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SUMMARY

This thesis deals with the molecular mechanisms that underlie homologous recombination
in eukaryotes. Most malecular genetic studies on homalogous recombination have been
performed in budding yeast {Saccharomyces cerevisiae). However, it remains to be
investigated to what extent the results obtained in this unicellular organism can be
extrapolated to other eukaryotes. We therefore initiated a series of molecular genetic
studies on homologous recombination in Aspergifius nidufans. This filamentous fungus is
amenable to most molecular techniques and is phylogenetically closer to higher
eukaryotes than S. cerevisiae; A. nidulans may thus provide a powerful eukaryotic model
system. We have examined meiotic and mitotic recombination events in the nifA-nigD
genomic region of A nidulans. The niiA and niaD genes encode nitrite and nitrate
reductase respectively, and are both required for the utilization of nitrate as a nitrogen
source.

The niiA-niaD region was chosen after a preliminary genetic analysis of meiotic
recombination, which suggested the presence of an initiation site for meiotic
recombination nearby, possibly in the intergenic promoter region (chapter 2).
Subsequently, we designed an assay to analyze the products of recombination in more
detail. As parental strains for a series of two-point crosses, we constructed niA and niaD
mutant strains that differed by nonsense or missense mutations in the niiA and/or niaD
gene and by a series of 11 silent point mutations. We analyzed recombinants selected on
nitrate for the presence or absence of individual mutations to determine the position and
endpoints of conversion tracts. We found evidence for an initiation site for meiotic
recombination in the promoter region located between the niiA and the niaD gene. Such
initiation sites have also been found in the promoter regions of several genes of S.
cerevisiae. Conversion tracts with an average length of 1.5 kb extended from this site into
the niiA gene, the niaD gene or both. Meiotic conversion tracts were continuous in almost
all recombinants. Co-conversion of markers declined steeply with distance from the
proposed initiation site. In crosses where one of the parents harbored an ectopic copy of
the niiA-niaD region instead of the allelic copy, conversion tracts were similar in size and
position to those observed in allelic crosses. Ectopic recombinants were detected at a
significantly lower frequency. The majority of the allelic recombinants but not of the ectopic
recombinants harbored a crossover within the nilA-niaD region (chapter 3).

Some initial molecular genetic studies on meiotic recombination in a higher plant
(maize} have recently been published. In chapter 4, we draw attention to an important
similarity between meiotic recombination in fungi and maize, namely a 5 to 3’ polarity of
gene conversion in the loci analyzed. It is thus possible that maize, like A. nidulans and S.
cerevisiae, has specific initiation sites for meiotic recombination at the 5 ends of its
genes.

We also examined mitotic recombination in a diploid A. nidulans strain with the
same assay system (chapter 5}). The observed patterns of mutations in the haploid
derivatives of the mitotic recombinants suggest that the initiation site for meiotic
recombination that we found in the niA-niaD locus, does not function in mitotic
recombination; furthermore, the patterns suggested that long heteroduplex tracts {> 8.4



kb) are formed during mitotic recombination, and that conversion occurs in paiches within
these tracts. Mitotic recombination differs in these respects from meiotic recombination in
A. nidufans.

SAMENVATTING

Dit proefschift behandeit de moleculaire mechanismen van homologe recombinatie in
eukaryoten. De meeste moleculair-genetische studies naar homologe recombinatie zijn tot
nu ioe uitgevoerd met bakkersgist (Saccharomyces cerevisiage). Nog onbekend is in
hoeverre de resultaten van de experimenten met deze eencellige geéxtrapoleerd kunnen
worden naar andere eukaryoten. Wij hebben ter vergeliking een serie experimenten
uitgevoerd met Aspergilius niduians, een filamenteuze schimmel die zich goed leent voor
moleculaire analyse en bovendien fylogenetisch dichter bij hogere eukaryoten staat dan
gist; A. nidulans kan dus wellicht een zeer bruikbaar model-organisme ziin. We hebben
zowel meiotische als mitotische recombinatie geanalyseerd in het niiA-niaD gebied van A.
nidulans. De niiA en niaD genen coderen voor respectievelijk nitriet- en nitraatreductase;
beide zijn noodzakelijk voor het aanwenden van nitraat als stikstoforon.

Het niiA-niaD gebied werd gekozen na een genetische analyse, waaruit bleek dat
initiatie van meiotische recombinatie vermoedelijk in het intergene promoter gebied tussen
de niiA en niaD genen plaatsvindt (hoofdstuk 2). Op basis van deze informatie hebben we
een aantal A. nidufans stammen gemaakt om additionele details van het recombinatie-
proces te kunnen bestuderen. In elke gebruikte combinatie verschilden deze
ouderstammen, afgezien van de nonsense of missense mutaties in het nffA gen of het
niaD gen (noodzakelijk voor de selectie van recombinanten), door de gerichte introductie
van 11 stille puntmutaties in één van beide ouders (markers). Het systeem werd zo
ontworpen dat de aan- of afwezigheid van elk van deze markers in recombinanten
bepaald kon worden. De patronen van mutaties die in de recombinanten werden
aangetroffen, bevestigden de preferentiéle initiatie van recombinatie in het intergene
promater gebied. Zulke ‘hotspots’ voor recombinatie zijn eerder aangetoond in promoter
gebieden in gist. Conversie-trajecten, meestal ononderbroken, met een gemiddelde lengte
van 1.5 kb liepen vanat het intergene promoter gebied tot in het nilA gen, het niaD gen, of
beide. De co-conversie van markers nam scherp af met de afstand tot het intergene
promoter gebied. Recombinanten uit kruisingen waarbij één van de ouders een
ectopische kopie i.p.v. de oorspronkelijke kopie van het niiA-niaD gebied bezat,
vertoonden conversie-trajecten vergelijikbaar met die in allelische recombinanten, maar
ectopische recombinanten werden met een significant lagere frequentie gevonden. In de\
meerderheid van de allelische maar niet van de ectopische recombinanten werd een’
geassocieerde overkruising aangetroffen (hoofdstuk 3).

Recentslijk zijn enkele moleculair-genetische studies over meiotische recombinatie
in mais gepubliceard. In hoofdstuk 4 wordt de aandacht gevraagd voor een belangrijke
overeenkomst tussen meiotische recombinatie in schimmels en mais, namelijk een sterke




polariteit van conversie. Het lijkt waarschijnlijk dat ook mais, net als A. nidufans en
bakkersgist, beschikt over recombinatie ‘hotspots’ in promoter gebieden.

We hebben ook mitotische recombinatie (in een diploide A. nidufans stam)
onderzocht, gebruik makend van hetzelfde systeem (hoofdstuk 5). De patronen van
mutaties in mitotische recombinanten suggereren dat de meiotische ‘hotspot’ in het
intergene promoter gebied van de nitA and niaD genen, niet functioneel is gedurende de
vegetative levenscyclus. Bovendien lijken mitotische heteroduplex trajecten zeer lang (>
8.4 kb) te zijn, waarbinnen meerdere conversies kunnen optreden. In deze opzichten
lijiken mitotische en meiotische recombinatie in A. nidulans te verschitlen.




1. GENERAL INTRODUCTION

A PH.D. PROJECT

In the spring of 1992, | was invited to contribute to the project "Meiotic and mitotic
recombination and gene conversion in relation to transcription in Aspergillus nidulans” in
the form of this thesis. The project proposal was written by Dr. T. Goosen, Dr. K. Swart,
Dr. H. W. J. van den Broek and Prof, Dr. C. Heyting, all of whom are staff members of the
Laboratory of Genetics of the Wageningen Agricultural University. The project concerned
the study of homologous recombination in filamentous fungi at the molecular fevel,
Aspergillus nidulans was chosen to exemplify filamentous fungi. This ascomycete was
instrumental in the emergence of the fundamental concept of specific initiation sites for
meiotic recombination (reviewed in Whitehouse 1982), but has received little attention in
recent years with respect to the mechanisms that underlie recombination. As these things
go, the choice for A. nidulans was partly pragmatic (few other filamentous fungi are as
accessible to genome maodification), partly laboratory tradition. The route of the project was
to introduce specific mutations into one of the loci of A. nidwlans as molecular markers and
to monitor these in recombinants. This approach has been very informative in other
organisms, particularly the yeast Saccharomyces cerevisiae; the accumulated data obtained
in this organism are therefore the major point of reference throughout this thesis.

The project proposal named the analysis of the relationship between initiation of
recombination and gene transcription as the primary objective. Our aftempts to analyze this
relationship did not provide any indication that gene transcription influences (the initiation of}
recombination in A. nidulans and consequently the focus of this thesis has shifted towards
the mechanism of recombination itself.

HOMCLOGOUS RECOMBINATION

Recombination invalving extensive sequence homolcgy between the interacting DNA
molecules is generally referred to as homologous recombination, to distinguish it from other
types of recombination (e.g., random integration of a transforming DNA fragment, site-
specific recombination, illegitimate recombination and transposition}, which fall beyond the
scope of this introduction. Here, the focus is on homologous recombination between
eukaryotic chromosomes; the term recombination will be used to refer to these events.
Current models of the molecular mechanisms of recombination are based largely on data
obtained in the yeast 5. cerevisiae. The question whether recombination in this unicellular
organism is prototypic for eukaryotic recombination can only be answered by comparative
studies in other eukaryotes. Filamentous fungi are phylogenetically much closer to higher
eukaryotes than S. cerevisiae (Smith 1989), and may thus provide a potent model system.




Figure 1. Conversions and crossovers
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Two interacting (non-sister chromatids of) homologous chromosemes (thin and thick lines) are depicted;
circles rapresent the position of the centromeres, A/a, B/b and C/c are heterozygous markers. If a crossover
occurs {in this drawing between markers A/a and B/b) the markers distal to the location of the crossover are
reciprocally exchanged. In the case of a conversion of marker B the effect is local, but a conversion can be
associated with a crossover.

Recombination is observed as the transfer of genetic information between two
stretches of DNA, either non-reciprocal (a conversion event) or reciprocal (a2 crossover
event) as illustrated in Figure 1. Conversions and crossovers may occur in a single event
and are therefore generally considered mechanistically related {Whitehouse 1982; Petes ot
al. 1991). Recombination during the vegetative cell cycle (mitotic recombination) occurs
primarily in the context of DNA repair and replication; the relation of recombination to DNA
repair is illustrated by the elevated levels of recombination after treatment of cells with DNA-
damaging agenis and by the concerted effects of some mutations on DNA repair and
recombination (Petes ef al 1991; Zhao and Kafer 1994). The high frequency of
recombination during meiosis is the consequence of a programmed introduction of
numeraus DNA lesions by the cell, at least in 5. cerevisiae (see below).

ASPERGILLUS NIDULANS

Figure 2 shows the generative (sexual) and vegetative (parasexual) life cycles of the
homothallic ascomycete A. nidufans. On solid media, mycelial colonies grow from the
vegetative conidiospores or the sexual ascospores, Within the resulting multinuclear
mycelial layer, specialized cells {conidiophores) develop that carry chains of conidiospores.,
Anastomosis occurs readily between hyphae of the same sirain or between hyphae of
different (compatible) strains; the latter event gives rise to heterokaryotic mycelium.
Karyogamy of two nuclei in such a heterokaryon may produce a diploid mycelium and
diploid conidiospores. Mitotic recombination can be observed in a heterozygous diploid
strain.




Meiosis in A. nidulans occurs in a specialized structure {cleistothecium). Within a
cleistothecium, karyogamy occurs in a programmed fashion. The resulting diploid nuclei
immediately undergo meiosis, s¢ that four haploid nuclei are produced; after DNA replication
and a mitotic division, the resulting eight haploid cells differentiate into ascospores. In A.
nidufans, the eight ascospores that originate from a single meiosis remain together in a
separate ascus. If the cleistothecium stems from a heterokaryon, i.e., from two genetically
different (haploid} strains, meiotic recombinants can be identified amaong the ascospores.

Figure 2. The life cycles of A. nidulans
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MEIOTIC RECOMBINATION

The process of meiosis

During meiosis, a dipleid cell undergoes a single round of DNA replication, followed by two
rounds of chromosome segregation {meiosis | and meiosis |1}, so that four haploid cells are
produced from one diploid cell (see Figure 3 for details).

Figure 3. The process of meiosis.
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Schematic drawing of the stages of meiosis. For clarity, only
one set of homologous chromosomes {homologs) is shown
(thick and thin lines). Circles indicate centromeres.

Fusion of two haploid nuclei produces one diploid nucleus.
Prior o meiotic prophase I, DNA replication of each homolog
produces two sister-chromatids. Subsequently, the cell
enters meiosis. Prophase | consumes most of the time
required for meiosis. The homologs are brought into
proximity during a search for homology and align. Non-sister
chromatids of homologs recombine so that corresponding
segments are exchanged (crossover). This results in a
physical connection of the homologs, which in some stages
of meiosis and in favorable arganisms are visibie as
chiasmata. Two crossovers are indicated (X). During
metaphase |, the hamologs, connected by chiasmata, line
up on the spindle. During anaphase |, the chromosomes
segregate 10 opposite poles.

At the end of meiosis | (telophase ), two daughter nuclei
have formed, each with the haploid number of
chromosomes.

During subsequent stages {prophase I|l, metaphase I,
anaphase |l and telophase (i), the sister-chromatids are
separated, so that four (recombinant} haploid cells are
formed. In A. nidulans, an additional cell division precedes
sexual spore formation.
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In meiosis |, the homologous chromosomes align and usually synapse to form a
synaptonemal complex (SC), a tripartite proteinaceous structure (Von Wettstein et al. 1984,
Heyting 1996) observed in most organisms but not in A. nidulans (Egel-Mitani et al. 1982).
After disappearance of the SC (if any), the homologous chromosomes segregate to
opposite poles. Recombination occurs during meiotic prophase |, i.e., after bulk DNA
replication and before the transition to metaphase |, when the pairs of homoiogs orient
themseives in the spindle in preparation of chromosome disjunction. in Ascomycetes, sexual
spore formation may directly follow meiosis as in the yeast S. cerevisiae, or may be delayed

until after a post-meiotic division, so that 8 ascospores per meiosis are formed, as in A,

nidulans.

Detection of recombinants

in fungi that produce eight sexual spores per meiosis, a meiotic cell heterozygous for a

genetic marker M {denoted as M/m) will usually produce 4 M-spores and 4 m-spores, a

normal or Mendelian segregation (denoted 4M:4m). This is not influenced by crossovers

since the genetic information is merely swapped between chromatids. Deviations from this

normal pattern of segregation, jointly referred to as conversion events, are indicative of a

recombination event at the M locus. Usually, two major types of aberrant segregation

patterns are observed.

I) The first major type of aberrant segregation is 6M:2m or 2M:6m and is referred to as
whole chromatid conversion (WCC), since the genetic information present on one
chromatid (both strands) is converted into that originally residing on the homologous
chromosome.

I} The second major type of aberrant segregation, 5M:3m or 3M:5m, is the result of a
transfer of information from a single strand of one chromatid to a single DNA strand of
another at the corresponding locus of a non-sister chromatid of the homolog. This type of
segregation is referred to as post-meiotic segregation (PMS). This term reflects the
segregation of the two strands of the affected chromatid in the first mitotic division after
meiosis. A double PMS (Ab(errant)}4M:4m) is indicative of the symmetric information
transfer of single DNA strands, in contrast to the asymmetric transfer which may result in
5M:3m or 3M:5m segregations (see

I)Figure 4). The frequency of PMS is marker-specific, defining WCC (iow frequency of
PMS) and PMS (high frequency of PMS) markers (reviewed in Petes et al. 1991).

The systematic analysis of aberrant segregations is only feasible in organisms in which

the products of a single meiosis are kept together, as in ascomycetes, and if the

frequency of aberrant segregation is high. Analysis of multiple markers in a single locus
may provide valuable insight into the extent of the region involved in a recombination event.

If recombination frequencies are low, recombinant progeny has to be identified by
selection. This selection is usually accomplished by the use ¢f two-point crosses, in which
recombination between two non-identical markers in one iocus can result in a selectable (or
detectable) phenotype different from either parent. Additional markers flanking the locus are
used for the distinction between reciprocal and non-reciprocal recombination events. This
method allows the analysis of the genetic composition of only one of the two chromatids
involved; consequently, non-reciprocal (conversion) events can only be inferred. Also, the
array of recombinant types that can be recovered by this method is limited by the selective
conditions.
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A third method to investigate the segregation patterns resulting from recombination
events is the physical analysis of recombination intermediates by microscopy or, if meiosis is
synchronous in the majority of the cells, by “real-time” analysis of components of the
recombination systemn; some laboratory strains of S. cerevisiae allow such studies.

A model for meiotic recombination in S. cerevisiae
The model described in this section is a version of the double-strand-break repair model!
proposed by Szostak et al. (1983), modified as proposed by Sun et al. (1991) and
Schwacha and Kleckner {(1995) and is illustrated in
Figure 4.

Recombinational interactions between homologs are initiated at specific chromosomal
locations by the introduction of a double strand break (DSB) in one of the chromatids during
prophase 1; DSBs have been detecied in the promoter region of the ARG4 gene (Sun et al.
1989), in an artificial HIS4-LEUZ2 construct (Cao et al. 1990), upstream of the THR4 gene
(Goldway et al. 1993) and in the promoter regions of the HIS4 and CYS3 genes (Fan et al.
1995; de Massy et al. 1995). On a larger scale, numerous sites of meiosis-specific DSBs
were found in whole chromosomes and in various chromosomal regions; many of these
sites are located upstream of aopen reading frames (Zenvirth et al. 1992; Game 1992; Wu
and Lichten 1994),

It is possible that interhomolog interactions precede the formation of DSBs (Xu and
Kleckner 1995; Rocco and Nicolas 1998). The alignment of the homologous
chromosomes during meiotic prophase | requires a search for homology which may
precede DSB formation, but the precise mechanism and timing of this search is unknown
(Kleckner et al. 1991; Roeder 1995). The observation of recombination between
homologous sequences located at non-allelic positions {ectopic recombination) supports
the view that a genome-wide search for DNA homology precedes chromasome alignment.
Ectopic conversion occurs at appreciable levels in S. cerevisiae, though at frequencies 3-
to 17-fold lower than for allelic positions (reviewed in Petes et al. 1991).

DSBs occur within a region, rather than at a specific site; they consist of nicks on
opposite strands, giving short 5° overhanging termini or blunt ends (Xu and Kleckner 1995;
de Massy et a/. 1995; Liu et al. 1995). The SPOT7T gene product is required for the
formation of DSBs; possibly, this protein catalyzes the primary cleavage reaction in a
topoisomerase-like and sequence non-specific fashion (Xu and Kleckner 1995; de Massy
et al. 1995; Liu et al. 1995; Keeney ef al. 1997). The DSBs are rapidly processed by a 5-
3’ exonuclease activity to give 3' single-stranded tails of several hundreds of nucleotides;
no evidence for substantial resection of the 3’ ends has been obtained, implying that no or
very little genetic information present on the broken chromatid is lost in the process (Sun
et al. 1991, Bishop et al. 1992; Xu and Kleckner 1995; de Massy et al. 1995; Liu et al.
1995). In a non-null mutant of the ARADS0 gene (rad50S), the processing of DSBs is
blocked and non-resected breaks associated with the SPO771 gene product accumulate
(Alani et al. 1990; Keeney ef al. 1997).

12
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Figure 4. A modet for meiotic recombination in S. cerevisiae

A. Recombination is initiated ‘at specific
chromosomal locations by the introduction of
a double-strand break (DSB) in one of the
chromatids during prophase |. DSBs occur
within a region, rather than at a specific site;
the primary reaction is a topoisomerase-like
and sequence non-specific cleavage, which
results in short 5' overhanging termini or
blunt ends.

B. DSBs are rapidly processed by a 53’
exonuclease activity to give 3' single-stranded
tails of several hundreds of nucleotides.
Invasion of the other chromatid by the 3’ tails
results in single stranded gaps (GAP) and
asymmetric heteroduplex regions (hDNA).
C. Processed DSBs are converted into
branched joint molecules (JMs) which
consist of four parental (non-crossover) DNA
strands, joined by a double Holliday junction.
No interrupted strands were observed, which
suggests a rapid repair of the single
stranded (and possibly small double-
stranded) gaps, which originate from the
resection of the broken ends. The region
encompassed by the two Holliday junctions
contains two duplexes of hybrid parental
origin. If the heteroduplex region is enlarged
by movement of the Holliday junctions
{branch migration), symmetric heteroduplex
regions (sym) flank the asymmetric regions.
Segregation patterns for PMS and WCC
events are denoted; those that will go
unnoticed are between brackets.

D. In vitro, the JUMs are resoived into
recombinant and non-recombinant producis
by Holliday junction resolving enzymes,
which supports the view that reciprocal and
non-reciprocal recombination events share a
common intermediate. The example shows
resolution into a crossover, arrows indicate
the cut strands.




Recently, evidence has been obtained for a transition of processed DSBs into
branched joint moiecules (JMs} at the HIS4-LEUZ, ARG4, THR4 and TRPT loci (Schwacha
and Kleckner 1994, 1985). The transition probably involves the RAD57 and DMCT gene
products; like the bacterial RecA enzyme, Rad51 and Dme1 form nucleoprotein filaments on
ssDNA and promote strand exchange in vitro (Modrich 1991; Shinohara et al. 1992; Bishop
et al. 1992). RADST and DMCT are required for connecting the homalogs {Rockmill ef al.
1995). JMs consist of four parental {non-crossover) DNA strands linked by two Holliday
junctions (Schwacha and Kleckner 1994, 1995). No interrupted strands were observed,
suggesting a rapid repair of the single stranded (and possibly small doubie stranded) gaps,
which originate from the resection of the broken ends. In meiosis, JMs form preferentially
between non-sister chromatids {Schwacha and Kieckner 1994). The region encompassed
by the junctions contains two duplexes of hybrid parental origin (Schwacha and Kleckner
1995). Invasion of the homolog by the 3 single-stranded tails of the broken chromatid
generates mismatches if heterologies are present in the transferred single-stranded DNA
segments. The heteroduplex thus generated is confined to one of the homologs
(asymmetrical). Schwacha and Kleckner {1995) have reported the absence of mismatches
in JMs at the HIS4-LEUZ locus, which suggests that, like the single-stranded gaps,
mismatches are readily repaired.

In vitro, Holliday junction resolving enzymes can resolve JMs into crossover and non-
crossover praducts. This suggests that reciprocal and non-reciprocal recombination events
share a common intermediate (Schwacha and Kleckner 1995; Storlazzi et al. 1995). In vivo,
recombinant (crossover) molecules appear at the end of prophase |, prior to or concurrent
with transition into metaphase | (Padmore ef al. 1991). Interestingly, heteroduplex DNA
containing mismatches has been detected at this stage but not at earlier time points;
heteroduplex DNA with mismatches detected at the end of prophase | may be the result of
branch migration of the Holliday junctions and will consequently be symmetrical (Goyon and
Lichten 1993; Nag and Petes 1983; Schwacha and Kieckner 1994; Storlazzi et al. 1895).

According to the model described above, WCC (6:2 segregation) and PMS (5:3 or
Ab4:4 segregation) are the consequence of repair or the absence of repair, respectively, of
mismatches contained in a heteroduplex (reviewed in Nicolas and Petes 1994). Repair of a
mismatch may lead to either conversion {6:2 segregation} or restoration (4:4 segregation),
depending on which strand of the heteroduplex is used as the template. Absence of
mismatch repair leads to PMS {5:3 segregation} if the heteroduplex is asymmetrical and to a
double PMS (Ab4:4 segregation) if the heteroduplex is symmetrical.

Polarity of recombination
The frequency of aberrant segregation of a marker is dependent on the position of the
marker within a locus. Characteristically, a 5 to 3’ gradient in the frequency of WCC is
observed in a series of one-point crosses in S. cerevisiae {reviewed in Nicolas and Petes
1994). A notable exception is the HIS2 gene, where highest WCC frequencies are found for
3' markers {Malone et al. 1992). Sun et al. (1991) noted that the frequency gradient
observed in the ARG4 gene correlates well with the size distribution of the 3' tails of the
broken chromatid. The frequency of both WCC and PMS has been investigated in the HIS4
gene; while a clear 5' to 3" gradient was found for WCC markers, for PMS markers this was
not the case (Detloff ef al. 1992). The gradients of WCC in the ARG4 and HIS4 genes
appear to be biphasic: a steep curve close to the initiation site and a less steep curve further
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away; the gradient of PMS in the HI54 gene shows the same steep curve close to the
initiation site, but a constant frequency further away (Nicolas et al. 1989; Detioff et al. 1992),
This suggests an influence of mismatch repair systems (that do not efficiently detect PMS
markers) on the extension of heteroduplex regions by movement of the Holliday junctions
(Alani et al. 1994).

In a two-point cross system, meiotic polarity of WCC is observed as a preferential
conversion of one of the alieles. This has been observed in a range of organisms and
appears to be a general phenomenon (Whitehouse 1982).

Meiotic recombination in A. nidulans

Tetrad analysis in A. nidufans is extremely laborious and this method has been
reported only once (Strickland 1958a); among 1642 hybrid asci examined for a number of
loci, Strickland found 6 asci that displayed a non-Mendelian segregation. For individual loci,
the frequency of aberrant segregation was found to range from 1/120 to 0/1142. In S.
cerevisiae, frequencies range from 0.5% to 30% for individual alieles (Petes ef al. 1991).
Consequently, meiotic recombination in this organism is usually analyzed by the selection of
recombinants among the ascospores produced in two-point cross systems. Meiosis is not
synchronous in A. nidulans cleistothecia, precluding “real-time” analysis of recombination.

The adE (Pritchard 1955, 1960), adF (Calef 1957}, pabaA (Siddiqi 1962), lysF (Pees
1965, 1967) and brfA (Clutterbuck et al. 1992) loci have been examined genetically;
additional molecular data are available only for the briA locus. In each case, the frequency
of conversion of an allele was found to be dependent on its genetic location (polarity). The
adE, adF, pabah and briA loci show a high frequency and a low trequency end, while for the
lysF locus alleles located on both sides of the locus show a high frequency of conversion
when compared to internal alleles. For the brfA locus, polarity was determined 1o be 5'to 3",

In summary, the available data on meiotic recombination in A. nidufans do not
contradict the model described above: polarity of conversion is a feature of all loci examined,
and is 5' to 3 for the briA gene; conversion is often accompanied by a crossover.

MITOTIC RECOMBINATION

Detailed molecular analysis of mitotic recombination in eukaryotes has so far been largely
restricted to the yeast S. cerevisiae, despite the importance of this process for DNA repair,
mammalian antigen and immunoglobulin production, and its possible role in the
development of cancer (Roeder and Stewart 1988). Like meiotic recombination, mitotic
recombination includes non-reciprocal exchanges {conversions} and reciprocal exchanges
{crossovers), presumably through a heteroduplex intermediate (reviewed in Petes et al.
1991}, In S. cerevisiae, mitotic recombination during both the G1 phase and the G2 phase
has been observed (Fabre 1978; Espositc 1978; Roman and Fabre 1983; Fabre et al.
1984).

In A. nidulans and in mammalian cells, the G2 phase is substantially longer than in .
cerevisiae {Bainbridge 1971; Bergen and Morris 1983). Therefore, mitotic post-replicational
recombination may be more frequent in A. niduians than in S. cerevisiae (Osman et al,
1993). The frequent recovery of parental chromosomes from recombinant diploids has
prompted the assumption that all mitotic recombination occurs after DNA replication in A.
nidufans (Whitehouse 1982), although this has not been systematically investigated. All
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studies on mitotic recombination in A. nidufans have been restricted to genetic analysis;
as in S. cerevisiae, polarity of mitotic conversion is low or absent in A. nidulans (reviewed
in Whitehouse 1982, and in Petes et al. 1991).

OUTLINE OF THIS STUDY

Selection of a iocus
The aim of the experiments presented in chapter 2 was to establish whether the niiA-niaD
locus of A. nidufans {Figure 5) could be used to analyze some of the molecular aspects of
recombination events in a filamentous fungus. The major prerequisites for such a model
system were I) a strong polarity of conversion, which would indicate a recombination
initiation site nearby, and 1) a general frequency of recombination that would allow the
collection of a sufficient number of recombinants.

Figure 5. The crnA-niiA-niaD gene cluster of A. nidulans

crnA nifA, t—p niaD
=]

bria

CEN v1i|\/\ facC

The locus is drawn to scale. CEN, centromere; P, promoter region. Arrows indicate the direction of
transcription. The facC and briA loci, used as flanking markers in crosses, are located 26 map units
centromere-proximal and 10 map units centromere-distal to the niiA-nial locus, respectively. The ¢rnA gene
product is involved in nitrogen uptake (Unkles et al. 1991).

At the start of the project, we had essentially two options. One of the loci in the A.
nidufans genome that had previously been shown to display polarity of meiotic conversion
could be cloned and sequenced. This would guarantee suitability of the locus beforehand,
but would require a considerable investment of time and maoney. The alternative strategy
would be based on the assumption that promoters of gene transcription are preferred
initiation sites of meictic recombination and that consequently meiotic polarity of conversion
is a property of many if not all genes, as predicted by most data on meiotic recombination in
S. cerevisiae and other fungi. Aithough it inserted an amount of risk into the project, we
opted for this second approach and selected the niiA-niaD region, a locus which had already
been cloned and sequenced.

The niiA-niaD region
The niiA gene (encoding nitrite reductase) and the niaD gene (encoding nitrate reductase)
are located on the right arm of chromasome VI of A. niduians {Johnstone et al. 1990). The
products of these genes are essential for the utilization of nitrate as a nitrogen source.
Nitrate reductase catalyses the conversion of nitrate to nitrite, which is converted to
ammonium by nitrite reductase {Cove 1979). The niiA and niaD genes have several assets
that were useful for our purposes:
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!) Recombinants among the progeny of twe-point crosses can be easily selected on
medium with nitrate as the only nitrogen source. This is essential as intragenic meiotic
recombination frequencies i A. nidulans are generally foo low {less then 0.5%) to allow
analysis of unselected progeny (Whitehouse 1982). Also, mitotic recombinants derived
from a diploid strain can be identified with the use of a simple plate-assay based on the
same selection.

I} The whole region of the genome cantaining the nit& and niaD genes (depicted in Figure
5) has been cloned and sequenced; it contains a bi-directional promoter region that
directs transcription of the adjacent niA and njaD genes (Johnstone et al. 1990). A third
gene, croA, involved in nitrogen uptake, is located centromere-proximal to riA and is
transcribed from a separate promoter immediately downsiream of niA (Unkles er al.
1991).

[I)Selection on nitrate can be used in both intergenic and intragenic crosses involving niA
and/or niaD alleles to identify recombinants. We would therefore be able to analyze both
intergenic and intragenic recombination in a single genomic region.

V}Transcription of the niA and niaD genes is subject to nitrate induction and ammonium
repression (Cove 1979; Punt et al. 1991). This would allow us to (indirectly) analyze the
influence of transcription on recombination by varying the nitrogen sources during
Crosses.

V) A large number of miA and niaD alleles were already available (Tomsett and Cove 1979).
This would facilitate the necessary preliminary check for polarity of meiotic conversion in
this region. Mareover, a number of niaD alleles had been partially sequenced to identify
the position and type of the mutations. These alleles and the sequence information have
been kindly made available to us (Peter Strike, personal communication). The use of
these alleles would greatly increase the value of an analysis of meiotic recombination in
the niaD gene, since it would allow a correlation of recombination frequencies and
physical position and type of the mutations involved.

A recombination assay

The principle conciusion drawn from the genetic analysis of recombination in the nfiA-niaD

locus (chapter 2) is that canversion is highly polarized within the niaD gene. Also, the range

of recombination frequencies in the niiA-niaD locus (3 to 384 per 107 viable ascospores)
allowed the collection of sufficient numbers of recombinants. Thus the niiA-niaD locus

appeared to be suitable for our purposes. This served as a basis for the design of a

recombination assay, which consisted of a set of strains harboring neutral mutations in the

niiA-niaD region, which could be detected by restriction enzyme analysis. A similar assay
system was previously used for the analysis of recombination in S. cerevisiae (Nicolas et al.

1989) and Schizosaccharomyces pombe (Grimm ef al. 1994).

We have examined meiotic recombinants obtained from allelic intergenic (niA-niaD)
crosses and from, both allelic and ectopic, intragenic (nfaD/niaD) crosses; mitatic intragenic
recombinants were obtained from a heterozygous {niaD/niaD} diploid strain. In chapter 3,
the analysis of meiotic recombinants with the use of this system is described. Chapter 5
describes the analysis of spontaneous mitotic recombinants. Details on the construction of
the necessary strains are given in Figure 16 (page 69). The system was designed to
generate answers to the following questions:
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) Are recombination events that lead to functional restoration of the riiA-niaD locus in two-
point crosses initiated in the intergenic promoter region?

I} Does induction of franscription during crosses quantitatively or qualitatively influence the
recombination process?

IhWhat is the extent of the genomic region involved in individual meiotic recombination
events? What happens in this region during recombination?

IV)Does the type and position of the introduced heterologies influence the outcome of the
recombination event?

V)How does meiotic recombination compare with mitotic recombination in the above
respects?

VI)Is meiotic recombination in the nitA-niaD region influenced by the chromosomal context
{allelic vs. ectopic) of this region?
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The data presented in this chapter have been previously published as: Polarity of meiotic
gene conversion is 5 to 3 within the niaD gene of Aspergillus nidufans. Molecutar and
General Genetics 247, pp. 343-350 (1995).

SUMMARY

We have examined polarity of meiotic conversicn in the niiA-niaD gene cluster of A. nidulans
in two-point crosses. The type and position of the mutations represented by the niaD alleles
and the correlation between the relative frequency of conversion and the physical position of
these mutations were determined. We show that polarity of meiotic conversion is 5' to 3'
(transcribed strand) within the niaD gene. Additional crosses involving a niiA allele and a
niaD alleie show a low polarity of conversion, which suggests that the recombination events
leading to restoration of the niaD gene are initiated upstream of the coding region of the
niaD gene but within the niiA-niaD gene cluster, possibly within the intergenic promoter
region.
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INTRODUCTION

Genetic recombination embodies the conflicting concepts of stability and flexibility of the
genome as the primary carrier of genetic information. In vegetative cells, interchromosomal
recombination is suppressed to a low level, ensuring faithful transmission of the genetic
material to the daughter cells and repair of DNA damage. In contrast, cells undergoing
meiosis display strongly elevated levels of recombination, which results in a wide array of
gametic genotypes. Recombination events are observed in the progeny as an exchange of
chromosomal markers {crossing over) or the non-reciprocal transfer of information
{conversion) between the interacting non-sister chromatids (see Figure 1, page 8).

In several organisms, including Drosophila melanogaster, filamentous fungi and
yeast, polarity of meiotic conversion has been demonstrated in most of the loci analyzed
{reviewed by Whitehouse 1982). Within these loci, the frequency of conversion of a marker
allele is primarily dependent on the location of the marker within the locus: markers on one
side of the locus show a higher frequency of conversion than markers on the other side.
Qriginally proposed by Holliday (1964}, the most widely accepted interpretation of polarity of
conversion is that there is a specific site at the high frequency side of a locus where
recombination events between the interacting non-sister chromatids can be initiated during
meiatic prophase 1. Starting from this initiation site, a tract of heteroduplex of variable length
is formed between strands of the non-sister chromatids. Subseguent mismatch repair may
lead to conversion or restoration of a marker located within the heteroduplex tract. Markers
located close to the initiation site will show a higher frequency of conversion than mare
distant markers as the probability that a marker is included in the heteroduplex tract {and
subject to mismatch repair) declines with distance from the peint of initiation (Helliday 1964).
A model for meiotic recambination in S. cerevisiae is presented in
Figure 4 (page 13).

Support for this interpretation was provided by the molecular analysis of meiotic
conversion in the ARG4 and DED81-DEDB82 genes of yeast, where a bipolar initiation site of
meiotic recombination is located within the ARG4 promoter region (Nicolas ef al 1989,
Schultes and Szostak 1990). Like the ARG4 locus, the HIS4 locus of yeast (White et al.
1991) and the briA locus of A. nidutans (Clutterbuck et al. 1992) show 5’ to 3 polarity of
meiotic conversion, suggesting that promoter regions may serve as initiation sites. The
binding of transcription factors but not transcription per se has been implicated in the
initiation of recombination at the HIS4 locus {(White et al. 1993). In contrast, the polarity of
meiotic conversion is 3 to 5’ at the HIS2 locus of yeast (Malone et al. 1992).

The main aim of the work presented here was to establish whether the niiA-niaD gene
cluster of A. nidufans is a useful model system to investigate the initiation of meiotic
recombination events in relation to gene transcription at the molecular tevel in filamentous
fungi. Prerequisite for such a modet system is a strong polarity of canversion in one or both
of these genes. We have examined the properties af meiotic conversion in the niiA-niaD
gene cluster (Figure 5, page 16) using a series of alleles in two-point crosses. The niiA gene
{encoding nitrite reductase) and the niaD gene (encoding nitrate reductase) are located on
the right arm of chromosome VIl of A. nidulans and are divergently transcribed from an
intergenic promoter region (Johnstone et al 1990). Both genes are subject to nitrate
induction and ammonium repression at the transcription level {Punt ef al. 1991). We have
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determined the physical position of the mutations in the nine nial alleles used in this study,
and the carrelation between the location of a mutation and its relative frequency of
conversion. We show that polarity of meiotic conversion is 5 to 3' within the niaD gene.
Additional data suggest that the initiation site of conversion events resulting in restoration of
the niaD gene is located upstream of the coding region of the niaD gene but within the miiA-
niaD gene cluster, and polarity in the niA gene may not be strictly 5" to 3°.

RESULTS

Crosses

To distinguish between reciprocal and non-reciprocal recombination events leading to
functional restoration of the niiA-niaD gene ciuster, five tester strains carrying facC301 and
briAd2 as outside markers were constructed by crossing the appropriate strains (Table 5,
page 64). Analysis of unselected progeny from these crosses confirmed that the facC
marker is located 26 map units proximal to niiA, and the briA marker is 10 map units distal to
nial {(Clutterbuck 1993). The lester strains carried either the niaD1017 (WG440 and
WG441), the niaD1078 (WG453 and WG454), or the niifd (W(G468) allele. Subsequently,
niiA and niaD mutant strains were crossed with these tester strains. Recombinant progeny
colonies showing wild type growth on nitrate as sole nitrogen source were isolated and
tested for all markers (Table 1).

The frequency of recombination at the nifA-niaD gene cluster varied a 100-foid
between crosses, but was also found to vary widely between cleistothecia of one cross; in
Table 1 average frequencies are given. Highest frequencies were detected when the tester
strains carrying the niaD1017 or niaD1078 alleles were crossed to strains carrying
centromere proximal niaD alleles and in intergenic nitA-niaD crosses.

in each cross, approximately half (55% on average} of the nitrate-utilizing progeny
carried a non-parental set of outside markers and only one of the two possible non-parental
sets of the outside markers (R1 and R2 in Table 1) was predominantly found for each
combination of alleles. If we assume that this bias is the consequence of crossovers
between the mutant sites, the genetic order of the alleles used in this study is: niA18, niiAd,
niiA10, (niaD17, niaD21, niaD35, niaD169), niaD1017, (niaD15, niaD20, niaD124),
niaD1078 {centromere proximal to distal, brackets indicating unresolved internal order).

Location of the niaD mutation

To allow for a correlation between the physical position and relative conversion frequency of
the markers, the location and nature of the mutations in the niaD1017 and niaD1078 alieles
were determined by partially sequencing PCR products; for the other niaD alieles this
information was already available (Table 2). Identified genetically as point mutations
(Tomsett and Cove 1979), three of the alleles were found te harbor a small deletion
(niaD1017 (1 bp), niaD20 (13 bp) and niaD124 (9 bp)). The location of the mutations match
the relative order derived from crossover frequencies perfectly with the exception of
niaD1017 and nfaD21, which show a reverse physical order.
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Table 1 .Melotic recombination in the niiA-niaD gene cluster.

flanking marker combinations®

Parental genotypes"

P1 P2 R1 R2
Type of cross allele x frequency® # scored oo "o o "

A. Intragenic (niaDiniaD)

giaDI0Ar g niaD35 384 125 5 36 53 6
niaD17 98 217 8 41 45 6
niaD169 15 a5 1 46 37 6
niaD21 4 168 17 28 47 8
niaD15 3 88 28 16 16 40
niab20 " 63 24 1 7 43
niaD124 14 134 37 12 16 35
niaD1078 4 70 43 8 B 43
niaD35 126 146 3 40 53
B aDx niaD17 12 143 8 49 41
niaD169 45 57 7 32 51 10
niaD21 25 93 9 40 44
niaD15 15 53 1 33 46 10
niaD20 3 98 8 42 41
niaD124 7 60 7 35 50
B. Intragenic (rmiA/niiA)
niiAd niiA1B 24 142 9 36 47 8
e nitA10 30 63 16 27 9 43
C. Intergenic (niiA/niaD)
i niaD1017 413 85 14 26 53
naD1078 342 86 17 25 52 6

2 The constitutions of the parental strains are drawn. Functional genes are white, non-functional genes are
gray. A black square represents the presence of the mutant allele of the corresponding outside marker {facC
on the left, briA on the right}, a white square the wild type allele.

b the frequency of recombination is denoted per 10° viable ascospares.

° The four combinations of outside markers (parental: P1, P2; recombinant: R1, R2) are schematically drawn
and given as the percentage of the recombinants analyzed per cross (# scored): P1, facC briA; P2, facC*
brin*; R1, facC briA"; R2, facC* briA. The most frequent P and R combinations for each cross are bold-faced.
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A possible explanation for the reverse genetic order of niaD1017 and niaD21 could be
that the amino acid change resulting from the point mutation in niaD21 (Gly to Asp) is not
the cause of the niaD phenotype of the strain carrying this allele, and a second mutation is
located 5’ to the equivalent position of the niaD1017 mutation. To investigate this possibility,
strains carrying the nfaD1017 and niaD21 alleles were transformed with two DNA fragments
{Hincll fragment A {bp 1460-1898} and Hinctl fragment B (bp 1899-2408). The positions of
the Hincll sites and fragments are depicted in Figure 6B. The strain carrying niaD1017 could
be rescued with fragment A and the strain carrying niaD2t with fragment B (data not
shown). This is in agreement with the positions of the niaD1017 (bp 1715} and niaD21 (bp
1918) mutations as determined by sequencing. Although these experiments do not exclude
the possibility of secondary mutations, they do demonstrate that the niaD21 allele does not
carry a second mutation 5’ to niaD1017.

Conversion

If nitrate-utilizing progeny colonies harboring one of the two parental sets of outside
markers (P1 and P2 in Table 1) are interpreted as conversion events, our data for crosses
involving two niaD alieles show an absolute correlation between the relative map positions
of the markers as determined from the crossover frequencies and the polarity of
conversion: in all crosses, the proximal marker is preferentially converted (Figure SA).
Given the location of the mutant sites of the niaD alleles used in this study, this shows
that, in general, polarity is §' to 3'in the niaD gene (Figure 6B). Although not extensive, the
data generated with niiA alleles suggest a different situation for the niiA locus. A uniform
polarity of conversion is not apparent as extreme marker alleles (niiA18 and niiA10) are
preferentially converted relative to nitA4 (Figure 6A). Polarity is low when crosses involve a
niiA and a niaD allele.

Table 2. Position and nature of mutations in n/aD alleles.

allele position” rmutation affect

niaD35 133 G to Atransition amino acid substitution: Glu to Lys
niaD17 655 G to Atransition aminoacid substitution: Gly to Arg
niaD169 1251 G to A transition aminoacid substitution: Gly to Arg
niaD1017 1751 1 bp deletion framashift

niaD21 1918 G to Atransition aminoacid substitution: Gly to Asp
niaD15 2058 G to A transition intron-exon boundary disrupted
niaD20  2342-2354 13 bp deletion frameshift

niaD124  2569-2577 9 hp detetion deletion of Glu-Arg-Phe

niaD1078 2842 T to A transversion amio acid substitution: Asn to lle

# The position of the mutations is given relative to the niaD ATG codon {Johnstone et &/, 1990).
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Figure 6. Polarity of conversion in the niiA-niaD gene cluster of A. nidulans.
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Panel A. The x-axis shows the genetic position of the niiA and niaD alieles as deduced from the recombination
analysis {Table 1), P represents the intergenic promoter region. One line represents the resutt from a cross
between straing carrying the alleies corresponding to the end paints of the line. The percentage conversions of

the parent alleles is given on the y-axis.

Panel B. The x-axis shows the physical location of the niaD mutations as determined by sequencing (Table 2).
At the bottom the niaD gene is drawn to scale, P represents the promoter region, the arrow shows the direction
of transcription and shaded boxes represent introns; B = Bgll, E = EcoRl|, H = Hincll; Hingll fragments A and B

have been used in transformation experiments (see text).
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Correction for secondary crossovers

Due to the considerable genetic distance between the niiA-nial} locus and the outside
markers, a fraction of the recombination events leading to restoration of the niiA-niaD locus
will be incorrectly classified as a crossover or a conversion as a consequence of crossovers
between the niiA-niaD locus and the outside markers. In an attempt to correct our data set
for these misinterpreted events, we have made the following assumptions. ) The
recombination event leading to restoration of the niiA-niaD locus is either a conversion to
wild type of the left hand allele (COL), conversion to wild type of the right hand allele (COR)
or a crossover between the mutant sites (CRQO). Since we have confirmed by determining
the physical location of the mutant sites that genetic mapping, based on crossover
frequencies, provides a good (but not a perfect} order of the niaD alleles, CRO must account
for a considerable number of recombination events. Since we are unaware of the precise
mechanism of recombination in filamentous fungi, we have assumed that the COL, COR
and CRO events are independent. However, if the initiation point of the recombination
events is not located between the mutant sites, recombination tracts must cover the first
mutation to result in a CRO. This may render CRO and COL/COR events interdependent. (1)
The recombination event leading to restoration of the niiA-niaD locus does not alter the
genetic distances between the facC, niiA-niaD and brfA loci. This may be a reasonable
assumption, as chiasma interference has been reported absent in A. nidulans (Strickland
1958b}. Furthermore, re-analysis of the data previously obtained for recombination at the
adE locus (Pritchard 1955) paint in this direction. In this case, two outside markers (pabah
and yA) on the left side of the adE locus were included in the crosses. The pabaA marker is
located 15 map units to the left of adE, the yA locus is adjacent to the adk locus (0.3 map
units). Among progeny colonies, selected for recombination at the adE locus, the genetic
distance between the pabaA and yA loci varied from 15 to 21 map units, depending on the
adt allele used. This suggests that the genetic distance between two loci is not severaly
affected by a recombination event nearby.

The line of reasoning for the correction of our data is the following. True conversion of
the right hand allele {COR) may be misinterpreted as the consequence of an accompanying
crossover between the facC and nifA loci {COR/XL), a crossover between the niaD and briA
loci (COR/MXR) or both (COR/XL/XR). Other recombination events {COL and CRO) may be
misinterpreted as a COR as a consequence of secondary crossovers (COL/XL/XR and
CRO/XR). The fraction of the progeny colonies that is expected to have undergone a
crassover between facC and miiA (XL) is, based on the genetic distance between the two
loci, 0.26. Similarly, XR is 0.10. Therefore, in a cross where the right hand allele carries the
facC and briA markers, the P1 category (Table 1) equals COR - 0.26xCOR - 0.10xCOR -
0.026xCOR + 0.026xCOL + 0.10xCRO. The P2, R1 and R2 categories (Table 1) can, in a
similar fashion, be dissected. The equations and the resolution of these equations are given
in Table 3.

The corrected data set {Table 3) shows several remarkable features. 1) The polarity of
conversion in the niaD gene is more pronounced than in the raw data set: conversion of the
3’ allele is dramatically lower than in the raw data set. Il) Polarity is low when the mutant
sites are close together and in intergenic crosses. lll} In all crosses a high percentage of the
nitrate-utilizing progeny colonies is classified as the consequence of a crossover between
the mutant sites.

25




Table 3. Correction of the data for secondary recombination events.

Legend

COL, percentage conversion
of the left allele after

cross allele x COL COR CRO correction;

COR, percentage conversion

parental genotypes” recombination event®

) DD g D35 28 3 7 of the right allele after
O0— :l_w —O  niaD17 44 2 54 correction;
niaD169 61 7 32 CROC, percentage crossovers
niaD15 26 22 52 between mutant sites after
niaD20 15 15 70 correction;
niaD124 46 17 a7 XL, predicted fraction of
niaD1078 49 5 49 re“com‘bmatnon events at th.e
niiA-niaD locus accompanied
niaD35 35 -8 73 by a crossover between the
niaD17 63 -2 a9 facC and niiA loci (026),
niaD169 24 4 72 XR, predicted fraction of
. recombination events at the
niaD15 29 10 B1

nitA-niaD locus accompanied

7ab20 48 5 46 by a crossover between the
miaD124 29 2 689 briA and niaD loci (0.10);
nid18 13 5 62 P1,P2, R1, R2 as in Table 1.
niiA10 -8 a2 76

niaD1017 8 1" 81

niaD1078 6 14 80

nfidd

Correction procedure: sources of the outside marker combinations (P1, P2, R1, R2 in Table 1} if the right
hand allele carries the facC and brlA outside markers and assuming that {I) conversion events {COL and COR)
and crossovers between the mutant sites (CRO) are independent and (II) the genetic distance between the nifA-
niaD locus and the outside markers is not affected by the restoration event at the riiA-niaD locus (see text):
P1=[COR] - [COR/XL] - [COR/XR] - [COR/XL/XR] + [COLXL/XR] + [CRO/XR]

P2 = [COL] - [COL/XL] - [COL/XR] - [COLXL/XR] + ICOR/XL/XR] + [CRO+XL]

R1 =[CROQ] - [CRO/XL] - [CRO/XR] - [CRO/MXL/XR] + [COR/XR] + [COL/XL]

R2 = [COL/XR] + [COR/XL] + [CRO/XL/XR]

Equaticns for the reverse situation (the left hand allele is accompanied by the facC and briA markers) are
identical, but the P1/P2 and the R1/R2 categories have to be interchanged. The equations can be used to
extract correction formuiae for COL, COR and CRO:

COL = 1.837x[P2] - 0.286x{P1] - 0.765x{R1] + 0.787x[R2]

COR = 1.265x[P1] - 0.127x[P2] - 0.192x[R1] + 0.846x[R2]

CRO = 2.102x[R1] - 0.551x[P1] - 0.962x[P?] + 0.587x[R2]

The data for the cross involving the niaD1017 and niaD21 could not be corrected due to conflicting data on the
genetic and the physical position of the mutant sites (see text).
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DiscussION

Frequency of recombination
Polarity of meiotic conversion has been detected in a large number of loci in both lower and
higher eukaryotes and appears to be a general phenomenon. In A. nidufans, polarity of
conversion in two-point crosses has been reported for the adk, pabaA, lysF and briA loci
{Pritchard 1955; Siddigi 1962; Pees 1967; Clutterbuck et al. 1992). In each case, the
frequency of conversion of an allele was found to be dependent on its gensatic location. The
acE, pabaA and briA loci show a high frequency and a low frequency end, while for the lysF
locus alleles located on both sides of the locus show a high frequency of cenversion when
compared to internal alleles. In these studies, progeny colonies harboring a restored locus
were recovered at frequencies of up 1o 510 per 10° viable ascospores (pabaA locus). In
crosses wuth different niaD alleles, we found comparable frequencies, ranging from 3 up to
384 per 10° viable ascospores. It is noteworthy that the frequency of recombination in the
niaD gene appears to be dependent on the location of the mutant sites, as crosses involving
5’ alleles show higher frequencies than 3’ alieles.

Crossovers
The percentage crossovers (non-parental set of outside markers) among total recombinants
reported for the A. niduians loci is 79% (adE}, 61% (pabah), 62% (lysF) and 55.4% (briA).
As a rule, one of the two possible crossover configurations of outside markers is
predominantly found. In our crosses, 55% of the recombinants had a non-parental set of
outside markers. We have determined the physical location of the mutant sites in the niaD
alleles and have shown that the genetic order of the alleles, based on crossover
frequencies, is in good agreement with the physical location of the mutant sites. This
strongly suggests that a large fraction of the nitrate-utilizing progeny have arisen through
recombination intermediates that are resolved as a crossover between the mutant sites. A
similar suggestion has been macde by Whitehouse (1982).

Polarity of conversion
In most genes examined at the molecular level the direction of meiotic polarity of conversion
is 5 to 3. Generally explained as the consequence of fixed or preferred initiation sites for
recombination, 5’ to 3' polarity of conversion implicates the pramoter regions of these genes
in the initiation of recombination. Here we present evidence for 5' to 3' polarity of meiotic
conversion in the niaD gene of A, nidulans. Our observations are in agreement with models
on recombination, which propose specific sites where recombination is initiated, subsequent
heteroduplex formation, and resolution of the intermediate (Radding 1982, Szostak et al.
1983). The inclusion of one or both of the mutant sites in heteroduplex tracts must be highly
dependent on the distance between the point of initiation and the mutant sites to account for
the observed differencas in recombination frequency between crosses invalving §' or 3’ niaD
alleles, and the strong polarity of conversion.

The low polarity in crosses involving a nifA and a niaD allele suggests that the gene
cluster contains an initiation site for recombination events, possibly within the intergenic
promoter region, as reporied for the ARG4 and HIS4 loci of yeast (Nicolas et al. 1989, White
et al. 1891). The bi-directional polarity in the niiA gene, although not thoroughly documented
in this study, can be interpreted as the consequence of initiation points on both sides of the
niiA gene. The location of this putative centromere-proximal initiation site may be the
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promoter region of the crnA gene {Unkles ef al. 1991), located immediately downstream of
the niiA gene (see Figure 5, page 16). This bi-directional type of polarity is also found for
other loci, including the lysF locus of A. nidulans (Pees 1967).

We have attempted to correct our data set for crossovers between the niiA-nial gene
cluster and the outside markers. Correction of the data does not alter our principle
conclusion that polarity of meiotic conversion in the niaD gene is 5'to 3'.

Conflicting results

As neither the niaD1017 nor the niaD21 allele show apparent aberrant behavior in other
crosses and we have confirmed the physical order of the two mutations by transformation
experiments, the interpretation of the outcome of the cross involving these alleles remains
difficuit. The equations used for correction of our data could not be applied to the
niaD1017/niaD21 crass as the consequence of conflicting genetic and molecular data on the
location of the mutant sites. In current models on recombination that entail the formation of a
heteroduplex as an intermediate in the recombination process (Radding 1982, Szostak et al.
1983), the frequency of conversion of a marker depends, apart from the distance of the
mutant site from the point of initiation, on the efficiency of the repair of a specific mismatch.
This could account for a reversal of the polarity of conversion for a specific pair of marker
alleles. However, this does not clarify the reversal of the genetic positions found for the
niaD1017/niaD21 pair of alleles. Possibly, the close proximity of these mutations (203 bp) is
of crucial influence on the repair of the mismatches included in a heteroduplex and/or the
resolution of recombination intermediates.
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