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1. Foreword

In diploid organisms meiosis is required to hap-
loidize the genome prior to spore or gamete forma-
tion. The high fidelity of chromosome segregation
during meiosis requires that pairs of homologous
chromosomes be oriented toward separate poles at
the first meiotic division. Proper orientation of each
pair depends on their forming attachments termed
chiasmata, whose formation in turn depends on a
series of interdependent meiosis-specific processes,
which reorganize nuclear architecture while recom-
bining the chromosomes. The most obvious manifes-
tations of these events are synaptonemal complexes
(SCs) and crossing over.The intent here mainly is to
review what is known of meiotic chromosome be-
havior from Saccharomyces cerevisiae and to make
a brief comparison with what is known from mam-
mals. For more detail, see recent reviews of meiosis
in Sac. cerevisiae [1-3].

2. Melosisin Sac. cerevisiae

2.1. Meiosis is both non-essential and conditional in
Sac. cerevisiae

Haploid and diploid strains can be maintained
indefinitely and only enter meiosis under appropriate

nutrient conditions (Fig. 1). Thus, meiotic mutants,
even those which die upon entry to meiosis, are
easily maintained. This allows examination of pheno-
types caused by targetted complete deletion muta-
tions of melosis-specific genes, ‘‘perfect’”” nulls,
whose effects are simpler to interpret than, e.g.,
temperature-conditional mutations. A culture of Sac.
cerevisiae can be induced to undergo a semi-syn-
chronous meiosis, providing a nearly pure population
without the need for separating meiocytes from sur-
rounding cell types.

2.2. Meiotic recombination and haploidization are
not required for sporulation

This surprising and important observation was
made relatively early in the genetic analysis of meio-
sis in Sac. cerevisiae [4] where a diploid strain
unable to initiate meiotic recombination (rad50) and
undergoing only a single meiotic division (spol3)
formed viable, diploid, spores. On the other hand,
mutants, which remain able to initiate recombination
by forming DNA double-strand breaks (DSBs) but
cannot repair the breaks, do generally block in meio-
sis (see below). In such mutants, it is possible to
select for further mutations that eliminate the initia-
tion of recombination, as these defects actually res-
cue the strains to allow production of viable spores,
an approach that has led to the isolation of a class of
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Fig. 1. The Sac. cerevisiae yeast life cycle. Haploid cells of opposite mating types, MATa and MAT«, can mate to form diploids. On
transfer to medium lacking a nitrogen source and containing a non-fermentable carbon source, diploid cells (or any cells functionally
heterozygous at MAT) begin sporulation. Cells can be returned to vegetative growth as diploids until late in first meiotic prophase by
transfer back to rich medium, providing for assays of meiotic recombination in cells unable to complete sporulation. The approximate times
of appearance of several landmark events during first meiotic prophase are listed across the bottom of the figure.

genestermed ‘‘early’’ recombination genes[5]. These
early recombination genes are useful in epistasis
analysis, as they suppress the lethality of mutations
in later steps in recombination.

2.3. Ascus formation following meiosis allows de-
tailed genetic analysis of meiotic recombination

Tetrad analysis — andysis of the (normally)
haploid products of a single meiosis by separating
the four spores from a single ascus and examining
each resulting clonal population genetically (Fig. 1)
— is a significant strength of the Sac. cerevisiae

model. Analysis of the four products of each meiosis
alows all of the products of a single recombination
event to be identified and, with appropriate markers,
crossovers along a given chromosome can be de-
tected, allowing measurement of crossover interfer-
ence.

2.4. Meiotic chromosome behavior in Sac. cerevisiae
follows the general plan observed in larger eukary-
otes

In spite of the small size of the 16 pairs of
chromosomes and the absence of extensive chromo-
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some condensation at the divisions, Sac. cerevisiae
chromosomes pair, form SCs and recombine as do
those in larger organisms. Even though the level of
recombination is remarkably high, with crossing over
occurring at levels of ~ 0.3 to 1.5 cM /kb of DNA
(depending on chromosome length, [6]), chromo-
some rearrangement can nevertheless reduce the level
of crossing over [7]. Crossing over in translocations
influences segregation in the same manner as de-
scribed for other species [8], indicating that although
chiasmata have not been visualized directly, the con-
cept remains useful (and as structural proteins are
identified, chiasmata are likely to be visualized us-
ing, e.g., fluorescent tags). In the absence of crossing
over, chromosomes fail to be properly oriented at the
first meitoic division, resulting in aneuploidy and
inviability [9]. Finally, crossovers show positive in-
terference [10], occur at least once per meiosis on
even the shortest of the chromosomes[11,12] and are
relatively infrequent near the centromeres and telom-
eres [6,13,14], al as described in larger organisms.

3. Chromosome pairing and synapsis

Synaptonemal complex formation is the culmina-
tion of a series of steps. Chromosomes, which have
paired and have elaborated proteinaceous axes (axial
elements, or AEs), finaly become joined together
along their lengths by transverse filaments which lie
in the central region between the two axes. This final
event is termed synapsis, or more specifically ho-
mosynapsis to distinguish it from SC formation be-
tween non-homologous chromosomes (heterosynap-
sis). In molecular terms, the SC is a huge structure
with sufficient mass and density to be obvious at
relatively low magnification in isolated, flattened
nuclei, using phase-contrast light microscopy. Gener-
ally, the SC appears homogeneous in structure along
its length, with clear modifications at centromeres
and telomeres, but there are further modifications
interstitially which reflect regional variations in
chromosome composition and, presumably, struc-
ture.

One of the technical problems in Sac. cerevisiae
is to manage penetration of the fixative through the
cell wal in order to preserve SC structure, and it

remains a concern that some structural detail may be
lost in preparation. The main practical drawback of
using embedded, sectioned material at the electron
microscope has been that to view the entire contents
of a single nucleus requires laborious serial section
reconstruction. Nevertheless, certain features of mei-
otic nuclear architecture, e.g., approach of the ends
of the SCs to the nuclear envelope, are so far best
appreciated in this type of preparation. Cytological
analysis can be more efficient using isolated, flat-
tened nuclei (or ‘* spread preparations’’), where solu-
ble proteins are removed and SC structures can be
contrasted for light and electron microscopy by sil-
ver-staining (Fig. 2) or can be immunolabeled to
determine the presence and location of specific pro-
teins ([15—18], and many variations since). Preserva-
tion of detailed structure is not the maor goa of
such preparations and, even without the relatively
harsh silver-staining, this approach provides rela
tively low-resolution results. Disagreement in im-
munolocalizations between spread and sectioned
preparations have been reported [19,20]. Even so, the
rapidity with which localization and colocalization
data can be collected in spread preparations has led
to wide-spread use of this approach.

yeast ~ __Sum s e S
Fig. 2. Electron micrographs of silver-stained meiotic prophase
nucleus from Sac. cerevisiae (yeast) and partial nucleus from
male mouse showing synaptonemal complexes (SCs), nucleoli (n),
and the partially synapsed axes of the X and Y chromosomes of
the mouse. Image from mouse provided by M.J. Moses. The
magnification bar refers to both images.
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3.1. Synaptonemal complex structure and formation
in Sac. cerevisiae follows the conserved program

The first descriptions of the SC in Sac. cerevisiae
came from observations of meiotic nuclei in thin-sec-
tioned samples at the electron microscope [21-25]
and demonstrated, as have numerous subsequent
studies employing spread preparations [16], that the
SC forms by the general series of steps outlined
above. In fact, synapsis is not required universaly
for successful meiosis and is absent, eg., in
Schizosaccharomyces pombe even though formation
of AE-like structures does coincide with evident
chromosome pairing [26]. It is not clear why in many
disparate organisms SC architecture has been so well
preserved (though susceptible to much apparent vari-
ation) while SCs are not required in other species, or
even in only one sex of the two as in Drosophila
[27,28]. These observations have led to discussions
of whether (at least some features of) meiosis are
conserved or represent convergent evolution, and, in
this regard it is interesting that there is little se-
guence similarity between proteins with potentially
similar functions in synapsis in Sac. cerevisiae and
mouse [29].

3.2. Chromosome pairing may depend on interac-
tions which are found even in vegetative cells

For normal SC formation, homologous chromo-
somes must align in close proximity before synaps-
ing exclusive of the other chromosomes in the nu-
cleus. In situ hybridization has been used to assess
the locations of the chromosomes prior to synapsisin
wild-type strains [30,31] and in mutants where
synapsis never occurs [32—35]. These studies have
been carried out in spread preparations of nuclei
where spreading forces may help to ‘‘dissect’’ apart
non-interacting sites as well as in unflattened prepa-
rations, and in addition have allowed description of
the condensation state of the chromosomes at critical
times in the meiotic pairing process [30,36,37]. Re-
markably, Sac. cerevisiae chromosomes engage in
pairing interactions even in vegetative cells [38] and
clearly do not require recombination functions (e.g.,
SPO11, see below) to pair in early meiotic cells
[31,32,39]. However, in many recombination mu-
tants, the pairing associations are lost during meiotic
prophase, possibly because of the absence of stabi-

lization by synapsis in the face of (as yet undefined)
forces which drive the chromosomes apart [31]. Nev-
ertheless, heterologous chromosomes which lack ho-
mologous partners associate during prophase [40].

Even in the absence of crossing over, heterologs
tend to digoin from one another at the first meiotic
division, a phenomenon termed distributive segrega
tion (or achiasmate segregation, or distributive dis-
junction). In distributive segregation, small artificial
chromosomes [41] or circular plasmids can also be
engaged [42] and can even compete with normal,
relatively large heterologous chromosomes [43] for a
segregation partner, although crossing over between
two members of atrio usually ensures their disjunc-
tion [41]. Numerous suggestions have been made
concerning how pairing might occur between ho-
mologs even in vegetative/somatic cells [44]; the
mechanism(s) for heterolog association would pre-
sumably be quite different. Pairing remains poorly
understood.

Failure of homologs to pair may result in het-
erosynapsis by default, at least in some circum-
stances. Deletion of the HOP2 gene in Sac. cere-
visiae prevents homosynapsis in spite of essentially
normal levels of recombination initiation events and
alows heterosynapsis after some delay even in
diploids [45]. This phenotype could be explained by
a defect in a critica late step in homologous pairing
that leads to homosynapsis, with no defect in SC
formation per se, but it may be that Hop2p serves a
regulatory role, preventing heterosynapsis under nor-
mal circumstances [45]. Lifting of an early prophase
restriction to homosynapsis, to alow heterosynapsis
later in prophase, was first proposed by Moses and
Poorman [46] to account for observations of synaptic
adjustment in mouse.

3.3. Chromosome pairing is facilitated by bouquet
formation via meiosis-specific telomere functions

In vegetative cells of Sac. cerevisiae, telomeres
form clusters near the nuclear envelope [17,47] while
centromeres form a separate group [48]. Early in
meiotic prophase, the telomeres replace the cen-
tromere group near the spindle pole body, forming
the meitoic ‘‘bouquet’’ arrangement [49], a well-
conserved feature of early meiotic prophase [3,50].
Bouquet formation occurs in mice and humans [51]
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and is perturbed in mice by deletion of the ATM
gene ([52], and see below). Bouquet formation may
facilitate pairing by arranging an initial rough align-
ment of the chromosomes, reducing much of the
homology search to a two-dimensional problem [53].
If the volume through which chromosomal DNA can
diffuse is limited, as indicated by recent cytological
results [54], then bouquet formation presumably
would provide the required, larger scale chromosome
movements. In Sac. cerevisiae, there is good evi-
dence that circular chromosomes do not engage in
pairing with the efficiency of linear chromosomes
[55] and further that the NDJ1 / TAM1 protein, pre-
sumably via a telomere-mediated function [56,57], is
intimately involved in bringing chromosome ends
together into an association that satisfies an as-yet
undefined checkpoint for pairing [55]. A relatively
high efficiency of ectopic recombination between
sequences near the chromosome ends supports the
idea that there is some specia arrangement of these
sequences in the nucleus at the time partners in
recombination are established [58]. Not all strains of
Sac. cerevisiae seem to form the bouquet to the
same degree, or perhaps at al [59], but there is no
reason a priori that al telomeres need to be clustered
at once for the associations to have the proposed
effects. The forces which bring about this reorganiza-
tion of nuclear architecture have not been defined
but clues are available from Sch. pombe, where
telomeres cluster adjacent to the spindle pole to lie at
the leading edges of meiotic prophase nuclei as they
are swept from one end of the cell to the other
during meiotic prophase [60—62]. The importance of
the telomere clustering [63—65] and of the nuclear
movements [66] to meiotic recombination in Sch.
pombe indicate a role for the cytoskeleton, in partic-
ular for microtubules, in the chromosomal events of
meiotic prophase [62,66,67]. The kinesin-related gene
KAR3 in Sac. cerevisiae also is required for normal
levels of meiotic recombination [68].

3.4. Immunocytological localization of proteins in
the meiotic nucleus has provided the foundation for
most of the studies aimed at the molecular structure
of the SC

In mammals, immunocytology in spread prepara-
tions ([69,70]) has provided the critical first step in

analysis, the most significant contributions having
begun with monoclonal antibodies raised against
preparations enriched in isolated SCs [71] or with
antibodies against defined candidate proteins, e.g.,
topoisomerase |1 ([18] and see below). In Sac. cere-
visiae, immunocytological results generally have fol-
lowed genetic starting points. Genetic support is an
important consideration for the obvious reasons —
visible accumulation of a protein may not reflect its
function (and certainly not the timing of its function),
just as the absence of detectable accumulation does
not signify an absence of function. For example,
accumulation of the ZIP1 protein in Sac. cerevisiae
is easily visualized only along synapsed regions as a
major component of the central region [72,73], but
Ziplp apparently influences recombination at an early
step, independent of synapsis [74].

3.5. Axial elements form independently of pairing
and synapsis

Although axial element (AE) formation and
synapsis coincide in some Sac. cerevisiae strains, the
existence of mutants delayed in or never engaging in
synapsis demonstrate the independence of these
events [75], as does AE formation in haploid strains
[76,77]. Mutations in most genes required early in
the initiation of recombination do not prevent AE
formation [34,78-80], SPO11 being an apparent ex-
ception.

Axial element structure depends on underlying
chromosome organization. Early in the study of the
SC it was suggested, based on observations of poly-
complexes (extrachromosomal assemblies of SC
components) that AEs are elaborated along a pre-ex-
isting chromosome axis, thus establishing the general
features of SC architecture [81]. After or during
assembly the AE components could in turn act on
the chromosome axes, certainly in the course of
synapsis, but potentially also at earlier stages [1].

In mouse, a given segment of DNA can exhibit
differences in the length of the loop it makes depend-
ing on where along the chromosome/SC it is inte-
grated [82], and observations have been made of
variations in AE thickness and length associated with
euchromatin vs. heterochromatin and with dark vs.
light G-bands (e.g., in human, [83]). Underlying
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chromosome/chromatin structure appears to be an
important factor in the recombinational activitiesin a
region and investigations of heterogeneities in struc-
ture and activities along the paired chromosomes/
SCsislikely to be afertile field in the near future. In
this regard, it is interesting that there are data to
suggest an Sac. cerevisiae-like organization and ac-
tivity of mammalian DNA in Sac. cerevisiae meiosis
[84,85], even though chromatin loops along the SC
are considerably shorter than in mammals (~ 20 kb
vs. ~ 120 kb, respectively [86]). This is in contrast
to non-eukaryotic DNA which behaves quite differ-
ently, in Sac. cerevisiae [87] and in mouse [88]. The
origins of these differences necessarily lie in the
molecular organization of the SC.

SCP2 [89] and SCP3 / COR1 [90-92] (and SCP1
/ SYN1, see below) are mammalian SC genes iso-
lated by using monoclona antibodies to identify
clones in cDNA expression libraries [93]. Scp2p,
which shows some similarity to Sac. cerevisiae
Redlp [89], and Scp3p/Corlp are located in the
AEs [20,91]. Corlp aso interacts homotypically in
the two-hybrid assay, and Corlp (and Synlp) were
found to interact with Ubc9p, a ubiquitin-conjugation
enzyme [94] which also has been localized to the SC
[95]. SCP3 — / — mice fail to make AEs and fail to
synapse [96], as also is seen in Sac. cerevisiae
deleted for the AE-associated Red1p [97,98].

3.6. Axial element formation depends on sister chro-
matid cohesion functions

Recent observations made in three fungi, Sac.
cerevisiae, Sch. pombe and Sordaria macrospora,
indicate the importance of proteins required for sister
chromatid cohesion early in meiotic prophase [99].
Mutations in the SPO76 gene in S macrospora
[100,101], in the Rec8 genein Sch. pombe [102—-104]
and in the SPO69 / REC8 gene of Sac. cerevisiae
[105] cause defects in sister chromatid cohesion, in
formation of axial elements (‘‘linear elements’’ in
Sch. pombe) and in recombination. The Spo76p co-
hesion protein functions in mitotic as well as in
meiaotic cells, and in meiotic prophase appears in a
“‘supraaxial’’ position as compared with topol | [101],
suggesting a physical distinction between structures
involved in cohesion vs. synapsis per se (the molecu-

lar architecture of the SC remains relatively unex-
plored). Regional differencesin chromosome and SC
structure in the spo76 mutant are reminiscent of the
patchy localizations of Redlp and related proteins,
and of the SPO69 / REC8-related, mitotic (and per-
haps meiotic) cohesin Mcdlp/Scclp (which dso is
required for normal chromosome condensation [106])
described recently for mitotic cells by chromatin
precipitation [107]. Another cohesin, the SMC3 pro-
tein, localizes to the AEs in mouse [108] as it doesin
Sac. cerevisiae where it is required for meiotic
recombination as well as for sister chromatid cohe-
sion [105]. These findings are consistent with the
observation that a hot spot for the initiation of
recombination increases sister chromatid cohesion in
meiosis (in human DNA within an Sac. cerevisiae
artificial chromosome, [109]) and with a model for
meiotic chromosome behavior which emphasizes the
role of sister chromatid interactions [1].

3.7. Axial element structure is dynamic

In some mammals there occurs a consistent series
of morphological changes during pachytene in the
unsynapsed regions of the X and Y chromosome
axes (and in nucleali). In practical terms, these
changes provide internal timing markers that allow
division of pachytene into finer substages (for mouse
and human spermatocytes, [110,111] and [83], re-
spectively). Similar but more modest changes may
occur in the synapsed portions of AEs (which fol-
lowing synapsis are termed lateral elements (LES);
[112]. Such modifications have not been described in
Sac. cerevisiae but studies of semi-synchronous cul-
tures with immunocytological reagents, in conjunc-
tion with high-resolution time-lapse microscopy of
fluorescent protein-tagged proteins, may reveal simi-
lar changes. In mouse, ‘‘accomodation’” occurs to
equalize the lengths of AEs/LEs of homologs which
begin pachytene with different lengths because of
heterozygosity, for example for a tandem duplication
[46]. This activity provides evidence for plasticity in
the association between chromatin and these SC
structures. Also in mouse, synaptic adjustment of
homologously synapsed regions occurs in inversion
heterozygotes during pachytene, to give straight but
non-homologously synapsed regions in the SCs by
late pachytene [113]. This observation provides evi-
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dence of adaptations in the synaptic associations of
the chromosomes [28] and suggests that DNA in-
volved in recombination might become detached from
close association with the LEs without disrupting
overall SC morphology (or recombination) during
pachytene [113]. Developmental changes in the asso-
ciation between the sister chromatids and the
AEs/LEs may also occur, manifested by the obvious
splitting of the LEs of autosomes into two strands
during pachytene in (some) mammals [112].

3.8. Central region components function in concert
with AEs to bring about synapsis

The ZIP1 protein in Sac. cerevisiae, together
with Zip2p [114], is required for synapsis[75]. Ziplp
and the SCP1 / SYN1 protein of mammals (mouse,
rat, hamster and human) are major components of
the central region of the SC, are similarly oriented in
SC structure (COOH-termini in the chromosome
axes, NH,-termini near the middle of the centra
region) and have common physical characteristics
and homotypic interactions but nevertheless have
very little sequence similarity outside respective do-
mains predicted to form a-helica coiled coils (ZIP1
— [29,73]; SCP1/SYN1 — [19,91,115,116]). Each
of these proteins has been observed to accumulate
along the chromosome axes in the absence of normal
AE formation (as judged from silver staining of
spread preparations) following deletion of AE-asso-
ciated proteins (in Sac. cerevisiae, deletion of RED1
[98]; in mouse, deletion of SCP3 [96]) but synapsis
still fails to occur in these mutants. Clearly the series
of molecular interactions required to foster appropri-
ate recombination and chiasma formation are more
complex than can be supported by the simple struc-
tural model where chromosome axes organize AEs
which in turn anchor synaptic proteins.

4. Recombination

4.1. Initiation of recombination does not depend on
prior homosynapsis

Careful correlation of cytological and biochemical
results from samples taken at closely spaced time-

points in Sac. cerevisiae meiosis demonstrates that
DSBs which initiate meiotic recombination appear
when axial elements are forming, in advance of
synapsis, and that the DSBs are processed into fur-
ther recombination intermediates as synapsis pro-
ceeds ([117,118], Fig. 1). This is the reverse of what
was long thought to be the case, i.e, that the prior
occurrence of homologous SC formation assured that
only properly located sequences would engage in (or
even initiate) recombination leading to crossing over.
However, early steps in recombination are in fact
dependent on genes which aso function early in SC
morphogenesis.

Haploid MATa/MATa strains enter meiosis,
form (by definition) heterosynaptic SCs [76], and
generate atered chromosomes by various ectopic
recombination events [119]. Even in diploids, ectopic
crossing over occurs [120,121] and can influence
chromosomes to disoin [122]. Nevertheless, ho-
mosynapsis and the events leading to it presumably
influence partner choice in crossing over, perhaps by
limiting or directing the volume searched for identi-
fication of the appropriate partner.

4.2. Meiotic recombination in Sac. cerevisiae occurs
at very high but well-regulated levels

Relative to the small size of the Sac. cerevisiae
chromosomes and genome, meiotic recombination
occurs at extremely high levels, on the order of 260
events per nucleus per meiosis[123,124]. Asin other
organisms, there clearly are tight controls on the
number and locations of crossovers, the longest chro-
mosome pairs having numerous ‘‘well-spaced’’
(positively interfering) crossovers and the smallest
chromosome pairs having at least one crossover per
meiosis. Nevertheless, this high level of activity and
the presence of hot spots for the initiation of recom-
bination facilitates physical detection and analysis of
recombination intermediates [125,126].

4.3. Meiotic recombination is initiated by DSBs

This seminal observation has been made directly
only in Sac. cerevisiae where hot spots for DSB
formation were first demonstrated at sites with ex-
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ceptionally high crossover activities [127,128]. It is
clear that prior DSB formation is required for gene
conversion and crossing over in meiosis as both are
eliminated by mutations in early recombination genes
required to make the DSBs (for models and reviews,
see [125,126]). Consistent with the essential role of
the DSBs, defeating endogenous DSB formation by
mutation of an early recombination gene but then
supplying DSBS, by ionizing radiation [129] or by an
endonuclease [130,131], partialy restores recombina-
tion and ameliorates the effects following from the
defects in meiotic recombination.

It is possible to assay genetically for the initiation
of recombination (which coincides with DSB forma-
tion) even in mutants that cause a block in meiotic
prophase, by restoring properly marked Sac. cere-
visiae cells to vegetative growth medium before they
become committed to sporulation (Fig. 1) [132].
However, the resolution of meiotic recombination
intermediates in vegetative conditions is certainly
non-meiotic. Physical methods of detection of
recombination intermediates and final products cir-
cumvent this problem.

Methods for analysis of DNA from whole and
broken Sac. cerevisiae chromosomes in Southern
blots were quickly adopted to questions of meiotic
chromosome behavior, first alowing the measure-
ment of sister chromatid exchange using a circular
chromosome [133]. Early on it was recognized that
5-t0-3 resection at the break leaves 3 overhangs
which can invade homologous duplexes, and that
specific mutations in the RAD50 gene, designated
rad50S, prevent this resection [128,134] (as do muta-
tions in SAE2 / COM1 [35,135] and MRE1l
[136,137]). Because DSBs accumulate in unpro-
cessed form and thus run in discrete bands on gels,
the rad50S mutation has been used extensively to
demonstrate that DSBs occur in preferred locations
[138], in hot spots along the chromosomes [139,140].
Finer mapping along the ~ 315-kb chromosome 11
reveals 76 regions favoring formation of DSBS, typi-
caly in GC-rich zones [141], though there are
regions lacking obvious DSBs which nevertheless
undergo significant levels of crossing over. It is
possible that DSBs are not visualized in these re-
gions because they are distributed evenly across
these “‘cold’’ regions but this has not been demon-
strated directly.

Finer mapping a hot spots for DSB formation
reveals a cluster of breakpoints [142—145] indicating
that specific sequence recognition is not involved. In
fact, non-eukaryotic segments of DNA [128,146] and
transplanted Sac. cerevisiae telomeric repeat se-
guences [145] can promote high levels of DSB for-
mation. Also, the DSB activity of natural hot spot
sequences can be reduced when the sequences are
inserted into chromosome regions that are less fre-
quently broken, without obvious changes in their
chromatin structure [147], indicating the importance
of neighboring chromatin and/or chromosome struc-
ture.

4.4. Joint molecules containing two Holliday struc-
tures and non-crossover strands are recombination
intermediates which persist through pachytene

These intermediates are detected using two-di-
mensional DNA gels [148,149] and appear as DSBs
disappear. The joint molecules contain double Halli-
day joins [150], confirming an inference based on
electron microscopy of DNA isolated from meiotic
cells [151], and such intermediates are predicted by
the DSB model for recombination [152] (for addi-
tional models see [126]). Conversion is found for a
marker at the DSB hot spot in ~25% of joint
molecule strands [150], indicating an early role for
mismatch repair genes. The joint molecules persist
until the end of pachytene before being processed
into mature recombinants.

4.5. The homolog rather than the sister chromatid is
used preferentially in homologous repair during
meiosis

This is one of the more interesting ‘‘rules’ of
meictic recombination, as it is the opposite of the
case in vegetative cells [153]. Several groups have
provided evidence that heterologies at DSB hot spots
reduce the level of DSBs, suggesting homolog—ho-
molog interactions prior to (stable) DSB formation
[144,154-156]. This would be a ‘‘sensible’’ mecha
nism, insuring that a homolog is available for repair
before making the DSB, but meiotic DSB formation
occurs during meiosis in haploid Sac. cerevisiae
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strains (functionally heterozygous at the MAT locus)
at roughly the same time as seen for diploid strains
[157,158]. Whether the sister chromatid plays a dif-
ferent role in haploids than in diploids is not known.

4.6. Meiotic prophase is delayed to allow DSB re-
pair

This is likely due to checkpoint activities (re-
viewed in [3]). Severd of the checkpoint genes
required in vegetative cells for response to DNA
damage, MEC1, RAD17 and RAD24, are also re-
quired for the meiotic arrest seen in dmcl and zpl
mutants [159]. Similarly, perhaps, the meiotic
prophase block in male ATM — /— mice occurs
later when cells also lack p21 function [160]. The
meiosis-specific genes PCH2 (and DOT1 [161]),
RED1 and MEK1[162] of Sac. cerevisiae also seem
specifically involved in this delay. Consistent with a
DSB-mediated checkpoint delay in normal meiosis,
the duration of the first meiotic prophase (that is, the
time until the first meiotic division commences) is
reduced by deletion of several early recombination
genes where DSBs are not made [163]. However, the
first meiotic division is advanced to different degrees
in different mutants, suggesting that the usual ‘‘de-
lay’” may not be due simply to DSB formation and
processing [131].

4.7. The DB pathway for meiotic recombination
appears to be conserved

One of the early recombination genes, SPO11,
encodes a topoisomerase |l-related protein which is
found covalently linked to the DNA broken ends in
rad50S mutants [164,165] and is required for DSB
formation and recombination in Sac. cerevisiae[128].
Mutations in homologs of SPO11 in C. elegans
[166] and in Drosophila melanogaster [167] simi-
larly eliminate meiotic recombination in these organ-
isms, indicating conservation of the DSB pathway in
meiosis. However, although SPO11 is required for
SC formation in Sac. cerevisiae (as are other early
recombination genes, [2]), it is not required for SC
formation in C. elegans [166] or in D. melanogaster
[167]. Thus, the extent to which SC formation and

recombination are interdependent in the different
organisms remains an open question.

4.8. Meiosis-specific proteins with defined interac-
tions are required for proper assembly of SCs and
initiation of recombination, perhaps through an in-
fluence on sister chromatid associations

RED1, HOP1 and MEK1 are meiosis-specific
genes which (a) are required for normal SC forma-
tion and recombination, (b) interact genetically and
physicaly, and (c) encode proteins that have been
immunolocalized to coincident locations along the
chromosome axes early in prophase [45,97,98,168—
175]. Red1p binding to sites along the chromosomes
is independent of early recombination genes [98] or
of Hoplp or Meklp [175]. Redlp is phosphorylated
dependent on Meklp, a putative serine/threonine
kinase [174,175]). Hoplp can bind DNA directly and
inhibit exonucleolytic degradation [176] but accumu-
lates along the chromosomes dependent on and at
sites of Redlp [175]. Hoplp dissociates from the
chromosomes before Red1p dissociation, with a de-
lay in this turnover in meklA [175]. Meklp also
accumulates along the chromosomes, dependent on
and at sites of Red1p, but in addition requires Hoplp
for the accumulation [175]. The order of accumula-
tion (Red1p—Hoplp—Meklp) correlates with SC for-
mation dependence on these proteins, in that AEs fail
to form in red1A [97,98], form but fail to synapse in
hopl4 [2,168,169] and synapse to form short seg-
ments of SCsin meklA [177]. Each of these proteins
aso is required for normal levels of DSB accumula-
tion [118,149,162,178], and one model places RED1
and HOP1 in an interchromosomal, but not intra
chromosomal, recombination pathway [178]. It has
been suggested that Red1p may function specifically
at hot spots for recombination [118] along with
Meklp, perhaps to stabilize the cut product at a
reversible step in DSB formation /processing [162].
Immunolocalization indicates that these proteins typ-
ically accumulate in patches along the chromosomes,
rather than in continuous lines as might be expected
for a structural component of AEs (although Redlp
does appear more continuous in a ziplA background
[98]). Chromosome condensation defects are reported
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for redlA and hoplA [33] and premature sister
chromatid separation is visualized during meiotic
prophase in red1A and mek1A, and to a lesser extent
in hoplA [175]. The latter observations are consis-
tent with growing evidence for the roles of sister
chromatid cohesion in SC morphogenesis and
recombination as well as in chiasma function
[179,180].

4.9. Proteins implicated in strand invasion and DSB
processing are localized to spots presumed to repre-
sent recombination nodules

In the electron microscope, recombination nod-
ules (RNs) are large, discrete, spherical to rod-shaped
structures distributed along the SCs in a number of
organisms, including Sac. cerevisiae [22]. Their in-
volvement in recombination has been inferred from
the timing of their appearance and from changes in
number and structure in recombination mutants
[181,182]. RNs change in number, morphology and
distribution over the course of meiotic prophase,
presumably reflecting progressive stages in recom-
bination [28]. Rad51p in mammals [183] and Dmclp
in lily (Lilium longiflorum [184]) have been local-
ized to electron-dense RNs, and immunocytological
localizations of a number of additional proteins have
demonstrated their accumulation in discrete spots
along the chromosome axes and SCs (see below).

Sac. cerevisiae contains four proteins, Dmclp,
Rad51p, Rad55p and Rad57p, related to the bacterial
strand-exchange enzyme recAp, and there is evi-
dence for related biochemica activities for some of
these proteins from Sac. cerevisiae and human
[185-188]. These proteins are required for normal
meiotic recombination [123,124,162,189—-192]. These
and the functionally related proteins Rad52p and
Rpalp colocalize (to varying degrees) in spots along
the chromosome axes or SCs early in meiotic
prophase in Sac. cerevisiae [190-193]. In mouse,
Dmclp and Rad51p also colocalize along axes or
SCs [183,194,195] including the non-synapsing seg-
ment of the X chromosome (but not of the Y chro-
mosome), as observed also for the colocalizing
Bloom syndrome-associated BLM protein [196].
Whether Dmclp and Rad51p form mixed vs. adja

cent filaments in vivo is currently under debate (see
[195]). In Sac. cerevisiae, Rad52p is required for
accumulation of Rad51p and Dmclp [192] and for
the DSB-to-joint molecule transition (see [118]).
Deletion of DMCL, the only meiosis-specific mem-
ber of this group, prevents turnover of the DSBs and
causes a block in meiotic prophase in some Sac.
cerevisiae strains [123,190], but results only in ab-
normal recombination and segregation outcomes in
ancother strain [197], for reasons that are not yet
clear. In mouse, dmcl mutants cause a block in
meiosis [198,199] similar to that observed in (some
strains of) Sac. cerevisiag, although in mouse there
is an associated induction of apoptosis (as seen also
for other deficiencies, for example, of ATM and of
MSH5).

In mouse, a number of other proteins implicated
in DNA repair and regulation of repair have been
localized in meiotic prophase nuclel to spots whose
timing of appearance and associations suggest roles
in meiotic recombination — BRCA1 and BRCA2
[200,201], Atm (and perhaps Atr) [202—-205], Chkl
[203], RPA [205], DNA polymerase B [206], and
BLM protein [196,207]. The related proteins, Atrp
and Radlp, are distributed more evenly aong the
chromosomes [208,209]. Disruption of ATM results
in defects in early prophase [52,160,210,211], in
perturbations in localizations of Atrp, Dmclp, and
Rad51p [211] and in apoptotic degeneration in mei-
otic prophase which is partially rescued by deficien-
cies in p53 or p21 [160]. Conservation of these
proteins and their functions in meiosis largely is
untested. An interesting counter-example in this re-
gard is the HSP70-2 gene, whose product localizes
to SCsin spermatocytes but not in oocytes [212] and
is required for spermatogenesis but not for oogenesis
[213].

The SEP1 gene product of Sac. cerevisiae has
been implicated in a number of processes, including
DNA strand exchange [214,215], regulation of
telomere repeat length [216] and G4-DNA -dependent
nuclease activity [217]. Deletion of SEP1 causes a
block in pachytene with apparently normal SCs and
levels of gene conversion but with decreased levels
of crossing over [218]. Seplp is abundant in vegeta
tive and meiotic cells and is localized mainly to the
cytoplasm although some fraction is found in associ-
ation with vegetative nuclei.
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4.10. Synapsis may influence the regulation of cross-
ing over

Given that SC formation per seis not required for
the initiation of recombination in Sac. cerevisiae,
and certainly not in Sch. pombe, the question re-
mains whether it may influence the course of recom-
bination, perhaps to mediate positive crossover inter-
ference. This inference was first made based on
observations that positive interference and synapsis
both are absent from Sch. pombe [219,220] (and
from Aspergillus [221]). Positive interference is
completely absent in a zipl null mutant in Sac.
cerevisiae [10]. Remarkably, insertions and deletions
in Ziplp result in commensurate changes in the
spacing between the LEs and in the respective levels
of synapsis, crossing over and interference [72,73].
Taken together, these observations suggest the sim-
ple conclusion that synapsis is a critica event in
interference. However, ZIP1 aso functions earlier in
recombination [74], leaving the door open for models
for crossover control based on other factors, e.g., on
mechanical properties inherent in the axial chromo-
some structures themselves [1,74].

Any model that addresses crossover control in its
various manifestations may need to incorporate ob-
servations that even the shortest of chromosome
pairs form at least one crossover per meiosis and that
chromosome or SC length alone seems to influence
levels of crossing over and of interference. Decreas-
ing length correlates both with increasing crossing
over per kb of DNA [222] and with decreasing levels
of interference [6]. A scaling of interference dis-
tances, based on a correlation between SC length and
the distance between 2 foci of MIhlp on asingle SC,
has been proposed for mouse [223], and it is note-
worthy that the positions of single MIhlp foci also
depend on the length of the SC. These observations
are more easily accommodated by models that de-
pend on physical features of the chromosomes (and
axes) themselves [3]. However, because the pattern
and kinetics of synapsis also are likely to be influ-
enced by chromosome size or regional differencesin
chromatin which may respond differentially to vari-
ous mutations [57], the question of how interference
is mediated remains open. It should be noted that
competition for formation of DNA DSBs between

neighboring sites has been observed but seems too
local a phenomenon to contribute to interference on
the chromosome level [224,225].

4.11. Mismatch repair proteins implicated in later
stages of recombination also localize to spots, pre-
sumably marking late recombination nodules, along
the SCs

Immunocytology in spread preparations demon-
strates that Mshdp in Sac. cerevisiae[226] and MIhlp
in mouse [223,227] and human [228] localize in spots
along the SCs. Deletion of MLH1, MSH4 or MSH5
in Sac. cerevisiae [170,229] reduces crossing over.
Deletion of MIhl in mouse [227,230] similarly ap-
pears to reduce or to eliminate crossing over, indicat-
ing a key role for these proteins in determining the
outcome of recombination. However, deletion of
Pms2 [231] and of Msh5 [232,233] in mouse cause
failures of pairing and/or synapsis. The specific
functions served by the different members of this
class of proteins and when they become critical to
meiosis in different organisms remain to be worked
out.

4.12. Mature crossover products normally do not
appear until SC dissolution, in desynapsis

One physical assay for crossover productsin Sac.
cerevisiae monitors the production of fragments of
new lengths following crossing over in segments
flanked by restriction enzyme heterozygosities
[234,235]. Experiments addressing the kinetics of
recombination have found not only that mature prod-
ucts of crossing over form late, around the time of
SC disassembly [117], but that the bulk of heterodu-
plex DNA formed in association with the completion
of meiotic recombination also does not appear until
relatively late in prophase, just before the appearance
of crossover products [236—238]. These final stepsin
recombination, however, do not require desynapsis,
as ndt80 and cdc28'® mutants arrest with SCs but
still form crossovers (although at ~ 1/2 the wild-
type levels) ([239 and 162], respectively).
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Fig. 3. Maximum intensity projections of image stacks taken
every 30 s of a living meiotic prophase nucleus (brighter signals
are shown as darker spots). Each chromosome IV has two GFP-
marked spots, a small one near the centromere and a larger one
near one telomere. The spindle pole body is labeled with TUB4-
GFP and is visible at the left as a large, slightly irregular spot
which remains relatively still during this part of the time course.
The telomere spots are paired (one signal) and remain near the
middle of the image. The black arrows point to one of the
centromere markers which between 90 and 180 s moves away
from then toward the spindle pole body. Starting plasmid con-
structs provided by A. Murray laboratory.

4.13. High-fidelity haploidization requires meiosis-
specific regulation of sister centromere association
as well as chiasma formation and function

Unique to the first meiotic division, sister cen-
tromeres must remain associated in order to alow
ordered digunction, that is, to prevent premature
sister separation and non-digunction [179,240,241].
It remains poorly understood how sister chromatid
cohesion can be regulated differently along the chro-
mosome arms and at centromeres during the first and
second meiotic divisions although there is evidence
in Sac. cerevisiae that suggests that SPO13 func-
tions to delay the loss of Rec8p and Smc3p at
centromeres in the first division [105], and an im-
munocytological observation in mouse that suggests
the involvement of SCP3/COR1 protein [92]. Pre-
mature separation of centromeres has not been seen
in SCP3 — / — mice but cells fail to progress to the
first division [96].

Whether formation of the SC per se is required
for crossing over to lead to functional chiasmata in
Sac. cerevisiae [242] is not clear, in part because
crossover position aong the bivalent seems related
to its efficiency in guiding disjunction (e.g., in model
chromosomes [243]). Similarly, centromere-proximal
conversion events are associated with missegrega-
tions in the first meiotic division [244], consistent
with recombination events causing, or perhaps being
associated with, a local relaxation of sister chromatid
cohesion [179]. Thus, perturbations in the SC may
disregulate the position and/or frequency of cross-
overs and thus influence segregation indirectly.

5. Future directions

Current experimental capabilities are far from be-
ing exhausted, and **more of the same’’ directed at
new genes, alleles and combinations of perturbations
will continue to contribute insights into the molecu-
lar mechanisms driving meiotic chromosome behav-
ior. Nevertheless, severa directions warrant mention.
High resolution electron microscopy, in particular
immunocytology or related approaches, will be re-
quired to address questions of structure. Already
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Fig. 4. Isosurface representation of fluorescent signal from GFP-
tagged meiosis-specific cohesin SPO69 / REC8, which lies along
the chromosome axes in Sac. cerevisiae [105]. Inset: Maximum
intensity projection of the original image stack, before deconvolu-
tion, smoothing, and isosurface extraction. Image data provided by
A. Kateneva. The magnification bar refers to the inset.
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there are cautionary tales of disparate localizations of
proteins examined in spread preparations vs. sections
[19,20] and the simple scale of the structures in-
volved will require analyses that take advantage of
newer methods of structural preservation and of im-
age processing and display [245]. Time-lapse mi-
croscopy in three dimensions, or ‘*4D’’ microscopy,
of fluorescent protein-tagged gene products and
structures, will allow demonstration of the kinetics of
chromosome movements (for examples, see Fig. 3
and [3,54]) and of the assembly of structures along
them (see Fig. 4), or of the disassembly of the
structures and of the segregation of the chromosomes
during the divisions [246]. Advances in the prepara-
tion and biochemical analysis of large complexes
(e.g., spindle pole bodies [247]) have allowed and
will continue to provide progress in dealing with
structures as large as recombination nodules or SCs,
or with sizeable portions of chromosomes ([107]),
and fluorescence resonance energy transfer (FRET)
may soon allow real-time analysis of the molecular
associations of defined proteins in these structures.
Best of al is that each approach is applicable to
mammals as well asto Sac. cerevisiae, and as much
information lies in the differences of detail asin the
similarities.
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