hs > h2 > ha=h;

Freure 1.—Relation of g locus alleles and flanking markers. (A) linkage relation of the g
locus to the flanking markers; (B) apparent site sequence of the g locus based on the frequency
of asci with any number of wild-type spores, refer to Kitant and Ovive (1969); (C) epistatic
relation of alleles in the g locus; (D) site sequence of alleles according to the tendency to convert
to wild type and, also, order in darkness of spore color.

on the epistatic relation (1C), and the degree of the allele’s preference to convert to wild type
(1D), as well as the darkness of spore-color expression (1D).

Mutant h, was obtained at the University of North Carolina by a low dosage UV treatment
of a wild-type mycelium grown in cytosine-supplemented cornmeal agar. Another mutant g,
was obtained at Kyoto University by X irradiation. Both A and g, are located in the g locus
(Figure 1) and their spore colors are light grey and grey, respectively.

The methods of crossing, scoring and determining ascus genotypes have been described in
the three previous reports cited above. In order to analyze all of the asci in the perithecia of a
crossing plate in fully matured condition with stable spore color distinction and to obtain better
germination of dissected spores, a technique called “after-maturation” has been applied to most
of the crosses (exceptions are: crosses A, D, F and K in Krrant and Orive 1967; and Jd, Jf, Jh,
L and Li in Krxrant and OLive 1969; for the cross records, refer to the appENDIX). The technique
involves transferring the crossing plates from 23° to 5° on the eighth day of cultivation, and
keeping the plates in the dark and cold for about two weeks to allow gradual maturation without
spore discharge.

The total numbers of asci for the crosses in this report do not always match the ones given
in the previous publications and the ones in the appENDIX of this report. This is primarily due to
omission of asci showing conversion at the sp locus. These asci were omitted because scoring
recombination in the sp-mat interval was impossible or ambiguous. The number of omitted asci
is negligible and does not affect the conclusions. However, anyone interested in conversion of
outside markers may examine the deposited records, the ApPPENDIX (with an association of the
g locus conversion) and part I of results (with normal segregation at the g locus).

The terminology used in this report is the same as in previcus publications and is based upon
the unique feature of the g locus, which readily permits detection of a variety of conversion
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types. In this report, the six fundamental conversion ascus types (6-:2m, 2-+:6m, 54-:3m,
3~}:5m, normal 4--:4m conversion type and aberrant 44-:4m) are handled individually, rather
than grouping them into “conversion” and ‘“postmeiotic segregation” or “even ratio” and “odd
ratio.” The recombination classes of flanking markers are represented by Ra (flanking marker
recombination absent) and Rp (flanking marker recombination present), rather than P
(parental) and R (recombinant); Ra-2, one of the two subclasses of class Ra, is not parental
in gene alignment with regard to flanking markers and the converted locus, but rather is the
double recombinant,

RESULTS
PART I. Gene conversion asci

The results from 19 one-point crosses on the presence or absence of interference
in the sp-mat interval are shown in Table 1 (Part 1, for the three ascus types,
6+ : 2m, aberrant 4+ : 4m and 2+ : 6m; Part 2, for two ascus types, 571 : 3m
and 3+ : 5m; Part 3, for all ascus types, but with the samples in which recom-
bination classes Ra and Rp are pooled). The analyzed asci are the ones that
showed aberrant segregation at the g locus within the interval mat-cor. The
results described in this table permit examination of three major questions. The
first question is whether or not crossing over in the sp-mat interval is affected
by conversion events at the g locus. This can be determined for each ascus type in
Part 1 and Part 2 comparing the percentages for the asci showing sp recombina-
tion with the standard frequency of 18.29 for this interval in nonconversion
normal asci. The second question concerns chiasma interference, that is whether
recombination classes Ra and Rp (flanking marker recombination absent and
present in the interval mat-cor; for detail, see Kirant and Orive 1967, 1969)
differ in the crossover frequency in the sp-mat interval. This can be examined
along with the first question in Parts 1 and 2 of the table, but with a limitation
of sampling within each ascus type. More detailed examination of this second
question with larger samples will be done in Table 3, using the pooled data of
all ascus types. The third question is whether or not chromatid interference
is present. This can be determined for each recombination class of each ascus
type by examining the deviation from the expected 1:2:1 ratio (for no inter-
ference) of the numbers of chromatids (two, three or four) simultaneously
involved in the conversion event and in sp recombination.

As can be seen easily in Table 1, the deviation from the standard frequency
18.29% is not significant in any grouping in Parts 1 and 2 of the table, whenever
the sample is reasonable in size. Chiasma interference, as well as differences
between the recombination classes Ra and Rp, appears to be absent (detailed
analysis in Table 3). Since there are no substantial differences in the crossover
frequency in the sp-mat interval, in any of the classes, the data were pooled
(Table 1 Part 3). These larger samples, indicate unambiguously the absence of
chiasma interference.

In a previous report (Kirant and Orive 1967), the presence of chromatid
interference in the sp-mat interval was suspected in recombination class Rp of
ascus type, aberrant 4+ : 4m. However, in the larger sampling of the present
report, the possibility of this is diminished. The p-values of the x? tests for the
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1:2:1 ratio to the numbers of chromatids involved simultaneously in a conver-
sion event, flanking marker recombination, and sp recombination, applied on
aberrant 4- : 4m asci as well as other ascus types, all show good fit (Ra and Rp
separately in Table 1, Part 1, and pooled in Part 3). Therefore, chromatid inter-
ference is also absent in gene conversion asci of S. fimicola.

The fact that both recombination classes equally lack chiasma interference,
as well as chromatid interference, suggests that flanking marker recombination
does not have any special effect on recombination in the interval adjacent to that
defined by the immediate flanking markers.

The analysis of data from the 11 heteroallelic crosses is shown in Table 2
(Part 1, for the three ascus types, 6+ : 2m, aberrant 4+ : 4m and 2+ : 6m;
Part 2, for the other three ascus types, 5+ : 3m, normal 4+ : 4m conversion type
and 3+ : 5m; Part 3, for all six ascus types in the samples in which recombina-
tion classes Ra and Rp are pooled: the ascus types are classified by the distribu-
tion of the epistatic allele in the ascus).

The results of this analysis are similar to those of the one-point crosses. No
substantial deviation of crossover frequency in the sp-mat interval from the
standard frequency of 18.29% occurred in any conversion ascus type, whenever
the size of sample is reasonable (as indicated by the p-values given in the table).
Recombination classes Ra and Rp did not show any difference in the crossover
frequency in the sp-mat interval, as shown in Table 2, Parts 1 and 2. Also, these
classes were not different in the degree of fit to the 1:2:1 ratio for the numbers
of chromatids involved in the conversion event and its associated flanking marker
recombination or in recombination in the sp-mat interval (Table 2, Parts 1 and
2, and also Table 3). Through the examination of Part 3, in which the Ra and
Rp classes are pooled, it is clear that the nature of the conversion ascus type at
the g locus does not affect the frequency of crossing over in the sp-mat interval
or the chromatids involved in the conversion event.

For convenience in comparing the interference effect in recombination classes
Ra and Rp in large samples, Table 3 has been prepared. In this table, all ascus
types are pooled within the classes Ra and Rp in one-point crosses and in het-
eroallelic crosses separately. Then both the samples from both kinds of crosses
were put together to apply x* tests on the largest available samples. It is clear
from this table that there is no chromatid interference in either the classes Ra
or Rp, or in the one-point or the heteroallelic crosses. Also there is no chiasma
interference in any grouping.

These observations indicate the following with regard to the relationship of
gene conversion events and conversion-associated recombination to crossing over
in the short secondary interval (the interval next to the one between the con-
verted locus and its flanking marker) in Sordaria: (1) Chiasma interference is
absent. (2) Chromatid interference is absent. (3) There is no difference between
the different conversion ascus types, or between one-point and heteroallelic
crosses. (4) Both of the recombination classes, Ra and Rp, showed complete
absence of interference, even though the former class lacks recombination of
the flanking markers, while the latter class exhibits such exchange.
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PART I1. Asci of normal segregation

Procedure of the experiment: In this experiment, the g locus is represented
by A, rather than g, (commonly used in Er-Ant, Ouive and Krrant 1961; Per-
KINs et al. 1963; and extensive unpublished observation regarding the gene
distances), and the gene alignment of the cross is that of Cross M (sp =+ /s
cor/+ X + mat +-+/i; refer to the APPENDIX).

An average of 14 asci showing the normal segregation ratio at the g locus were
dissected from each ascus cluster. A technique called “after-maturation” has
been applied to all the crossing plates to get homogeneous maturation of nearly
all of the asci and to get better germination of spores. The genotypes of outside
markers sp (secondary marker), mat and cor (flanking markers), were directly
scored through morphological examination of mycelia grown from the dissected
spores which had been transferred on CM+ culture plates. Although ascus dis-
sections were carried out keeping in mind the fact that the MI:MII ratio for the
g locus is 1:2 in the natural population of asci (at 23° cultivation), no attempt
was made to maintain this ratio for individual ascus clusters, and the ratio in the
pooled data shows some distortion (see Table 4).

The crossover analysis in intervals I, II, III and IV (refer to Table 4) was
done on each ascus cluster. The data for each cluster were then pooled, but some
clusters that showed a reversed recombination frequency (100% minus the
expected percentage) in interval II were omitted from the pooling. These clusters
are shown individually in Table 4. This phenomenon is considered to be the
result of somatic recombination in ascogonia (Krrant 1962, 1963).

Recombination frequency in each interval: As shown in Table 4, the recom-
bination frequency in the sp-mat interval (interval II) is 18.0% (excluding
three clusters, #8, #70 and #108). Clusters #8 and #108 showed almost the
reverse of the expected frequency in interval II, and are therefore excluded from
the pooling. Cluster #70 showed an intermediate frequency in this interval,
perhaps due to the structure of this cluster, This cluster was probably composed
of two sectors, one containing the asci with the normal recombination frequency
and the other containing the asci with the reversed frequency. [For the phe-
nomenon of the sectored cluster of asci, refer to Kitant and WHITEHOUSE
(1974) ; this phenomenon is present also in a heterothallic species S. brevicollis,
‘WHITEHOUSE (unpublished observation).]

The recombination frequency in interval III appeared as 0. 9% (Table 4),
which matches well with 0.849, reported by Er-Ant, Orive and Krrant (1961).
On the other hand, the recombination frequency in interval IV appeared some-
what lower than that observed by Er-Ant, Ouve and Kitant (1961); a fre-
quency of 5.99% was recorded in this experiment, while it was 6.83% in the
previous one. However, the confidence limits of these data overlap.

Double crossing over and interference: In the absence of interference, the
expected frequency of double crossing over in the intervals sp-mat (interval II)
and mat-cor (interval III for mat-g and interval IV for g-cor are combined) is
18.0%. The observed frequency of double crossing over is 4.49, (5/13 asci have
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a crossover in interval III or in interval IV; see Table 4). This 0.75 reduction
is statistically significant (p < 0.01), indicating that chiasma interference is
present in the asci showing normal segregation at the g locus.

Three recombinant ditype (NPD; nonparental ditype) asci were obtained in
interval II from a total of 1660 asci (Table 4). The expected number of asci of
this type is seven if interference is absent and less than this number when inter-

ference is in force (NPD :%Tz 1+ —;T) applied effectively by Perkins

1962, in utilizing STRIcKL.AND’s (1958) modification of the formula of Papaziax
(1952). This data and those previously reported in Er-An1, OLive and Krran:
(1961) in which no NPD asci were obtained in the sp-g interval among 633 asci
from various pooled crosses jointly suggest the presence of relatively weak
chiasma interference.

Gene conversion of the outside markers: From a total of 1469 asci in which
genotypes were fully scored for all four spore pairs (e.g., at least one member of
each spore pair in an ascus germinated), ten asci had gene conversion of an
outside marker. The outside markers yielded the following: (1) the sp locus
(proximal secondary marker): a total of five conversion asci, three with excess
of wild type, two with excess of mutant, (2) the mat locus (proximal flanking
marker): no gene conversion, and (3) cor locus (distal flanking marker): total
of five conversion asci, all of them with excess of wild type. For the convenience
of comparison, the result of the conversion analysis of the outside markers
carried out on a total 4350 g-locus conversion asci presented in the APPENDIX is
shown below: (1) sp locus (proximal secondary marker): a total of seven con-
version asci, two with excess of wild type, five with excess of mutant, (2) mat
locus (proximal flanking marker): no gene conversion, (3) cor locus (distal
flanking marker): a total of 12 conversion asci, ten with excess of wild type, two
with excess of mutant.

The chromatid relations of these outside marker conversions to the g-locus
conversion is ambiguous most of the time because all the outside marker conver-
sions fully analyzed so far are the 6:2 type. The common features evident in
the above two sets of data are that the proximal flanking marker mat did not
show any gene conversion, while the secondary marker sp, whose location is
further proximal, and the distal marker, cor, both showed gene conversion.

DISCUSSION

1. Expectation of the presence of interference in gene conversion asci and the
two different results found in different organisms

As indicated in the introduction, interference is expected in an interval such
as sp-mat, close to the locus where gene conversion occurred. This expectation is
based on the notion that: (1) The initiation of a gene conversion event involves
the intimate interaction between two homologous chromatids (DNA double
helices) and one or more of the following processes, “DNA replication,” ‘“het-
eroduplex formation,” “DNA base correction,” “copy and excision,” etc. (2)
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Owing to the intimate interaction between chromatids required in all the models
of conversion, the state of the chromosome is the same as that which causes
chiasmata and, consequently, chiasma interference.

When gene conversion occurs, conversion-associated recombination of flanking
markers is observed in high frequency (even the lowest frequency reported so
far is 209 in the me-7 locus conversion in Neurospora; average 40-459, in the
g locus of S. fimicola, some loci in Neurospora, etc.; and as high as 60-659% in
two loci of Aspergillus nidulans). Conversion-associated recombination appears
to be the same as ordinary reciprocal recombination not associated with gene
conversion. Since there is no apparent difference between ordinary reciprocal
recombination and conversion-associated flanking marker recombination, and
since the relationship of reciprocal recombination to interference at near-by
regions is an established rule of heredity. interference is expected among con-
version tetrads accompanied by flanking marker recombination (recombination
class Rp). This situation should apply to the Rp class even if the conversion
event itself is separated from the mechanism of reciprocal exchange; the other
groups of tetrads that did not show flanking marker recombination (class Ra)
may or may not exhibit interference.

In spite of these expectations, the present analysis on the sp-mat interval
next to the intervals mat-g-cor showed no interference at all, neither chiasma
interference nor chromatid interference, in all the groupings applied. On the
other hand, the present analysis, as well as that of PErkiNs et al. (1963), of non-
conversion tetrads, which represent the relationship between reciprocal recom-
bination and interference, showed the presence of chiasma interference in the g
arm of linkage group I, including the same sp-mat interval.

The lack of interference in S. fimicola in the present and previous studies is
not the sole example of its kind. As shown in Table 5 (pooling and reorganization
were applied by this author to the Tables of Sippror 1962), the recombinant
prototrophs in the paba locus of Aspergillus nidulans did not show chiasma
interference in the y-bi interval in either recombination classes Ra or Rp (flank-
ing markers ad-9 and y; Ra, recombination absent between these, Rp, recom-
bination present between these). Also in Sordaria brevicollis, FieErps and OLIVE
(1967) obtained data indicating the absence of interference induced by gene
conversion and associated recombination of flanking markers, although the sam-
ple in their experiment was not large. The prototroph spores in Aspergillus
analyzed in Table 5 and the wild-type spores in S. brevicollis may have arisen
in three ways: (1) 6+ : 2m type conversion occurred at either mutant site of
the cross, but the other site segregated normally, (2) both sites were involved
in a conversion event, but one site gave rise to normal 4+ : 4m segregation (for
this process, refer to WaiTEHOUSE 1964; the case in which hybrid DNA forma-
tion covers only one site but not the other minimizes or excludes the presence
of this type) and the other site showed base correction to give either 6+ : 2m,
5+ : 3m or 4+ : 4m, or (3) reciprocal recombination occurred between the sites
of alleles employed in the cross. From the first case, there is no double mutant
genotype expected among the sister spores of the octads; from the second case,
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from none to two double mutant spores will occur; and from the third case, two
double mutant spores obligatorily appear in an octad. However, in a majority
of recombination analysis, including the data of Sippiqr, there is no way to
determine which of the above three origins was responsible for the recombinants.
In the case of Sippiqr’s data, the origin of the recombinants, as judged by the
present author, is either the first or second situation but not the third, reciprocal
recombination.

Quite unlike the results seen in S. fimicola, S. brevicollis and A. nidulans, there
are three loci that indicate the presence of chiasma interference accompanied by
the occurrence of recombinant prototrophs or recombinant wild type. These are
shown in Table 6 (modified from an unpublished table of WaiTEHOUSE). In all
three organisms listed, recombination class Ra (Parental) did not show inter-
ference, but class Rp (Recombinant) showed significant interference. These re-
sults agree with one of the expectations that class Rp (R) should exhibit inter-
ference, but disagree with the other expectation that about half of class Ra (P),
subclass RA-2, should exhibit interference, as well as class Rp (R). The absence
of interference in class Ra (P) and the presence in class Rp (R) has been at-
tributed to secondary crossing over without accounting for the role of subclass
Ra-2 (P), (WaitenoUSE 1967 and 1971). The fact that three loci in Table 6, one
each from Neurospora crassa, Saccharomyces cerevisiae and Drosophila melano-
gaster, did not show any sign of interference in class Ra (P), while showing sig-
nificant interference in class Rp (R), suggests that in these loci gene conversion
and conversion-associated recombination have not caused interference, but or-
dinary reciprocal recombination classified in Rp (R) exclusively caused the in-
terference. With this interpretation, the above problem with Ra-2 in class Ra
(P) can be resolved.

The major conclusion of this study is that conversion-associated recombination
behaves differently in some respects from ordinary reciprocal recombination,
regardless of their identical genotype. This conclusion necessitates a reexamina-
tion of our present understanding of the time at which recombination events oc-
cur (Section 2) and of the fine structure of eukaryotic gene loci (Section 3).

2. Is the origin of recombination confined to one mechanism at one time?

Since homologous association of chromosomes is considered a necessary pre-
requisite to genetic recombination, one may ask when this association takes place
and does it occur only at one time to gain further insight into the time at which
the actual exchange process occurs. Although homologous pairing of chromo-
somes is well known to occur in meiotic zygotene, there are many studies that
suggest it is not a unique feature of the zygotene stage. For example, the initia-
tion of pairing has been traced back to premeiotic telophase and in many cases to
syngamy (Kitant 1963; Macuire 1967; Broww and Stack 1968; WAGENAAR
1969; La Cour and WerLs 1970; CoLomBERA 1973; RieceR ef al. 1973; YosHIDA
and Yamacuricur 1973). Moreover, there are now numerous cytological observa-
tions of homologous pairing in somatic cells. Similarly, it is clear that genetic
recombination and conversion are also not confined to meiotic zygotene (Dro-
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sophila: Stern 1936, 1969; Sordaria: Krran: 1962 and this report; Ustilago;
Esposito and Horrinay 1964; Aspergillus: PutramMENT 1964, SHANFIELD and
KArER 1971; Saccharomyces: Horrinay 1964b, Hurst and FoceL 1964, THORN-
ToN and JounstoN 1971, CampseLL 1973; Glycine: Vic 1973, etc.). Recom-
bination and conversion events are therefore assumed to be associated with
homologous pairing of chromosomes regardless of whether the succeeding nuclear
division becomes reductional (meiotic) or nonreductional (somatic). Hence,
there appears to be no a priori reason to expect a cause-and-effect relationship
of phenomena characteristic of meiosis (e.g., synaptinemal complex, synapsis,
chiasma, and zygotene-pachytene DNA synthesis, Horra, ITo and Stern 1966
and Horra and Stern 1974) with each other and with genetic recombination,
in particular with the two kinds of recombination, one causing interference and
the other not, described in this paper.

With regard to the meiotic events noted above, there are other published
reports that suggest that the fidelity of one-to-one or cause-and-effect relation-
ships between these phenomena is not satisfactory to confine the origin of recom-
bination to meiotic prophase. In a heterozygous paracentric inversion in Dro-
sophila, for example, a drastic reduction in the recovery of ordinary reciprocal
recombination and conversion-associated recombination was observed, while
conversion itself was unaltered (CuovNick 1973). In a short paracentric inver-
sion in maize, increased synapsis and unaltered frequencies of crossing over has
been reported (Macuire 1972). In a genetically asynaptic tomato, MoENs
(1969) observed synaptinemal complexes, absence of synapsis, reduced chiasma
frequencies, but nevertheless increased recombination frequencies. On achias-
matic chromosomes (ParcEMAN and RoTr 1971) and in the achiasmatic organ-
ism, Bolbe (Gasswer 1969), perfect synaptinemal complexes were formed
without inducing chiasmata. All of these observations suggest that our present
understanding of the relationship between synaptinemal complexes, chiasmata
and recombination is incomplete.

At the locus level, recombination frequency is the established metric in meas-
uring gene distances. There are numerous cytological and genetical studies in
a wide variety of organisms that support the general validity of this concept.
Although there is not yet a comparable body of evidence supporting the exten-
sion of this approach to mapping site sequencies within a gene, fine structure
maps may be constructed, based upon the frequency of wild-type recombinants
in heteroallelic crosses. In prokaryotic systems, this appears to be a justified
extension. However, in eukaryotic systems, fine-structure maps based upon
recombination frequencies should be viewed with caution, since there is little
independent physical evidence, other than the fact that sites can be ordered,
that bears on this point.

3. Possible relation of the Ra:Rp ratio to the structure of the locus

To expect the accompaniment of chiasma interference exclusively with class
Rp (R) may not be valid as explained above (cf., section 1). For this reason the
structure of gene loci have been reexamined with regard to the existing diversity
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in Ra:Rp (P:R) ratios among species and between loci in a single species. The
Ra:Rp ratios of various loci in Neurospora, Aspergillus and Sordaria are com-

pared in Table 7.

In the Neurospora data, the Ra: Rp ratios for the me-2 locus are roughly 50:50
in the top three rows of the table, but Ra is more frequent than Rp in the rows

TABLE 7-1

Part 1; Neurospora

Ra:Rp ratios in various loci of various organisms

Poaled data from:
Aathor, locus, etc.

Parental (Ra)
1 2

Recombinant (Rp)
3 4

Note

Murray 1969 Table 1.
me-2

Murray 1963 Table 3.
me-2

Murray 1963 Table 2.
me-2

Muzrray 1963 Table 4.
me-2

Murgray 1963 Table 6.
me-2

Murray 1969 Table 2.
me-7

Murray 1969 Table 4.
mac—me-6—me
(a) mac X me-6

(b) mac X me

(c) me X me-6

Fincuam 1967 Table 1.

am

375 577
952
(51.7%)

36 52
88
(60.0%)

222 204
426

(53.1%)

2336 2260
4596
(58.1%)

256 305
561

(57.7%)

599 1329
1928
(77.9%)

213 60
273
(37.4%)
86 22
108
(39.49%,)

75 159
234
(57.7%)

1587 1388
2975

(60.1%)

669 220
889

(48.3%)

27 61
88
(50.0%)

191 186
377
(46.9%)

1665 1645
3310

(41.9%)

159 253
412
(42.3%)

408 140
548

(22.1%)

451 6
457
(62.6%)
163 3
166
(60.6%)

154 20
174
(42.6%)

937 1040
1977

(39.9%)

1, tryp pant 2, tryp™t pan
3, tryp pan 4, trypt pant
Crosses between alleles of
distant allele-groups.

Alleles used in crosses
were obtained from a
single original strain.
Crosses between a group
and y group.

Inter-group crosses.

Crosses within each
allele-groups.

The locus me-7 seems to
contain only a single
cistron.

Genes mac, me-6 and me
are considered by the
original author to be in the
same locus, but apparently
showing difference in func-
tions. Crosses (a) and (b)
are done between the alleles
functionally different.
Crosses were made between
alleles seemingly similar
in functions.

1, sp+ inos; 2, sp inos+
3, sp+t inosT; 4, sp inos
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four and five. The explanation for the high frequency of Ra in the fourth row
data is not easy to find, but for the data in the fifth row it seems reasonable to
consider that this is because all the crosses pooled in this row were made within
particular groups of alleles. The me-2 locus is composed of several clusters of
alleles, and the locus itself is large. Contrasting with the general 50:50 distribu-
tion of recombination classes in me-2, a small compact locus me-7 showed 77.9%
recombinant prototrophs in the Ra class, as shown in the sixth row. A more

TABLE 7-2

Ra:Rp ratios in various loci of various organisms
Part 2; Aspergillus and Sordaria

Pooled data from: Parental (Ra) Recombinant (Rp)
Author, locus, etc. 1 2 3 4 Note
Sippiqr 1962 Table 5. 88 520 22 1067 1,ad y; 2, adt+ y+
paba 608 1089 3,ad y+;4,ad+ ¥
(35.8%) (64.2%) Proximal paba with ad .
S1ppiqr 1962 Table 6. 256 104 508 29
paba 360 537 Distal paba with ad y.
(40.1%) (59.9%)
Pres 1967 Table 6. Actual spore numbers were
lys-51 36.9% 63.1% not given in the original
PxeEs 1967 Table 7. Tables. Therefore, the
lys-51 37.1% 62.9% mean frequencies were
calculated in giving weight
of sample size of each class.
Linkage relations of
conversion loci to the Aspergillus nidulans
outside markers. C—20— pro-1 — 6— lys-51 — 4.5 — paba-2 — 16 — y — 6 — bi-1
Distances in %,
Krrant and Orive 1967, 311 202 Pooled data from 19
1969 and 1970 (58.4%) (41.6%) one-point crosses.
6 : 2m type
Krtani and Ovive 1969 298 32 40 230 1, Ra-1; 2, Ra-2; 3, Rp-2;
and unpublished data 330 270 4, Rp-1. Pooled from
Normal 4~} : 4m type (535.0%) (45.09%) 11 interallelic crosses.
Krrant and Ovive 1967,
1969 and 1970 1234 1010 Pooled from 19 one-point
All ascus types pooled (55.0%) (45.0%) crosses. (39 asci omitted).
Krranr and Ovive 1969
and unpublished data 892 680 Pooled from 11 interallelic
All ascus types pooled (56.7%) (43.3%) crosses. (21 asci omitted).
Linkage relations of
conversion locus to the Sordaria fimicola
outside markers. g

Distance in c.u. C — 46 — sp — 9.1 — mat — 0.4 — locus — 3.4 — cor —
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suggestive difference appeared in the mac-me-6-me locus. In this compound
locus (considered as a single locus, Murray 1969), the crosses between mutants
differing in function (seventh and eighth rows) showed a 40:60 ratio, while the
cross between mutants of similar functions (ninth row) showed the opposite
60:40 ratio. This result suggests that this locus may contain two cistrons, the
crosses between cistrons showing a high frequency of the Rp class, and the cross
within a cistron showing the opposite ratio. Another locus in Neurospora, the
am locus, showed 609, prototrophs in the Ra class, suggesting that this locus
contains only one cistron.

The excess of the Rp class in presumably inter-cistronic crosses, that is,
between the allele groups, could have resulted from ordinary reciprocal recom-
bination, according to the usual observation that distant alleles produce more
“recombinants” than alleles located close to one another. On the other hand, the
Rp class progeny that appeared in presumably intra-cistron crosses may involve
few or no ordinary reciprocal recombinants.

The Ra:Rp ratio for the recombinant prototrophs of the paba locus in Asper-
gillus nidulans are shown in the first and the second rows of Table 7, Part 2.
which is from the same data used in Table 5 as evidence for the absence of
interference. The data from the same organism, but from the neighboring locus
lys-51, are also shown in the same part (rows third and fourth). A common and
almost uniform ratio of 40:60 for the Ra:Rp ratio appeared among these four
groups of crosses.

As stated earlier in the discussion, two fundamental ascus types of gene con-
version (see Ktrani, Orive and Er-Ant 1962, Krrant and Orive 1967, 1969)
and one other type, ordinary reciprocal recombination, are considered to be the
main source of recombinant prototrophs. In most analyses of recombinants, it
is not possible to separate these three possible sources. However, in the g locus
of S. fimicola, the separation of these three can be done very clearly, almost
without ambiguity as regards the epistatic allele. Therefore, the Ra:Rp ratios of
6+ : 2m type and normal 4+ : 4m conversion type (refer to WaITEHOUSE 19643
Krrant and Orive 1967, 1969) are shown in the last half of Table 7, Part 2. In
this apparent single cistron locus, ordinary reciprocal recombination is virtually
lacking. If present, it occurs with a frequency so low as to make a negligible
contribution to the number of double color mutant spores, which are predomi-
nantly products of gene conversion events alone (see Kirant and Orive 1969).
The total conversion frequency is almost uniform from cross to cross, further
suggesting the virtual absence of intra-cistron reciprocal recombination; con-
sequently, there is no presentation of this type in Table 7.

Although the 6+ : 2m type showed a somewhat higher frequency of the Ra
class than the normal 4+ : 4m conversion type, or the pool of all ascus types,
the general tendency is to show a ratio of 55:45 for Ra: Rp proportion. This Ra: Rp
ratio in S. fimicola is a firm value for the recombinant prototrophs of conversion
origin without accountable contamination of ordinary reciprocal recombination,
although apparent reciprocal recombination of conversion origin is involved.
This case is the case that did not show interference with flanking marker recom-
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bination in the second interval from the conversion locus. The data that do not
show interference with flanking marker recombination in addition to the data
in S. fimicola are the data in S. brevicollis by Fierps and Orive (1967) and in
Aspergillus by Siopior (1962, tables 5 and 7). The paba and lys-51 loci both
show a relatively high frequency of the Rp class, and these two loci did not show
any significant difference from each other in the Ra:Rp ratio. This uniformity
of Ra:Rp ratio in different, but near-by, loci is quite distinct from the hetero-
geneous ratios that appeared in the me-2 locus and the mac-me-6-me compound
locus of Neurospora, where multi-cistron or distant-multi-group composition is
strongly suspected (Table 7, Part 1).

From this comparison of the two groups of data in Table 7, characterizing
the presence or absence of interference, the following hypothesis may be con-
sidered: (1) There are two kinds of gene loci, one composed of a single cistron,
the other composed of multi-cistron or distant-multi-group. (2) Each cistron (or
allele group of a large cistron of distant-multi-group composition) has its own
characteristics proportion for the Ra:Rp ratio, and this ratio may be unique in
each organism, each chromosome arm, location on the arm, etc. (3) As a gen-
eral rule, it is proposed that no ordinary reciprocal crossovers occur within a
single cistron (or allele group), but rather they occur between cistrons (or
allele groups), and that only genuine reciprocal recombinations, but neither the
apparent ones nor the other kinds of recombinations of conversion origin, are
responsible for chiasma interference.

In the data examined, the Ra:Rp (P:R) ratios were uniform in the loci in
which wild-type recombinants lacked an association with interference, and the
ratios were heterogeneous among Neurospora loci, one of which showed associa-
tion of interference with its wild-type recombinants. A multicistron locus (rmac-
me-6-me locus) and a large cistron (me-2) of Neurospora showed more wild-
type recombinants, as well as an Rp class (R) in crosses of intercistron or inter-
allele-group, than the crosses of intra-cistron or intra-allele- group of the same
loci and the crosses within a small cistron.

The above facts may indicate that gene conversion events and conversion-
associated recombination (including the apparent reciprocal recombination; for
detail refer to Emerson 1969, and Krrant and Orive 1969), are limited in their
origins occurring within noncompound single cistrons or allele groups, while
genuine reciprocal recombination occurs at the joints of allele groups in a com-
plex or multi-cistron locus. Therefore, the characteristic Ra:Rp (P:R) ratio of a
cistron corresponds to the proportion of prototrophs produced by gene conversion
and conversion-associated recombination, as well as genuine reciprocal recom-
bination between allele groups in a locus.

4. Conclusions

The assumptions developed in the preceding sections suggest the following.
Ordinary (genuine) reciprocal recombination occurs between cistrons, or be-
tween allele groups of a locus having compound composition, and causes inter-
ference. Gene conversion, regardless of whether aberrant or apparent reciprocal



GENE CONVERSION IN Sordaria 489

exchange and associated flanking marker recombination results, occurs within
a cistron and does not cause interference. These two kinds of recombination may
originate at different times in the cell cycle.

The author expresses his sincere thanks to H. L. K. WrITenouse for critical discussions,
the kind supply of unpublished information and the linguistic improvement of the manuscript.

LITERATURE CITED

Brown, W. V. and S. M. Stack, 1968 Somatic pairing as a regular preliminary to meiosis.
Bull. Torrey Bot. Club 95: 369-378.

CampeeLr, D. A, 1973 The induction of mitotic gene conversion by X-irradiation of haploid
Sacchromyces cerevisiae. Genetics 741 243-258.

CarLson, P, S., 1971 A genetic analysis of the rudimentary locus of Drosophila melanogaster.
Genet. Res., Camb. 17: 53-81.

Case, M. E. and N. H. Gies, 1964 Allelic recombination in Neurospora: Tetrad analysis of
a three-point cross within the pan 2 locus, Genetics 49: 529-540.

CuaovNICK, A., 1973 Gene conversion and transfer of genetic information within the inverted
region of inversion heterozygotes. Genetics 75: 123-131.

CHoOVNICK, A., G. H. Barrantyne and D. G. Horm, 1971 Studies on gene conversion and its
relationship to linked exchange in Drosophila melanogaster. Genetics 69: 179-209.

Crmovnick, A, G. H. Batrantyng, D. L. Batuie and D. G. Horm, 1970 Gene conversion in
higher organisms: Half-tetrad analysis of recombination within the rosy cistron of Dro-
sophila melanogaster. Genetics 66: 315-329,

CoroMeERrA, D, 1973 Somatic pairing in Botryllus Achlosseri Pallas (Ascidiacea). Caryologia
26: 27-33.-

Er-Anz, A. S, L. S. Orive and Y. Krrant, 1961 Genetics of Sordaria fimicola. IV. Linkage
group 1. Am. J. Bot. 48: 716-723.

Emerson, S., 1969 Linkage and recombination at the chromosome level. pp. 267-360. In:
Genetic Organization. Edited by E. W, Casparr and A. W. Ravin. Academic Press, New
York.

Esposrro, R. E. and R. Horrinay, 1964 The effect of 5-fluorodeoxyuridine on genetic replication
and mitotic crossing over in synchronized cultures of Ustilago maydis. Genetics 50:
1009-1017.

Fierps, W. G. and L. S. Orive, 1967 The genetics of Sordaria brevicollis. II1. Gene conversion
involving a series of hyaline ascospore color mutants. Genetics 57: 483-493.

Fincuam, J. R, S, 1967 Recombination within the am gene of Neurospora crassa. Genet. Res.,
Camb. 9: 49-62.

FoceL, S. and D. D. Husst, 1967 Meiotic gene conversion in yeast tetrads and the theory of
recombination. Genetics 57: 455-481.

Foger, S. and R. K. MorTiMER, 1969 Informational transfer in meiotic gene conversion. Proc.
Natl. Acad. Sci. U.S. 62: 96-103.

Freese, E., 1957 The correlation effect for a histidine locus of Neurospora crassa. Genetics
42: 671-684.

GAssNER, G., 1969 Synaptonema 1 complexes in the achiasmate spermatogenesis of Bolbe nigra
Giglo-Tos. Chromosoma 26: 22-34.

Houmay, R., 1964a The induction of mitotic recombination by mitomycin C in Ustilago and
Sacchromyces. Genetics 50: 323-335. , 1964b A mechanism for gene conversion
in fungi. Genet. Res., Camb. 5: 282-304.




490 Y. KITANI

Horra, Y., M. Ito and H. Sterw, 1966 Synthesis of DNA during meiosis. Proc. Natl. Acad.
Sct. U.S. 56: 1184-1191.

Horra, Y. and H. SterN, 1974 DNA scission and repair during pachytene in Lilium. Chromo-
soma 46: 279-296.

Hugrst, D. D. and S. Focer, 1964 Mitotic recombination and heteroallelic repair in Sac-
chromyces cerevisiae. Genetics 503 435-458,

Kirani, Y., 1962 Three kinds of transreplication in Sordaria fimicola. Jap. Jour. Genet. 37:

131-146. , 1963 Orientation, arrangement and association of somatic chromosomes.
Jap. Jour. Genet. 38: 244256,

Kirany, Y. and L. S. Orive, 1967 Genetics of Sordaria fimicola. VI. Gene conversion at the
g locus in mutant X wild type crosses. Genetics 57: 767-782. , 1969 Genetics of
Sordaria fimicola. VII. Gene conversion at the g locus in interallelic crosses. Genetics 62:
23-66. ——, 1970 Alteration of gene conversion patterns in Sordaria fimicola by
supplementation with DNA bases. Proc. Natl. Acad. Sci. 66: 1290-1297.

Krrant, Y., L. S. Ouive and A. S. EL-Ant, 1961 Transreplication and crossing over in Sordaria
fimicola. Science 134: 668-669. , 1962 Genetics of Sordaria fimicola. V. Aberrant
segregation at the g locus. Am. J. Bot. 49: 697-706.

Krrany, Y. and H. L. K. Wurtenouse, 1974 Effect of the proportion of parental nuclei in a

heterokaryon on the pattern of gene conversion in Sordaria fimicola. Molec. gen. Genet.
131: 47-56.

La Cour, L. F. and B. WErLs, 1970 Chromocentres and the synaptinemal complex. J. Cell Sci.
6: 655-667.

Macuirg, M. P., 1967 Evidence of homologous pairing of chromosomes prior to meiotic
prophase in maize. Chromosoma 21: 221-231. , 1972 The temporal sequence of
synaptic initiation, crossing over and synaptic completion. Genetics 70: 353-370.

Mircuerr, M. B, 1955 Aberrant recombination of pyridoxine mutant of Neurospora. Proc.
Natl. Acad. Sci. U.S, 41: 215-220.

Mozns, P. B., 1969 Genetic and cytological effects of three desynaptic genes in the tomato.
Canad. J. Genet. Cytol. 11: 857-869.

Murray, N. E, 1963 Polarized recombination and fine structure within the me-2 gene of
Neurospora crassa. Genetics 48: 1163-1183. , 1968 Polarized intragenic recombi-
nation in chromosome rearrangements of Neurospora. Genetics 58: 181-191. ——, 1969
Reversal of polarized recombination of alleles in Neurospora as a function of their position.
Genetics 61: 67-77. , 1970 Recombination events that span sites within neighbour-

ing gene loci of Neurospora. Genet. Res., Camb. 15: 109-121.
Papazian, H. P., 1952 The analysis of tetrad data. Genetics 37: 175-188.

Parcaman, L. G. and T. F. Rorr, 1971 Pachytene synaptonemal complexes and meiotic
achiasmatic chromosomes. Chromosoma 33: 129-147.

Pees, E., 1967 Genetic fine structure and polarized negative interference at the lys-51 locus
of Aspergillus nidulans. Genetica 38: 275-304.

Perrins, D. D., 1962 The frequency in Neurospora tetrads of multiple exchanges within short
intervals. Genet. Res., Camb. 3: 315-327.

Perrins, D. D., A. S. Er-Ang, L. S. Orrve and Y. Kitant, 1963  Interference between exchanges
in tetrads of Sordaria fimicola. Am. Naturalist 97: 249-252.

Prircuarp, R. H.,, 1960 Localized negative interference and its bearing on models of gene
recombination. Genet. Res., Camb. 1: 1-24.

PurraMmenT, A, 1964 Mitotic recombination in the paba 1 cistron of Aspergillus nidulans.
Genet. Res., Camb. 5: 316-327.



GENE CONVERSION IN Sordaria 4901

Riecer, R., A. Micuaewss, I. Scausert and A. MEerster, 1973 Somatic interphase pairing of
Vicia chromosomes as inferred from the hom/het ratio of induced chromatid interchanges.
Mutation Res. 20: 295-298.

SuaNFIELD, B. and E. Kirer, 1971 Chemical induction of mitotic recombination in Aspergillus
nidulans. Genetics 67: 209-219.

Stopiqr, O. H., 1962 The fine genetic structure of the paba 1 region of Aspergillus nidulans.
Genet. Res., Camb. 3: 69-89.

Siopiqr, O. H. and A. PutrameNT, 1963 Polarized negative interference in the paba 1 region
of Aspergillus nidulans. Genet. Res., Camb. 4: 12-20.

StapLER, D. R, 1959 The relationship of gene conversion to crossing-over in Neurospora. Proc.
Natl. Acad. Sci. U. S. 45: 1625-1629.

Stanrer, D. R. and B. Kariva, 1969 Intragenic recombination at the mir locus of Neurospora
with segregation at an unselected site. Genetics 63: 291-316.

Staprer, D. R. and A. M. Towk, 1963 Recombination of allelic systein mutants in Neurospora.
Genetics 48: 1323-1334.

Staprer, D. R, A. M. Towe and J. L. RosioNor, 1970 Intragenic recombination of ascospore
color mutant in Ascobolus and its relationship to the segregation of outside markers. Genetics
66: 429-447.

Sterw, C., 1936 Somatic crossing over and segregation in Drosophila melanogasier. Genetics
21: 625-730. ——, 1960 Somatic recombination within the white locus of Drosophila
melanogaster. Genetics 62: 573-581.

StrickLanp, W. N., 1958 An analysis of interference in Aspergillus nidulans. Proc. Roy. Soc.
B. 149: 82-101.

TaorNTON, R. J. and J. R. Jounston, 1971 Rates of spontaneous mitotic recombination in
Sacchromyces cerevisiae. Genet. Res., Camb. 18: 147-151.

Vie, B. K., 1973 Somatic crossing over in Glycine max (L.) Merrill: Effect of some inhibitors
of DNA synthesis in the induction of somatic crossing over and point mutations. Genetics
73: 583-596.

WaceENAAr, E. G., 1969 End-to-end chromosome attachments in mitotic interphase and their
possible significance to meiotic chromosome pairing. Chromosoma 26: 410-426.

Wanenouse, H. L. K., 1963 A theory of crossing over by means of hybrid deoxyribonucleic
acid. Nature 199: 1034-1040. ——, 1964 A theory of crossing-over and gene conver-
sion involving hybrid DNA. Proc. 11th Intern. Congr. Genet. 87-88. 1967 Secon-
dary crossing over, Nature 215: 1352-1350. , 1970 The mechanism of genetic
recombination. Biol. Rev. 45: 265-315, ——, 1971 Chromosomes and recombination.
Brookhaven Symp. Biol. 23: 293-325.

Warrenouse, H. L. K. and P. J. Hastings, 1965 The analysis of genetic recombination on the
polaron hybrid DNA model. Genet. Res., Camb. 6: 27-92.

Yosuipa, H. and H. Yamacuchr, 1973 Arrangement and association of somatic chromosomes
induced by chloramphenicol in Barley. Chromosoma 43 : 399-407.

Corresponding editor: R. E. EsposiTo

APPENDIX

Gene conversion asci obtained from both one-point crosses and interallelic crosses in Sordaria
fimicola

In this appenDIX, all the asci analyzed in the main part of the report are presented in
abbreviated form. Recombination classes Ra and Rp were separately shown in the presentation
of one-point crosses, but due to a very wide diversity of ascus genotypes in interallelic crosses,
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this was not applied in the presentation of interallelic crosses. The ascus records of all the crosses
included here have been deposited with the Editor of GENETICS. Therefore, it is recommended
that the reader refer to those original records to carry out a detailed examination of the crosses.

The linkage relationship of the g locus to the flanking markers and some relationships of the
alleles in the g locus are shown in Figure 1.

1. One-point crosses

In one-point crosses, five out of six expected varieties of gene conversion asci are morpho-
logically distinguishable as aberrant ascus types; these are shown in Figure 2. There is no way
to distinguish conversion asci of normal 4-}-:4m segregation from the background asci that also
show normal 4-:4m segregation in any one-point cross (A large proportion of conversion asci
of normal 4-:4m segregation are recovered in interallelic crosses; the frequency of this type
can be estimated for each one-point cross (see Kitan:t and Orive 1967, 1969). Therefore, the
data on these five aberrant ascus types are presented in Table 8. In this table, recombination
classes Ra and Rp represent the ahsence and the presence of recombination between the flanking
markers mat and cor, respectively. The recombination subclass Ra-1 represents the lack of
apparent two-strand double crossing over in addition to the absence of recombination; while
Ra-2 represents the existence of apparent two-strand double crossing over, in spite of the absence
of flanking marker recombination. The recombination subclasses Rp-1 and Rp-2 represent the
presence of recombination at the proximal and distal sides of the g locus, respectively.

The asci shown in individual code numbers at the right-hand side of Table 8 have their own
peculiarities (mainly as appears in the captions); their complete genotypes can be found in the
deposited ascus records.

Q. Heteroallelic crosses

Unlike one-point crosses, heteroallelic crosses in the g locus of Sordaria fimicola show wide
diversity in ascus types, like the genotype segregations in the F, generation of a multiple-factor
cross. This is because the two alleles employed in each cross were different in autonomous color
expression in the ascus, and furthermore, the segregation of the six ascus types occurs largely
independently for each allele. However, due to the presence of epistatic relations between alleles,
the number of distinguishable ascus phenotypes is 21 instead of the 81 expected. These are
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Ficure 2.—The fundamental ascus types in one-point crosses. Two examples of aberrant
4:4m asci distinguishable from spore-slippage are shown.

34:5m 2+:6m



493

GENE CONVERSION IN Sordaria

§ 091 (TI0TSA8ATIOO PIIBIIS-},
YO 8¥10d ‘80100 2900 -—~— 96T 8 € B 9 OIF S € 1 T 6EO0F L 9 B DA
§ opr 06vd —— 6¢T L b OL%T 6 L ¥ T € T 938 ¥ 0 B VA %Y
b co1 298V ‘2¥8Y ‘218V 113V -— 66 T 0 01 L8 # 8 BT O 01 e+ 1 8y (9%
§ 611 LUTLV ‘8vIV
‘LPLV 9LV BELV ~—— Bl 3% 1V O L € 8§ I 0 € 2T %56 1 IV (18
§ 6¥1 0STOV ‘eb1OV ‘6eDV  (102)6¢OV ST T T 0 I 1ITST 1138 G 1 1 ¢ GEW 1 OV ('F
§ 81 (81:-F2B0IDV) (LLOV OV — %l I % 0 & 1131 9141 G ¢ I 1 € 1 DV (»'F
§ 111 (@)WY 11T B € T € 110F €161 S+ B 1 03+ I VV w3
b g0t (8y ¢ -4 JueLreqe
3IqUOP LO0TA) ‘89A 6TA ~— I ¥ ¥ € € S8 8§ 8T T B 1 2 0161 1 A w8
h 101 6401830 ~— 66 6 S 1 9 L O 6 € 01 § G 18 T N @n's
Il =8 ZGH ‘B1d ‘114 —— 6, 3% €% 8 . ¥ 6 01 €8 6 T A y
%6 $1¢ 6 91 T € €8 S+ 8111 T ¢ T e
I 611 8zed veed —— ¥ %% TS 10 %% 03T VYT 00 ¢ d am'’y
T (o2)GIGN 9% L € €9 1% TS T T 6 € BO £ 4N Ty
+ o ZVIN “GIN — %, O0}9 S 9T I ¥ O € 0% HO0 00 I W y
LoobT OBTY 16 ‘08 “GLY ‘02 ‘ebN ——— 6¢T %18 € 9¢ $ 1 96 %+ G 805 01 3T p) by
+ o8 1910 0314 ‘G114 ~— ¢ €0 € 2 ¥ L 111 10 1% TS5 % 4 y
+ 6 6.d ~— 96 Q913 9 % 8 € € € 0% €I I ¥ B O By
4+ 118 (F1 +z4ve1v
‘95V) TTIVOIIV6LY  (d9),8V BI§ £ v T €1 15Ve 18686 9 ¥ £ 9 1865 1 v 8
503 (porytoads) suoseal IOYI0 pue ssEd () mr snooy iyal = - & 1~ & I~ & I- dy ey dy ey dg ey (1) opos *J0
puers UONRUTIqUIOdAE Ul LNnHrqime £sn007 8130 wamoys dy ey dy vy wg+g R wWgi-4-g  JUSW  BSOID 53010
0} anp papiuiy JE UOISIDAUO]) (0SB JO wg ¢ we G JURLIQY ~udre Jurod
{Pa3ITeo JoU Bie , YA POYIRUL IDSV) BIqE} B} JO 203, $85SR]Y HOTIRUIQUH0d3T pue sadL) snosy BUBL) -ouQ

wwmnw.QQH THOI] PO 18R JO sIaquuny 3pod Mmﬁmym\fdmvﬂH

$2550.49 JUI0d-2UQ ()F WOLf 198D UOIS4201100 dUIE fo UODIUISILT

8 HIdV.L



Y. KITANI

494

‘peystyqnduy j
b 161 ASOLOHIALTHAA pue INVLTY ||
‘0467 FATIQ) pue INVLIY §
‘696 FATI) pue INVIIY
*JO61 HAII() pue INVLIY L
‘perupnwarddns surtxdy ], (1) ‘peruswrarddns sursopfny (D) ‘pejuetusiddns proe oriuendLxos(] (8) ‘peojumsspddns suruwens
(9) ‘perpwerddns suruepy () ‘pourelqo 01osm [0S8 JURIS(qR 6 ‘PIIUNOD IISE COLTY WOLL (A) *Poulelq0 319 1O5T JURLISER [(] ‘PoIunod 1ose
boobp oIy (AD) fuonipuoo snofAzowoy 'F ur epenr siem sessoIny (1) f] ojqe], 0 18J9y (11) ‘snoof § ur juenwr Aue sjuesvader w - 4 -
ds X 100 w i -~ ‘¢ jnewruBie SueL) 400 - b ds X - w ppud | g yuemuSire susry - - ypus 4 X 409 w 4 ds ‘1 JuowuSie ouss) (1),

(34
19
g1
L9
€l
6517

el

A
corgovd  (402).994
(paafoAul 1240 FuIssoad
parefaIun woTsIAATOD LG 1 (402) ST

“BYIA STILA) 601d 211d (499) 6610
11190 4890 6290 (402) «5rOHA

(4
19
851
AY
174

461

631

SN —
S - 0 —t O

~
©

01 %

(o Je: B e S e i

W o - Y

88

9 ¢ 1 @
01T v L
€1 18 O €28
8 ¥ + ¢l
g 0 € 07
gre G111
6 L T ¢

et e O OY

o 0 Do

I
1
1
[
4

(ung
(M)g

d
(wy
()4

Ld

50

(w) '8
()8

ig
(Y

[

()Y
W

Y

$855049 JU10d-2U0 )7 WO.Lf 195D UOISL371100 2udF [0 UONDIUISIL

perunuol—g YTIVL



GENE CONVERSION IN Sordaria 495

Chromotid| h CORRECTION NO CORRECTION CORRECTION
| te—n + —5—h +—>h
Chrom-\2 (h)site| (pASE SUBSTITUTION) (BASE RESTORATION)
atid 3 (g : (r) {s) (r) (s)| (r) (s) 8
h site site | ¥4 aldAgj+>g ]+t a|dHK o+ +LgitHgidrDg
= 6+:2h 5+ :3h(r) N.4+:4p (1)
S (s)
g + & 44 g U T (s) N (s) S (s) (s) M (s) sl 'm
S = 64128 [5+:38 |N.44+:4g]6+:28 |5+:38 N.4+:4g]6+4:2g 5+:38 N.b4+:ig
& o
) &
& /] é’ T tr) P H (s Q (r) L (s) l {r) (s}
% +25#4 8 i5.:3g Abe:4g|3+:58 | 5+:3g |A4eihg 34:5g |5+:3g  A.4+:dg 3+:5g |
o m
h E +_£rg N (r) H (r) B J (r) D (r} E {r) (r) 9
~ N.4+:4g| 3+:58 N.4+:4@| 3+:5g8 2+:68 {N.4+:4g 3+:58 24:6g %
_A.4+:4h 3+35h(r)
z (s)
2 + 4l g 0 K (s) (s) G (s) s |
13 @ 64:28 | 5+:3g N.d+:d4gl64:2g  S5+:3g N.4+:4g
2 K |F C 2
X (1) (s) () s &
g +24 9 . . . : . . O
oS 5+:3g8 |A.4+:4g 3+:5¢ 5+:38  A.4+:4g 2+:5¢
o 3
= h (r) 0l
) (r) (r)
+>9g P 3+:5gr 2+:6g N.‘H.:Lfg 3+:5(gr) 2+:6g
5 D ofa T 0
gz +& z.(.S) 5 A (s) (¢) E
é E + 9 0 Ol | 6+:28 S+:3g N.4+:l:g
2 \] 2 0@ ‘
% ] (r) (s)
§ Bt~ 8 5+:38  A.4+:4g B+:5g
hg (r) o
z +=>4 G C A N.4+:48 34:5g 2+:68

Ficure 3.—The 21 ascus phenotypes and their 44 genotypes in repulsion heteroallelic crosses.
The presentation of lower-left side is omitted as the genotypes here are mirror image of upper-
right side (refer to Figure 4b, Kxitant and Orive 1969).

shown in Figures 3 and 4, respectively representing repulsion and coupling crosses. Since the
lighter colored allele is always epistatic against the darker colored one, the epistatic allele in
the cross is shown as % (hyaline) and the other as g (grey), regardless of the actual names of
alleles in these figures. These figures do not show all 81 genotypes, but 27 genotypes situated
at the lower-left side are omitted as they are mirror images of the ones at the upper-right side.
The complete figures for 81 genotypes could be found in Figures 3 and 4 of Krrant and OLIvE
(1969). All 81 ascus genotypes have a choice of being in recombination class Ra or Rp. How-
ever, for reasons of space, the actual numbers for these classes are not given. For the same reason
and owing to further difficulty of handling some asci ambiguous in genotype, the presentation
is confined within the visually distinguishable 21 ascus phenotypes, as shown in Table 9.

The asci given in individual code numbers at the right-hand side of the table have individual
peculiarities (mainly as given in the captions); their complete genotypes can be found in the
deposited records. Two asci, exceptionally unique in some aspects, are shown in detail in Table
10. The double aberrant 4+-:4m ascus, V100, could be explained as a rare product of a com-
bination of two exactly the same events of conversion on two pairs of homologues (without
any base correction) and also with flanking marker recombination occurring simultaneously
in these two pairs of chromatids. However, the occurrence of the double color mutant genotype
in the hyaline spore of the wild type-hyaline odd spore pair of Snb48 (spores No. 7 and No. 8)
is not simple to explain, and requires a step so far not yet applied in the models of gene
conversion.
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Ficure 4—The 21 ascus phenotypes and their 44 genotypes in coupling heteroallelic crosses.
Regarding the omitted portion, refer to Figure 3.

TABLE 10
Rare asci of unique genotypes

Double aberrant 4 : 4 ascus V100
(V cross : sp -+ gocor /i X + mat+ 4 /+)

Spore no.

Locus and site i 2 3* 4 5 6 7 8
sp + -+ + + sp sp sp sp
mat mat mat mat mat -+ + + -+
g -+ g + g + g + g
cor cor cor cor cor -+ -+ -+ -+
i i i + - i i + 4

Unusual genotype in the odd spore-pair Snb 48
Snb cross: sp + hyy, cor / + X 4 mathy -+ /1)

Spore no.
Locus and site 1+ 2 3 4 5 6 7 8t
The odd spore pair
mat mat mat -+ -+ mat  mat -+ +
g g* g + + g g -+ st
h h* -+ h h + -+ -+ hi
cor cor cor cor cor -+ -+ -+ -+

* This culture germinated and grew but died later due to bursting of the hyphal tips.
+ Double color mutant spore.



