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Abstract

The mycelial fungus Sordaria macrospora was first used as experimental system for meiotic
recombination. This review shows that it provides also a powerful cytological system for
dissecting chromosome dynamics in wild-type and mutant meioses. Fundamental cytogenetic
findings include: (1) The identification of presynaptic alignment as a key step in pairing of
homologous chromosomes. (2) The discovery that biochemical complexes that mediate
recombination at the DNA level concomitantly mediate pairing of homologs. (3) This pairing
process involves not only resolution but also avoidance of chromosomal entanglements and the
resolution system includes dissolution of constraining DNA recombination interactions, achieved
by a unique role of MIh1. (4) Discovery that the central components of the synaptonemal complex
directly mediate the re-localization of the recombination proteins from on-axis to in-between
homologue axis positions. (5) Identification of putative STUbL protein Heil0 as a structure-based
signal transduction molecule that coordinates progression and differentiation of recombinational
interactions at multiple stages. (6) Discovery that a single interference process mediates both
nucleation of the SC and designation of crossover sites, thereby ensuring even spacing of both
features. (7) Discovery of local modulation of sister-chromatid cohesion at sites of crossover
recombination.
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1. Introduction

Recent interesting results concerning the formation of DNA double-strand breaks (DSBs)
and their processing into crossing over (CO) or non-crossover (NCO) products are the
extension of an over 80 year long progression of studies on meiotic recombination in which
fungi like Neurospora crassa, Sordaria macrospora and Sordaria fimicola played a central
and often pioneering role. The fantastic advantage afforded by the recovery of all four
meiotic products within a tube-like cell (ascus), in a linear order has allowed several
founding concepts of inheritance.
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First, utilization of ascospore colour-mutants provides easy detection of pre- and post-
segregation of allelic pairs, thus allowing to directly “read” if, yes or no, a CO has occurred
between the spore-colour gene and its centromere (Fig.1A). Moreover, meiosis is followed
by a post-meiotic mitosis, again without spindle overlap, giving a linear series of eight
haploid nuclei. Each of these nuclei represents therefore the genetic character of one of the
eight DNA strands of the four chromosomes produced by meiosis (e.g. [1,2]). This is how,
using two linked markers of N. crassa, Lindegren [3] showed definitively in 1933 that CO
occurs at the “the four-strand stage” and involves only two of the four chromatids: one from
each of the homologous chromosomes, with the centromeres segregating at the first meiotic
division. Also, detailed analyses of linkage data of multifactor crosses revealed that positive
CO interference, first discovered by Sturtevant [4] and Muller [5] in analyzing the ratio of
observed to expected double COs in Drosophila, is a general feature of recombination [6].

Second, in 1934, Heinrich Zickler [7] (no relation to the author) showed that aside from the
usual 2:2 parental color-marker segregation in heterozygous crosses of Bombardia lunata, a
small percentage of asci contained 2:6 and 6:2 black and white ascospores (see equivalent
segregation in Sordaria Fig.1A, arrow). He named this phenomenon “conversion” (now
usually called “gene conversion”). The existence of such events was “rediscovered” in
budding yeast by Lindegren [8] in 1953 and definitively demonstrated in V. crassa by
Mitchell [1] in 1955, with the use of linked markers on either side of the studied locus.
When 2:6 segregation was observed at the pyridoxine locus, the linked markers segregated
with normal 2:2 ratios, indicating that the aberrant segregation occurred at the pyridoxin
mutant site and not as a consequence of aberrant chromosome segregation. Molecular
analysis of recombination has confirmed that in 1:3 segregations DSBs interact with their
homologous partner but without accompanying exchange of their flanking regions resulting
in non-Medelian segregation of the studied marker (review in [9-11]).

Third, the discovery of S. fimicola asci with postmeiotic segregation, in which both parental
alleles appear in mitotic segregants from a single chromatid, provided direct evidence for the
presence of heteroduplex DNA at a site. (i) 5:3 and 3:5 segregations were first described by
Olive in 1959 [12]. (ii) Kitani et al. [13] reported the existence of “aberrant 4:4”
segregations, which arise through a reciprocal exchange between the two subunits of
different parental chromatids. (iii) Leblon [14] showed that there is a strong correlation
between the mutagenic origin of the mutations and the type of non-mendelian segregation
patterns, since understood to reflect biases of the mismatch repair process with respect to the
nature of the mismatch.

Fourth, using white spore-color mutants of the Ascomycete Ascobolus immersus (with non-
ordered 8-spored asci), Lissouba and Rizet showed [15], that intragenic frequencies of gene
conversion decline from one end of a gene to the other. Moreover, in heteroallelic crosses,
the converted allele was always on the same side of the gene, relative to the other allele,
suggesting that recombinational events had preferential starting and ending sites [16].
Confirmation of “polarity” was obtained from studies of several other genes, and in other
fungi, substantiating the concept that gene conversion reflects the non-reciprocal transfer of
information from one parental DNA duplex to the other parental duplex during meiosis
(reviewed in [10,17]). Polarity across genes is also consistent with the presence of initiating
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hotspots of recombination in flanking regions (e.g. [17]), now confirmed by high-resolution
mapping of recombination events through direct molecular analyses of DNA sequences
(review in [18,19]).

Fifth, the frequency of various types of asci with aborted non-colored ascospores and the
order of those aborted ascospores in the asci revealed both several types of chromosome
rearrangements (translocations, duplications, etc) and how far the rearrangement breakpoint
is from the centromere (e.g. [2,20-22]). Translocations were also used to map genetically all
linkage groups, and to assign them to the respective chromosomes [23].

The S. macrospora cell cycle affords also several advantages for the study of meiosis per se
(see Supplemental materials and Supplemental Fig. 1). Being homothallic the fungus is able
to enter the sexual cycle from a single ascospore. Self-fertility is interesting because it
allows the direct recovery of recessive and dominant mutants after mutagenesis as well as to
directly obtain haploid (and then homozygous diploid) versions of molecularly transformed
strains. Also, all perithecia contain over 100 eight-spored asci/meiocytes and 100% viable
ascospores.

Sordariales provide also a powerful system for visualizing and dissecting chromosome
dynamics in wild type and mutants. The small chromosomal size of most fungi was long
considered as a handicap for the study of meiosis. However, Barbara McClintock was right
when she said in her 1961 conference “You may think they (prophase chromosomes of A.
crassa) are small but when you look at them, they get bigger and bigger and bigger” (cited in
[24]). And in fact, thanks to new cytological tools, mycelial fungi, and especially S.
macrospora (with larger asci and nuclei than N. crassa, see also Supplemental Materials for
detailed comparison) provide powerful systems for cytological analyses of the early steps of
homologous pairing for at least four reasons.

First, in both wild-type and mutant meioses, prophase stages can be identified independently
of chromosomal morphology on the basis of nuclear volume and ascus size, which increases
progressively from 10 um after karyogamy to 150 um at the end of prophase. Also, clear
changes in overall chromatin conformation (by DAPI) allow easy sub-staging of pachytene
nuclei [25,26]. Second, contrary to most eukaryotes, the two sets of homologous
chromosomes are in separated nuclei before entering meiosis [27,28]. Thus, as their first
contacts occur only after karyogamy, homologous juxtaposition cannot involve contributions
resulting from pre-existing pairing (review in [29,30]). Also, premeiotic replication occurs
just before karyogamy, which thus defines a clear “start” for the study of meiotic stages
(review in [31]). Third, chromosome axes are developed by early leptotene, making it
possible to follow axis status and spatial relationships among different chromosomes over
early periods, especially because the seven chromosomes can be easily identified by length
differences (e.g. [25,27,32-35]). Finally, as in higher plants, meiosis usually proceeds to its
end even when severe recombination or SC defects are present, rather than arresting as in
yeast and mammals, thus facilitating complete multi-stage analysis of mutant defects.

This chapter focuses on topics that have been of central importance to our laboratory and
surveys our recent progress in delineating the links between meiotic recombination and
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pairing. Trying to understand the coordination between chromosome pairing, synapsis and
recombination in Sordaria allowed us to provide many unexpected insights into these aspects
of meiosis. It allowed also to uncover complex networks of interactions among axis
components and recombination plus synaptonemal complex proteins.

2. The four steps of chromosome co-alignment require DSBs and the MusS

homolog Msh4

One of the most fascinating features of meiosis is the fact that homologous chromosomes are
able to identify one another and come together in the rather “crowded” early leptotene
nucleus (Fig. 1B). What have we learned thus far from Sordaria analyses concerning the
juxtaposition of homologous chromosomes (prior to installation of the synaptonemal
complex) during early prophase?

Pioneering three-dimensional EM reconstructions from serial sections of karyogamy,
leptotene, zygotene, pachytene and diplotene nuclei [27] and recent analyses using
fluorescent-tagged proteins and/or high resolution microscopy have revealed that
homologous chromosomes come together in four distinct steps. (i) Just after karyogamy,
homologues are far apart with no evidence of any specific relationship (Fig. 1B) and their
ends/ axial elements (AEs) are already attached to the nuclear envelope [27]. (ii) By mid-
leptotene most homologous chromosomes have moved into rough long-range co-alignment
with a tendency for telomeres to co-align first. Although there is a general tendency for
shorter chromosomes to align first, there is no individual chromosome rule for the
progression of pairing from one nucleus to the other. (iii) At end of leptotene, all
homologous pairs are co-aligned along their entire length at a distance of ~ 400nm (Fig. 1C).
Similar complete co-alignment prior to SC formation (synapsis) was also observed in .
crassa, Coprinus and higher plants [36-39] and also in budding yeast in absence of Zipl, the
synaptonemal complex central-component [40]. (iv) Homologs then become aligned at
~200nm separation and stay perfectly aligned at this distance along their entire length
through late leptotene. At stages (iii) and (iv), homolog axes are connected by bridges which
appear to include both DNA, as suggested by DAPI-stained bridges (Figure 2G) and
recombination proteins as suggested by two-by-two association of Mer3 foci in Sordaria
(Fig. 1D), by RPA bridges in human spermatocytes [41] and by bridges with associated
nodules in spread SCs of A/lium [39].

The mechanism(s) by which homologous chromosomes identify one another and achieve co-
alignment remain(s) an unsolved problem. However, in Sordaria, as in most organisms,
recombination as initiated by DSBs, is the central mediator of co-alignment (review in [19]).
In the absence of DSBS, i.e. in Sordaria spol1 null, spo11™705N and ski8 null mutants,
homologues do not align or do so only rarely (Fig. 1E; [32,33]). Co-alignment defects in
these cases are not attributable to absence of the corresponding proteins, but to the absence
of DSBs per se, because exogenous DSBs induced by Gamma irradiation can restore co-
alignment in 20% of the meioses. However, the extent of alignment is variable, suggesting
that programmed DSBs mediated by Spo11/Ski8 occur with tightly regulated positioning of
DSB sites [32,33].
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Pairing is also dependent upon, and mediated via, early post-DSB stages of DNA
recombination. At the DNA level, one end of a DSB interacts with the homologous position
on a homolog partner duplex to form a nascent D-loop [11]; however, concomitantly,
unknown events cause whole homologous chromosomes axes to come together in space. In
Sordaria, involvement of recombination proteins is indicated by the fact that the mismatch
repair MutS-homolog Msh4, which binds to branched DNAs and stabilizes early
recombination structures [42], is involved in specifying distance between co-aligned axes.
When Msh4 is absent, homologues co-align but at a distance of 600-800nm, rather than the
400nm seen in wild type (Fig. 1F, compare with 1C) suggesting that Msh4 participates
directly in the determination of the inter-axis distance.

Moreover, analysis of Sordaria nuclei lacking Msh4 provided two new insights into the
pairing process. First, in wild type, pairing is highly coordinated throughout each nucleus
(Fig. 1C); in contrast, msh4D nuclei show a mixture of completely co-aligned pairs and
others, which are either only aligned in short regions (often at telomere regions) or still
completely separated (Fig. 1G). Such mixture points to per-chromosome and/or per-region
asynchrony of co-alignment-related events in the mutant. Second, while msA4D mutant
defects are visible at early leptotene, the biochemically-defined role for Msh4 occurs at
zygotene [11]: perhaps Msh4 acts during pairing to stabilize nascent D-loops. Third, Msh4
foci appear only at early zygotene on synapsing regions [35]. Thus, Msh4 plays a central
role in homologous juxtaposition and co-alignment at one stage preceding both its supposed
enzymatic role and its cytologically visible localization [35]. Meiotic helicase Mer3 protein
is also involved (Fig. 1H), as discussed below.

3. Chromosomes co-align before bouquet formation

Co-alignment is accompanied by telomere-led chromosome movements, which culminate in
the well-conserved meiotic configuration called the bouquet. An important prerequisite for
these movements is the attachment of all chromosome ends to the nuclear envelope (NE).
Attachment occurs at early leptotene (as revealed by serial sections analyzed in EM; [27])
and in yeasts requires the SUN protein Mps3, Ndj1/Taz1 and Csm4, which link telomeres to
movement-mediating components of the cytoskeleton [43,44]. In wild-type Sordaria
meiosis, chromosomes first co-align at a distance of 400-200nm before entering into the
bouquet (Fig. 1C). Bouquet forms progressively first into sub-clusters in a loose bouquet
configuration (Fig. 11). It is only at late zygotene-early pachytene that all chromosome ends
are clustered in a small area of the NE (Fig. 1J). This timing implies that telomere-led
movements and the bouquet are not required for homolog co-alignment. This conclusion is
directly confirmed by treating young Sordaria asci with the cytoskeletal inhibitors
nocadazole or cytochalasin D, which probe respectively the roles of microtubules and actin
microfilaments. In either treatment, asci remain blocked with homologs perfectly co-aligned,
but with chromosome ends distributed throughout the nuclear volume (like in Fig. 1C; DZ,
unpublished). Thus the bouquet plays no, or only a minor role in pairing. While first
described in Sordaria[25], similar uncoupling of pairing and bouquet formation was further
observed in several other organisms (review in [25,44,45]). Also, in budding yeast, high
levels of chromosome movements occur only at zygotene/pachytene, thus again after pairing
[46,47]. Interestingly, also, while co-alignment is mediated by DSBs, bouquet formation and
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thus chromosome movement during leptotene are both independent of DSBs formation and
the downstream process of recombination: in Sordaria, bouquet forms in the absence of
Spoll, Ski8 (Fig. 1K), Mer3, Msh4 and Mlh1 [33, 35].

Chromosome movements are required at a second step of prophase: the release from the
bouquet configuration at mid-pachytene. As during its formation, bouquet release is
progressive before final dispersal of all chromosome ends (Fig. 1L). Release is also
mediated by cytoskeleton components: when asci are treated with cytoskeletal inhibitors at a
stage when they are at the zygotene-pachytene stage, meiosis stops progression in the
bouquet configuration. Also, while not necessary for formation of the bouquet, Spol1, Ski8,
Mer3, Msh4 and Mlh1 are required for timely bouquet resolution, which is highly delayed in
their absence in Sordaria [33, 35] and in budding yeast, worm and mouse [48, 49].

Thus, although the existence of a clear temporal link between bouquet formation and
homolog juxtaposition during pairing, the bouquet is not the main mediator of that
juxtaposition. Bouquet formation and pairing could be in fact concomitant components of a
general nuclear reorganization (starting by release of the Rabl centromere clustering at
meiosis onset) rather than being linked by a simple cause-and-effect relationship (review in
[25,50]). Nevertheless, exit from the bouquet could help to destabilize ectopic recombination
interactions and essentially help to resolve chromosome interlocks (see below). Plus, the fact
that exit, and not entry into the bouquet is under the control of the recombination process
could indicate that the bouquet works as a checkpoint sensor to evaluate the status of the
chromosome and/or the CO recombination process before allowing completion of synapsis.

4. Preventing and resolving interlocks: involvement of recombination
proteins Mer3, and Mlh1l

Mer3 and MIh1 are direct participants in the DNA events of recombination. Mer3 is a
meiosis-specific 3'-5" helicase that stimulates Rad51-mediated DNA heteroduplex
extension and stabilizes recombinational interactions [51,52]. The mismatch repair protein
MhI1 is implicated at a later stage, in finalization of CO recombinational interactions during
pachytene [11,53]. In Sordaria, in correspondence with their times of action during pairing
and recombination, foci of Mer3 (and Msh4, above) are observed prior to and during SC
formation whereas, in many studied organisms, foci of MIh1 are not visible until after
completion of synapsis [35,54-57]. Moreover, in Sordaria, by the time homologue axes are
co-aligned at ~200nm, Mer3 foci are exclusively on axes and they mostly occur at matching
sites (Fig. 1D). This configuration, and the correlated fact that the total number of all Mer3
foci is double that of Rad51 foci at this stage, suggest that Mer3 foci mark both DSB ends,
one associated with each axis [35].

Absence of Mer3 confers no defect in DSB formation but produces strikingly aberrant co-
alignment, in two respects. First, in contrast to wild-type meiosis where all chromosomes in
each nucleus exhibit synchronous pairing configurations (Fig. 1C), in mer3D nuclei,
chromosomes exhibit either absence of co-alignment or different states of partial co-
alignment, implying both asynchrony and inefficiency. Second, at what should be early
pachytene by ascus size, this defective co-alignment yields strikingly “interwoven”
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chromosomes (Fig. 1H). This phenotype points to the existence of a process by which wild-
type chromosomes avoid, or at least minimize, such configurations, with Mer3 required for
that process. Interwoven chromosomes is the outcome one might expect if, in the mutant
situation, long-range DNA connections between homologues were made all throughout the
genome prior to onset of co-alignment which, when it does occur, simply locks in the
already present meshwork of interactions. In accord with this interpretation, the first
discernible defect of mer3D meiosis is a long delay in the onset of co-alignment. Thus, the
further implication of the mer3D phenotype is that, during wild-type meiosis, establishment
of a long-range DNA/partner connection at one position is followed rapidly by axis
juxtaposition at that position. This would not only draw the two involved regions into a
regular arrangement, but would increase the likelihood of juxtaposition at nearby positions,
thus resulting in fast propagation of co-alignment along the involved pair of chromosomes.
The role of Mer3 could thus be to ensure that establishment of a long-distance contact is
rapidly followed by initiation of spatial axis juxtaposition [35].

Analysis of Sordaria m/h1D mutant enabled to show that aside being a central participant in
recombination, MIh1 is also required for interlock resolution. Initiation of SC formation at
two or more sites along a pair of homologues creates a potential risk that any chromosome
or bivalent located between the points of association will be entrapped. Occurrence of such
interlocked chromosomes, as well as the existence of mechanisms that resolve such
entrapments, are manifested by significant levels of interlockings at zygotene, and their
absence at pachytene (review in [29,30,58]). In wild-type Sordaria, interlocked
chromosomes are already observable at late leptotene (Fig. 1M), implying that they occur as
part of the pairing process, and 20% of the zygotene nuclei show at least one entanglement
(Fig. IN). However, at pachytene, no interlocks are visible and the presence of 100% 8-
spored-asci in all perithecia demonstrates that they are all resolved.

In the absence of MIh1, although onset of co-alignment is delayed by 12h for unknown
reasons, chromosomes do then co-align and ultimately fully synapse. However, strikingly,
67% of the pachytene nuclei exhibit at least one or two bivalents with a non-synapsed
region, of variable length. Moreover, 70% of these non-synapsed regions correspond to
interlockings, in which the entrapped chromosome (either a single chromosome or a
synapsed pair of homologs) is still present in the open region (Fig. 10). The other 30%
likely represent cases of “left-behind regions” that did not re-synapse after resolution [35].

The mechanism of interlock resolution is unknown, but two models are commonly proposed.
Relying on the fact that transient breakages of axes are often seen at the sites of
interlockings (Fig. 10), one model suggests DNA topoisomerase Il to catalyse the passage
of the trapped chromosomes (review in [58]). The other model suggests a role of the bouquet
to allow sliding of the entrapped chromosomes [25,59,60]. However, most entrapped
homologues show both synaptonemal complex (SC) and late recombination nodules (RNs,
see below) along part of their lengths (Fig. 1P), both of which must be eliminated before
resolution. SC formation being a highly dynamic process that is readily amenable to reversal
[30] destabilization between the interlocking site and the end(s) of the entrapping homolog
pair plus following SC re-polymerisation will likely not prevent resolution of interlocks. In
contrast, removal of constraining recombinational connections (e.g. RNSs) requires a specific
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molecular process devoted to that task. Interestingly, MlIh1 is known to mediate specific
rejection of CO-fated recombination intermediates during meiosis when the involved DNA
molecules contain heteroduplex mismatches [53]. Resolution of interlocks will finally be
constrained only by mature CO products, rather than by NCOs or inter-sister events. Thus,
perhaps, MIh1 acts at zygotene, in advance of CO finalization, to abort CO-fated
interactions, which might then undergo repair of sister chromatids.

5. The Synaptonemal complex: formation and role in the maintenance

and/or turnover of the recombination proteins

Following co-alignment, Sordariahomolog axes become more tightly associated, at 100nm
separation, by installation of the synaptonemal complexes. SCs appear first at chromosome
ends and later interstitially, excluding a zipper-like mechanism (examples in [22,61]). As in
other organisms, the SC consists of two dense lateral elements (LES), separated by a less
dense central region which exhibits “electron-dense” structures called “recombination
nodules” (RNs), on the basis of their correlation with the number of COs/chiasmata (Fig.
2A); e.g. review in [29,62,63]). SCs are shed progressively from the chromosomes at end of
pachytene when homologues start to separate.

Sordaria SCs form progressively between homologues during zygotene. The specific pattern
of SC installation is dependent on both the number of DSBs and Msh4. In hypomorphic ski8
mutants of Sordaria (as in budding yeast spo11 mutants), only partial SC initiation is
observed (Fig. 2B; [32,64,65]), suggesting that nucleation of SC formation at a single or few
sites is not sufficient to permit spreading of SC all along the homologues. Furthermore, SC
appears to be nucleated initially at sites of recombination interactions that eventually mature
into COs: in wild-type Sordariathe number of early interstitial SC initiation sites
corresponds well to the number of COs and RNs and are decreased in two mutants with
decreased COs [22]. Interestingly also, Msh4 is not only required to establish correct co-
alignment distances (above), but it is also required for timely and correct per-chromosome
synchronous SC formation [35].

Strikingly, SC can form between sister-chromatids in haploid meiosis (Fig. 2C). In the
absence of the Soraaria SUN-like protein Slpl, karyogamy does not occur but meiosis
proceeds efficiently in the two haploid twin nuclei by the same timing as in diploid wild-
type nuclei. Recombination proteins Rad51, Mer3, Msh4 and Heil0 as well as the SC
proteins Zip4 and Sme4 are loaded synchronously in both nuclei but between sister
chromatids instead of between homologues (Fig. 2C; [28]). Thus, absence of karyogamy
converts the entire recombination/synapsis program from an inter-homolog process to an
inter-sister process.

Sordaria studies showed furthermore that SC central-region components mediate the re-
localization of the recombination proteins from on-axis to in-between homologue axis. In
wild-type Sordaria, recombination proteins like Rad51, Mer3 (Fig. 1D) and Msh4 are first
located on chromosome axes, but after SC nucleation, they are delocalized from axes within
the SC central region (Fig. 2D; [35,66]; see [67] for mouse). This is clearly illustrated by the
Sordaria Sme4 protein (a transverse filament protein with Zip1-like structure and function).
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Sme4 is not required for co-alignment but is essential specifically for synapsis. When Sme4
is absent, Rad51, Mer3 foci and Msh4 foci form normally on axis but remain in this on-axis
configuration through pachytene by ascus size (Fig. 2E; [66]). These observations show that,
while DSB-initiated recombinational interactions directly mediate both homology searching
and co-alignment, the SC is in turn required, through its central components, for the
maintenance and/or turnover of the recombination proteins required for maturation of the
DSBs into COs (e.g. [26,35,66, 68]). Furthermore, this shift, concomitantly with SC
formation, indicates an intimate association of those early recombination proteins with SC
central-region components [66]. Interestingly also, we Identified the putative STUbL protein
Heil0 as a structure-based signal transduction molecule that coordinates progression and
differentiation of recombinational interactions from zygotene through diplotene [26].

Finally, it is worth noting that while most organisms show LEs without obvious
substructures, fungi from the Discomycete group of Ascomycetes like Neotiella rutilans,
Ascobolus immersus and Ascobolus stercorarius exhibit a characteristic banded pattern with
species-specific repeating units of alternating thick and thin bands (Fig. 2F; [69,70]).
Interestingly, the spacing of the bands is constant at about 25 per micron of LE and the same
periodicity is also observed when the mammal LE component SCP3 is expressed in somatic
cells [71]. Furthermore, striking transitory changes in LE morphology are observed along
Sordaria humana SCs [72]. LEs are tubular and form bulges (of variable lengths) at zygotene
at the junctions between synapsed and unsynapsed regions and at early pachytene in regions
surrounding late recombination nodules (Fig. 2G). Bulges are gone at late pachytene. As S.
humana is homothallic, bulges cannot result from homolog length adjustment. Their role, if
any, and why this fungus has developed such unusual LES remain unknown.

6. Crossover interference and nucleation of the synaptonemal complex

Analysis of Sordaria Mer3, Msh4 and Heil0 localization, in parallel with analysis of the
RNs seen in EM, provided further insights into the nature of those proteins for CO
interference and SC formation. First, Mer3 and Msh4 foci are dramatically evenly spaced
along chromosomes, for Mer3 in matched pairs along co-aligned homologs at leptotene (Fig.
1D), for Msh4 in synapsed regions at zygotene and in the SC central region at early
pachytene (Fig. 2D). Even distribution of RPA and Msh4 foci is also seen in mouse at late
zygotene [41,73]. A tendency for even spacing can be explained by the operation of
“interference”, in which occurrence of a determining event at one position decreases the
occurrence of another such determining event nearby. Interference among COs (or their
cytological correlates chiasmata or MLH1/Hei10 foci) is well documented (e.g. review in
[74,75]. Even spacing of Mer3 and Msh4 foci imply that interference operates at earlier
stage(s), in Sordariaand in mouse [41,73] and, therefore, is not just a feature of COs. Such
effects, which apply to all recombinational interactions, can be related to the fact that COs
interfere not only with each other but also with adjacent NCOs [76] and to the fact that a
DSB at one position along a budding-yeast chromosome disfavors occurrence of another
DSB nearby [77].

Concomitant analysis of E3 ligase Heil0 foci localization (Fig. 2H) and localization of RNs
plus the SC initiation sites (as analyzed from EM serial sections; Fig. 21) showed that the
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process of interference includes also nucleation of SC formation [61]. A hierarchical process
is defined in which early SC nucleation sites occur at recombination sites that also undergo
designation for future maturation into COs, followed by later SC initiations at sites of other
recombination interactions. Such a process makes biological sense because it ensures that
SC nucleation sites are evenly spaced and, concomitantly, that CO-designated interactions
may be especially embedded within the SC. These conclusions derive from the following
findings:

(i) Late RNs, that arise from the array of total recombination interactions (defined by Mer3
and Msh4 foci), appear at zygotene just at/after the first SC nucleation sites (Fig. 21) and at
pachytene their number is similar to the number of Heil0 foci (which mark the CO sites;
Fig. 2H) and chiasmata. Further, COs assayed genetically, RNs, and Heil10 foci exhibit
similar CO interference [22,26,61]. Taken together these findings imply that: (ii) CO-
designation and CO interference occur no later than zygotene, and concomitantly with SC
formation. (iii) EM-defined RNs include both CO-correlated late RNs and so-called early
RNs (Fig. 21), which apparently correspond to recombinational interactions that are fated to
mature as NCOs [62]. Detailed analysis of the relationship between zygotene SC segments
with and without associated RNs on 3D EM reconstructions (e.g. Fig. 2I) showed that SC is
always initiated at sites of recombination interactions, with a 1:1 relationship between SC
nucleation sites and late and early RNs. This analysis also provided two more insights: (a)
SC initially forms asymmetrically, away from its nucleation site and (b) SC stretches with
late RNs are longer than stretches associated with early RNs, suggesting a qualitative
difference and, specifically, that SCs are nucleated at late RN sites prior to nucleation of SCs
at early RN sites. (iv) Simulation of the experimental data by the beam-film model for CO
interference predicts that there is a single interference-mediated patterning process in
Sordaria [61]. Finally, late RNs (and thus, likely, CO designation) occurring at zygotene is
also observed in tomato and mammals [78,79], indication that the Sordaria findings are
likely universal.

7. Local modulation of sister-chromatid cohesion at sites of CO

recombination

Analysis of Sordaria mutants of the Rec8 kleisin and the cohesin-associated Spo76/Pds5
revealed several interesting features concerning the relationships among sister cohesion, SC
formation and the recombination process.

First, although wild-type sister chromatids appear tightly conjoined in a single Les (Fig.
2A), mutants of both Rec8 and Spo76/Pds5, revealed that in certain conditions, separated
sister chromatids can each build an AE/LE (Fig. 2J [34,80]). Similarly, separation of the
sister-chromatid AEs is also observed in mouse rec8 nullf mutants with SC locally built
between the two sister LEs [81]. Moreover, presence of SC components along all haploid
sip1D chromosomes (Fig. 2C) revealed that each sister-chromatid can indeed serve as an
LEs for SC formation [28].

Second, analysis of Sordaria rec8D mutant showed that recombination at the DNA level is
accompanied by, and/or nucleates, changes at the axis level at the corresponding positions.
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(@) While Spo76-GFP staining occurs as continuous lines along all chromosome axes in wild
type, in rec8D, these lines exhibit gaps from zygotene through pachytene in which the
underlying chromatin is diffuse. Moreover, Msh4 foci localize to those gaps, which suggests
a strong correlation between the positions of CO-fated sites and the positions of the gaps. (b)
These gaps are dependent on recombination: they are absent in the rec8D spo11D double
mutant. (c) Similarly, in spo76-1, a non-null mutant of SPO76 (SPO76/PDS5 is an essential
gene in Sordaria), axes are single at leptotene but show partial widely open sister-chromatids
from zygotene on (Fig. 2K). In contrast, axes remain single in the spo11D spo76-1 double
mutant [33,80], thus providing another indication that repair of DSBs destabilizes intersister
connections and axis continuity at the leptotene/zygotene transition. (d) Local separation of
the two sister chromatids (indicated by double AEs) specifically at the sites of COs (marked
by late RNSs) is also seen in wild-type pachytene nuclei analyzed in EM, again indicating
local destabilization of chromosome axes specifically at sites of CO interactions ([34]). (e)
While Rec8 and Spo76/Pds5 play distinct roles in sister cohesion and axial structure, the
double mutant rec8D spo76-1 confers dramatically synergistic effects on chromosome
organization at all stages. As Rec8 loads normally in spo76-1 and Spo76 loads correctly in
rec8D, these defects do not reflect interdependence of loading. The different patterns of axis
destabilization observed in rec8D and spo76-1 mutants following recombination initiation
(respectively local loss of cohesion at CO sites and dramatic loss of sister cohesion plus
broken AESs) suggest that Rec8 may be devoted primarily to maintenance of axis status
locally at CO sites while Spo76/Pds5 may be devoted primarily to maintenance of axis status
between these sites [34]. This likely allows maintenance of structural integrity along the
chromosomes despite the need for local loss of sister cohesion at sites of DSB repair. (f)
Finally, as unlike Rec8, Spo76/Pds5 plays important roles during mitosis [82] the synergistic
effects seen in the double mutant could reflect a functional collaboration between meiosis-
specific and general cohesion components. Interestingly also, double staining of Spo76-GFP
with MPM2 (which marks Topoisomerase 11, thus the axes per se) shows that Spo76 is
located above MPM2, leading to the idea that axis components comprise a “super-axial
meshwork” [80,83].

A more general idea emerged from the finding that the transition from pachytene to the
diffuse stage is accompanied by a global tendency for loss of sister connections that is
constrained both by Rec8 and Spo76/Pds5. This transition period is the equivalent of the
human female prophase period called the “dictyate stage”, at which female meiosis arrests
from the time of prophase (which occurs /n uterg) to the time of ovulation, sometimes
decades later. This finding thus provided an interesting potential explanation for the well
known “maternal age effect” of human and mouse female meiosis. More specifically, we
proposed that abnormal or weaker than normal levels of Rec8, without the ability to renew
the protein, conjugated with time-dependent decay, could well contribute to the age-related
observed aneuploidies [33]. These ideas have since been confirmed by several observations
that there is none or very little turnover of Rec8 during the growing phase of mouse oocytes
(thus including the dictyate stage; e.g. [84]).
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8. Concluding remarks

We hope that the contribution of Sordariain the comprehension of the links between meiotic
pairing and recombination underlines once more that a wealth of information can be
provided by the use of other organisms than the handful of major model organisms. Since an
important feature of meiosis is that most steps of recombination occur in recombination
complexes that are associated with chromosome axes, future studies with Sordariawill be
dedicated to the understanding of the relationships among the different components of this
interaction and their roles in the different steps of the recombination process. The power of
this system for cytological analysis, added to new high-resolution microscopy tools, should
also provide new hints regarding both bouquet and interlocking formation plus resolution.
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leptotene

Figure 1.
A. Pre- and Post-Segregations from a cross between a white-spore-mutant and a wild-type

(WT) strain (black ascospores). Arrow points to a 2:6 conversion ascus. B-O: Chromosome
axes are stained by Spo76/Pds5-GFP. B and C: WT nuclei at early (B) and late (C)
leptotene. D. Mer3-GFP foci at matching sites along co-aligned axes. E. Asynaptic spo11D
nucleus. F and G: msh4D nuclei at early (F) and late (G) stages of pairing. H. mer3D
nucleus. I-K. WT bouquet at early zygotene (1) and pachytene (J); (K) bouquet of asynaptic
Ski8D. L. Bouquet release at pachytene. M-O. Interlocking during WT leptotene (M) and
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Page 18

zygotene (N) nuclei, and (O) in m/h1D pachytene; arrows point to the interlocking sites. P.
Cartoon of an interlocking between two bivalents (blue and pink), which have already
developed SCs stretches (lines) plus RNs (balls). Bars = 2microns.
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Spo76-GFP WT

Figure 2.
A. Sordaria SC with RN (red arrow). B. Reconstruction from serial sections of a ski8D

nucleus; arrows point to two SC initiation sites. C. All chromosomes from the s/p1D twin
haploid-nuclei load Sme4 all along their lengths. D and E: Msh4-GFP foci. (D) Between
homologous axes in WT pachytene and (E) on axes in co-aligned sme4D axes (axes are
stained by Spo76-GFP). F. Stripped AE of A. immersus. G. SC of S. humana with a buldge
(B) on the upper LE initiating at the RN site (arrowhead). H. WT pachytene nucleus double-
stained by Spo76-GFP and Heil0-cherryRed in high-resolution microscopy. I. Eight mid-
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Page 20

zygotene chromosomes 1 (from serial section reconstructions) with localization of late RNs
(red), early RNs (blue) and SC initiation sites (green). J. LE of spo76-1 with widely open
sister-chromatid LEs (arrows). K. Cartoon of a spo76-1 SC (LE = lateral element; Cen =
centromere). Bar = 2 microns; 100nm for A and G.
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