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Introduction
Meiosis is a key process in the life cycle of sexually reproducing eukaryotes. At
fertilization, two haploid gametes, each containing only one copy of each chromosome, fuse to form
a diploid zygote, which has two copies of each chromosome (homologous chromosomes), one of
maternal, and one of paternal origin. Meiosis in turn brings about the transition from diploid to
haploid by segregating the homologous chromosomes
(Fig. 1).
Meiosis consists of two successive cell divisions,
meiosis I and II, which follow a single round of DNA
replication. DNA replication takes place during premeiotic S-phase and results in the duplication of each
chromosome; the duplicates, which are initially kept
together, are called sister chromatids (Fig. 2). At
meiosis I, the homologous chromosomes are
segregated, which causes the reduction in
chromosome number from the diploid to the haploid
number of chromosomes. For this reason meiosis I is
called a reductional division. The reductional division
is followed by meiosis II, a division in which the
sister chromatids are separated. Meiosis II is called an equational division because the ploidy level,
i.e., the number of chromosome sets per cell is maintained, like in mitosis (Fig. 2).
Prior to meiosis I, during meiotic prophase, several chromatin rearrangements take place
that are specific for meiosis. The homologous chromosomes condense and form stable pairs
(bivalents) and non-sister chromatids of homologous chromosomes recombine, which results in the
formation of reciprocal exchanges (crossovers, COs). The formation of COs serves a dual role: it
ensures proper segregation of the homologous chromosomes at meiosis I and generates genetic
variation among the products of meiosis. The pairing and recombination of homologous
chromosomes are accompanied by the formation of a meiosis-specific protein structure that
connects the two homologous chromosomes: the synaptonemal complex (SC) (Fig. 2). In this thesis
I focus on the relation between meiotic recombination and the SC in the mouse.
The Synaptonemal Complex
Concomitantly with DNA replication, the sister chromatids of each chromosome become
connected by cohesins. Upon entry of meiotic prophase, the homologous chromosomes pair and in
most species a proteinaceous ladder like structure is assembled: the synaptonemal complex or SC
(Fig. 3 and 4) (Moses, 1956) The morphological changes that accompany the assembly and
subsequent disassembly of the SC define the successive sub stages of meiotic prophase I: leptotene,
zygotene, pachytene, diplotene and diakinesis (Fig. 4). In leptotene, a single proteinaceous axis,
called the axial element (AE) becomes associated with the two sister chromatids of each
chromosome. During zygotene, the axial elements of homologous chromosomes are connected
along their entire length by numerous transversal filaments (TFs), thereby forming the SC. This
process is called synapsis and continues until pachytene, when the homologous chromosomes are
connected along their entire length by the SC. Within the context of the SC, the axial elements are
also called lateral elements (LEs). In diplotene, the TFs dissociate and the homologous
chromosomes desynapse, followed by disassembly of the AEs. At late diplotene / diakinesis the
results of meiotic recombination between non sister chromatids of homologous chromosomes
become visible as chiasmata (Jones, 1987) (Fig. 5). Genes encoding TF proteins have been
identified in several species, including mammals (SYCP1) (Meuwissen et al., 1992) and budding
yeast (Zip1) (Sym et al., 1993).
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Meiotic Recombination
In budding yeast, there are at least two mechanisms
for the formation of COs: the class I and class II CO
pathway. Formation of class I COs proceeds largely
according to the DSB repair model of Szostak et al (1983)
(Fig. 6): Meiotic recombination is initiated by the
induction of DNA double strand breaks (DSBs), which are
almost certainly formed by a complex of proteins that
includes a homodimer of Spo11, which is most likely the
nuclease that initiates meiotic recombination (reviewed by
Keeney, 2001). When a Spo11 dimer cleaves the two
strands of a DNA molecule, one Spo11 molecule becomes
attached to each of the two 5’ ends of the newly-formed
DSB, and subsequently Spo11 is removed, and the 5’ ends
are resected. One of the resulting 3’ tails then invades a
homologous region of a double stranded DNA molecule
(the template; in meiosis, this is preferably a non-sister
chromatid of the homologous chromosome, see Fig. 6),
thereby generating a small D-loop. This is also referred to
as a single end invasion (SEI) (Hunter and Kleckner,
2001) DNA synthesis is primed by the invading strand and
causes extension of the D-loop, thereby enabling the Dloop to anneal to the other 3’ tail of the DSB (second end
capture). Further DNA synthesis and ligation results in the formation of a double Holliday Junction
(dHJ) (Schwacha and Kleckner, 1995). The dHJ can be resolved as a CO by cleavage of the
junctions in such a way that the broken DNA molecule and the template undergo a reciprocal
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exchange (Fig. 6). A group of meiosis-specific proteins, including
the TF protein ZIP1 and the Escherichia coli MutS homologs Msh4
and Msh5, which are collectively known as ZMM proteins, is
essential in the formation of class I COs (Fig 6). In the absence of
one or more ZMM proteins, SEIs are assumed to be unstable and to
be resolved as noncrossovers (NCOs) through an alternative pathway
(Allers and Lichten, 2001; Borner et al., 2004). The E. coli MutL
homologs Mlh1 and Mlh3 are also important for the formation of
class I COs (Hunter and Borts, 1997; Wang et al., 1999). Several
proteins that are involved in the class I CO pathway have also been
identified in mouse meiosis and meiotic time-courses of
immunofluorescent foci containing these proteins have been
described (Ashley and Plug, 1998; Kolas et al., 2005; Moens et al.,
2002)
The other major pathway for the formation of meiotic COs,
the class II CO pathway, does not involve formation and resolution
of dHJs and does not depend on the ZMM proteins or Mlh1 and
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Mlh3, but depends on the Mus81-Mms4 endonuclease (Argueso et al., 2004; De Los Santos et al.,
2003). The occurrence of class I and class II CO pathways varies among species: Arabidopsis and
tomato probably employ both pathways for CO formation (Higgins et al., 2005; Mercier et al.,
2005; Lhuissier et al., unpublished observations), whereas the nematode worm Caenorhabditis
elegans (Kelly et al., 2000; Zalevsky et al., 1999) and the mouse (discussed by Whitby, 2005) rely
(almost) exclusively on the ZMM-dependent class I CO pathway. The fission yeast
Schizosaccharomyces pombe depends almost entirely on the Mus81-dependent class II CO pathway
(Osman et al., 2003; Smith et al., 2003). The numbers of COs per bivalent are high in fission yeast,
and they appear to be randomly distributed along the chromosomes(Munz, 1994). In contrast, in
organisms that employ the class I CO pathway, the number of COs per bivalent tends to be lower
and the distribution of COs among and along bivalents is highly regulated: despite the low average
number of COs per bivalent, every bivalent has at least one CO (the obligate crossover), and, if
more COs are formed per bivalent, they are more evenly spaced along the bivalent than would be
expected if they were placed randomly: they display (positive) interference. It is generally assumed
that the obligate crossover and interference are part of the same regulatory mechanism, because
they are usually lost together (discussed by Jones and Franklin, 2006).
Interference
Interference, the more even spacing of COs than would be expected if they were placed
randomly, was first described in Drosophila by Muller( 1916) and has since then been observed in
most eukaryotes (Hillers, 2004). Interference was originally defined genetically (discussed by Foss
et al., 1993), but it can also be analyzed cytologically in diakinesis and metaphase I from the spatial
distribution of chiasmata (reviewed by Jones, 1987), or in pachytene, when recombination is still in
progress, from the distribution of recombination complexes along meiotic chromosomes (Froenicke
et al., 2002; Fung et al., 2004, this thesis; Sherman and Stack, 1995). Although interference was
first described nearly a century ago (Muller, 1916), it is still not known how the interference
mechanism works.
Several models have been postulated for interference, both mathematical and
mechanistic(Kleckner et al., 2004; discussed by McPeek and Speed, 1995). Of the mathematical
models, the gamma model was repeatedly found to provide the best fit to the observed data
(Broman et al., 2002; McPeek and Speed, 1995). According to the gamma model, CO precursors
(imaginary or real) are distributed randomly along the chromosome, but only every nth precursor
will yield a CO (Foss et al., 1993; Stam, 1979). The gamma model is a most useful tool to describe
or measure the strength of interference, but it is not necessarily useful for understanding the
interference mechanism itself. That depends on whether this mechanism conforms to the gamma
model, i.e., whether there is really a mechanism that counts recombination intermediates.
In this thesis, I focus on the relation between the SC and meiotic recombination in the
mouse. In most analyzed species, the SC and meiotic recombination are linked, although there
appears to be variation in the direction of the flow of information and the nature of the link: Both in
Drosophila melanogaster and C. elegans, formation of the SC does not depend on recombinational
interactions, whereas such interactions are required for homolog pairing and synapsis in other
organisms, including budding yeast and mammals. Conversely, CO formation is linked with the SC
in most analyzed organisms, although there is variation. In C. elegans, TF-deficiency results in
complete abolishment of all COs. In budding yeast, in contrast, deficiency for the TF protein Zip1
results in failure to synapse and reduction of the number of COs per cell to about 50% of wildtype
level, whereas the COs that are still formed do not display interference. In part of the interference
models, some signal is assumed that is emitted from a newly formed CO, and then guided along the
length of the chromosome (Fujitani et al., 2002; King and Mortimer, 1990; Kleckner et al., 2004);
the SC and the AE have been suggested to function as a conductor for the interference signal (Egel,
1995; Kleckner et al., 2003).
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Outline of this thesis
In this thesis I focus on the question whether the SC plays a role in the formation and/or
distribution of COs in the mouse, using an immunocytological approach. Mouse is a suitable
experimental organism for this purpose, because the cytology of mouse meiosis is very well
developed and the successive stages of mouse meiosis can be determined precisely (reviewed by
Ashley, 2004). In addition, many of the proteins that are involved in meiotic recombination, as well
as several SC components, including TF protein SYCP1, have been identified and their localization
in mouse meiosis has been described (Ashley and Plug, 1998; Heyting and Dietrich, 1991; Kolas et
al., 2005; Meuwissen et al., 1992; Moens et al., 2002)
First, we analyzed the role of TFs in SC formation and recombination by examining a
mouse mutant with a disruption in the gene encoding SYCP1, which is a major TF component
(chapter 2). From the time course of immunofluorescent foci representing successive steps in
meiotic recombination in Sycp1-/- mice, we inferred that the initial steps in meiotic recombination
proceed normally, but that most recombination intermediates are not repaired; furthermore, MLH1
foci and COs are not formed in Sycp1-/- mice.
Next, we analyzed the role of TFs and SCs in the positioning of recombination intermediates
and (prospective) COs along the bivalents, by comparing the spacing of foci representing
successive steps in meiotic recombination in Sycp1-/- spermatocytes with that in wildtype (chapter
3). We discovered two levels of interference, namely weak interference among recombination
complexes representing early and intermediate steps in recombination (RPA and MSH4 foci), and
strong interference among complexes that mark CO positions (MLH1 foci). SYCP1, and thus TFs,
were not required for the weak interference among RPA and MSH4 foci. Whether SYCP1 or TFs
are required for the strong interference among MLH1 foci could not be assessed, because Sycp1-/spermatocytes do not assemble these structures.
Then we examined whether the two levels of interference, the weak interference among
MSH4 foci in late zygotene and the strong interference among MLH1 foci in pachytene are
imposed by the same mechanism, and in particular whether the same metric or ruler is used for the
control of interfocus distances (chapter 4). We find that for the imposition of interference among
MSH4 foci another metric is used than for the imposition of interference among MLH1 foci, which
suggests that the two levels of interference are imposed by different mechanisms.
Subsequently, we investigated whether intact AEs and/or full synapsis are required for the
imposition of interference among MLH1 foci. We measured the level of interference among MLH1
foci in a mouse mutant that is deficient for the AE protein SYCP3 and displays structurally aberrant
AEs and incomplete synapsis. We found that neither an intact AE structure nor full synapsis is
required for wildtype levels of interference among MLH1 foci.
The final chapter, chapter 6 gives an overview of the possible roles of TF proteins in
meiosis.
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Mouse Sycp1 functions in synaptonemal
complex assembly, meiotic
recombination, and XY body formation
Femke A.T. de Vries,1,5 Esther de Boer,2,5 Mike van den Bosch,1 Willy M. Baarends,3 Marja Ooms,3
Li Yuan,4 Jian-Guo Liu,4 Albert A. van Zeeland,1 Christa Heyting,2,6 and Albert Pastink1,7
1
Department of Toxicogenetics, Leiden University Medical Centre, 2333 AL Leiden, The Netherlands; 2Molecular Genetics
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Erasmus University Rotterdam, 3000 DR Rotterdam, The Netherlands; 4Center for Genomics and Bioinformatics,
Karolinska Institutet, S-171 77 Stockholm, Sweden

In meiotic prophase, synaptonemal complexes (SCs) closely appose homologous chromosomes (homologs)
along their length. SCs are assembled from two axial elements (AEs), one along each homolog, which are
connected by numerous transverse filaments (TFs). We disrupted the mouse gene encoding TF protein Sycp1
to analyze the role of TFs in meiotic chromosome behavior and recombination. Sycp1−/− mice are infertile,
but otherwise healthy. Sycp1−/− spermatocytes form normal AEs, which align homologously, but do not
synapse. Most Sycp1−/− spermatocytes arrest in pachynema, whereas a small proportion reaches diplonema, or,
exceptionally, metaphase I. In leptotene Sycp1−/− spermatocytes, ␥H2AX (indicative of DNA damage,
including double-strand breaks) appears normal. In pachynema, Sycp1−/− spermatocytes display a number of
discrete ␥H2AX domains along each chromosome, whereas ␥H2AX disappears from autosomes in wild-type
spermatocytes. RAD51/DMC1, RPA, and MSH4 foci (which mark early and intermediate steps in
pairing/recombination) appear in similar numbers as in wild type, but do not all disappear, and MLH1 and
MLH3 foci (which mark late steps in crossing over) are not formed. Crossovers were rare in metaphase I of
Sycp1−/− mice. We propose that SYCP1 has a coordinating role, and ensures formation of crossovers.
Unexpectedly, Sycp1−/− spermatocytes did not form XY bodies.
[Keywords: XY body; chromosome pairing; meiosis; mouse; recombination; synaptonemal complex]
Supplemental material is available at http://www.genesdev.org.
Received November 1, 2004; revised version accepted April 18, 2005.

In meiosis, two rounds of chromosome segregation follow one round of replication. The first segregation, meiosis I, is reductional, as homologous chromosomes (homologs) move to opposite poles, whereas meiosis II is
equational, because sister chromatids disjoin. The disjunction of homologs is prepared during the prophase of
meiosis I, when homologs pair and nonsister chromatids
of homologs recombine (for review, see Zickler and
Kleckner 1999). The resulting crossovers and cohesion
between the sister chromatids connect the homologs and
ensure their proper disjunction at meiosis I. In most analyzed eukaryotes, meiotic recombination is accompanied by the close apposition of homologs by a zipper-like
proteinaceous structure, the synaptonemal complex
(SC). After premeiotic S-phase, the two sister chromatids
of each chromosome develop a common axial structure,
5
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the axial element (AE), which consists of a linear array of
protein complexes involved in sister chromatid cohesion
(cohesin complexes), associated with various additional
proteins (for review, see Page and Hawley 2004). Numerous transverse filaments (TFs) then connect the AEs of
two homologs (synapsis) to form an SC. Within the SC,
AEs are called lateral elements (LEs).
Genes encoding TF proteins have been identified in
mammals (Sycp1), budding yeast (ZIP1), Drosophila
(c(3)G), and Caenorhabditis (Syp-1 and Syp-2). SYCP1,
Zip1, and C(3)G are long coiled-coil proteins with globular domains at both ends. Within SCs, they form parallel
coiled-coil homodimers, which are embedded with their
C termini in the LEs, whereas the N termini of TF protein molecules from opposite LEs overlap in the narrow
region between the LEs of the two homologs. Caenorhabditis Syp-1 and Syp-2 are two short coiled-coil
proteins, which possibly take the place of a single longer
coiled-coil protein in other species (for review, see Page
and Hawley 2004).
In the three species in which it has been analyzed,
Drosophila, Caenorhabditis, and yeast, TF-deficient mu-
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Disruption of the mouse SYCP1 gene

tants still initiate meiotic recombination by induction of
DNA double-strand breaks (DSBs) (Storlazzi et al. 1996;
Colaiácovo et al. 2003; Jang et al. 2003), and align homologous chromosomes. However, they are deficient in
crossover formation (for reviews, see Zickler and Kleckner 1999; Page and Hawley 2004). In Caenorhabditis and
Drosophila, meiotic crossing over is abolished (Page and
Hawley 2001; MacQueen et al. 2002; Colaiácovo et al.
2003), whereas in yeast zip1 null mutants, meiotic crossing over is reduced (Sym et al. 1993; Börner et al. 2004).
Interestingly, Zip1 contributes to crossover formation
even if no SC is assembled (Storlazzi et al. 1996), so not
all functions of TF proteins in crossover formation require an intact SC structure; Storlazzi et al. (1996) proposed that Zip1 has a role in crossover designation before
an SC is formed.
Börner et al. (2004) analyzed the crossover defect of
yeast zip1 null mutants in detail. In wild-type yeast
meiosis, DSB ends are resected so that 3⬘ single-stranded
tails arise (Sun et al. 1991). zip1 mutants show wild-type
levels and kinetics of DSB formation and resection, but
coordinate defects in later steps, namely, the formation
of single end invasions (SEIs), double Holliday junctions
(dHJs), and crossovers, which indicates that the progression from resected DSBs to SEIs is affected in zip1 mutants. Because in wild-type yeast SEIs appear in late zygonema (Hunter and Kleckner 2001), Zip1 fulfils its role
in this step in crossover formation before an intact SC
structure has been formed.
The relation between SC formation and recombination implies more than a requirement of TF proteins for
crossing over. Synapsis and recombination are interdependent in most species, and the interdependency differs
between species. In yeast and mouse, but not Drosophila, disruption of genes involved in meiotic DSB formation, resection, or strand invasion also affect synapsis,
and most recombinational interactions in early meiosis
probably serve to establish or stabilize homolog alignment and/or initiation of synapsis (for review, see
Hunter 2003). Because of this interdependence it is important to analyze the localization of complexes of recombination-related proteins relative to the SCs/AEs in
TF-deficient mutants. Such complexes can be recognized
immunocytochemically (Anderson et al. 1997; Moens et
al. 2002). Upon immunofluorescent labeling they are visible as foci by light microscopy. The composition of foci
changes as meiotic prophase proceeds, which most likely
directly or indirectly reflects successive steps in homolog alignment and recombination (for review, see Ashley
and Plug 1998).
The mouse provides excellent opportunities for studying the role of TFs in chromosome pairing and recombination by an immunocytological approach, because the
cytology of mouse meiosis is very well developed, and
successive stages of meiosis can be determined precisely
(for review, see Ashley 2004). Furthermore, several SC
components, including TF protein SYCP1 (Meuwissen et
al. 1992; Sage et al. 1995) and many recombination-related proteins have been identified in the mouse, and the
localization of these proteins in mouse meiosis has been

studied in great detail (Heyting and Dietrich 1991; Ashley and Plug 1998; Moens et al. 2002). We disrupted the
Sycp1 gene and analyzed the effect of the disruption on
male meiosis, following an immunocytochemical approach. We focused on the state of the AEs and the formation of foci containing recombination-related proteins in order to find out whether and how homolog
alignment, meiotic recombination, and SC assembly are
affected in Sycp1−/− mutants.

Results
Targeted inactivation of Sycp1
We disrupted the mouse Sycp1 gene, using a targeting
vector in which exon 2 to exon 8 of the gene had been
replaced by a neomycin selection marker. The replaced
sequence includes the splice donor sequence of intron 1,
the ATG start codon in exon 2, and ∼20% of the Sycp1
ORF (Fig. 1A). The targeting vector was linearized and
electroporated into embryonic stem (ES) cells. We tested
∼600 neomycin- and gancyclovir-resistant ES cell clones
by PCR for correct targeting. About 2% of the clones

Figure 1. Targeted inactivation of mouse Sycp1. (A) Structure
of the targeted region of the wild-type Sycp1 gene with exons
1–8 (top), targeting vector (center), and targeted allele (bottom).
The ATG start codon is located in exon 2. Solid boxes indicate
exons. Targeted integration results in a deletion including the
3⬘-end of exon 1 and exons 2–8. (E) EcoRI; (B) BglII; (H) HindIII;
(S) SphI; (SII) SacII. The SalI site indicated between brackets was
derived from the  phage vector. Arrows indicate the primers
used for screening for correctly targeted clones. (B) Blot analysis
of DNA from wild-type (+/+) and heterozygous (+/−) ES cells
digested with HindIII (left) and SphI (right) and hybridized with
the L probe and the M probe, respectively. The wild-type 13.5kb HindIII fragment is replaced by a 9.0-kb fragment in the
mutant and the 8.5-kb SphI fragment from the wild-type allele
by a 6.0-kb fragment. (C) Western blot analysis of testis cell
extracts from Sycp1−/− mice. Strips carrying proteins from testis
cell extracts from heterozygous mice (left in each pair of strips)
or Sycp1−/− mice (right strip) were probed with antibodies
against the N-terminal (N), middle (M), or C-terminal part (C) of
SCP1 (the rat protein homologous to SYCP1), or against nearly
full-length SCP1 (F). (P) Ponceau S-stained strips. Arrows indicate the top of the gel and the electrophoresis front. (kDa) Molecular mass in kilodaltons.
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Figure 2. Morphology, histology, and
TUNEL analysis of testes from Sycp1−/−
mice. The histological sections were
stained with hematoxilin and eosin. (A–F)
Testicular histology of adult Sycp1−/− (−/−,
A,C,E) and Sycp1+/− (+/−, B,D,F) mice.
Note the total absence of post-meiotic
germ cells in Sycp1−/− sections. Pachytene
nuclei are abundant, but show aberrant
nuclear morphology. (G–J) TUNEL analysis of testis sections of Sycp1−/− (−/−, G,I)
and Sycp1+/− (+/−, H,J) mice. Tubule sections with numerous TUNEL-positive nuclei occur only in Sycp1−/− mice. A few
apoptotic nuclei are visible in tubule sections from Sycp1+/− mice. (K) Testes from
Sycp1+/− (+/−) and Sycp1−/− (−/−) mice.
Bars: A–D,I,J, 50 µm; E,F, 25 µm; G,H, 100
µm; K, 2 mm.

tested contained the disrupted Sycp1 allele. Correct targeting was confirmed by Southern blot analysis (Fig. 1B).
We injected targeted ES clones into C57BL/6 blastocysts
and obtained germline transmitting chimeric animals.
Intercrosses of Sycp1+/− animals yielded Sycp1+/+,
Sycp1+/−, and Sycp1−/− offspring in the expected Mendelian ratio. The Sycp1−/− mice are viable and don’t display
obvious developmental defects. Antibodies against peptides covering the N-terminal, middle, or C-terminal
part of SCP1 (the rat protein homologous to SYCP1), or
against nearly full-length SCP1, did not bind to any proteins in testis cell extracts from Sycp1−/− mice (Fig. 1C),
indicating that these mice do not express truncated
SYCP1. Most likely the SYCP1 disruption equals a null
mutation.
Sycp1−/− mice are infertile
Whereas Sycp1+/− mice were fully fertile, repeated breeding attempts of Sycp1−/− males and females with wildtype animals did not yield any offspring. If the same
wild-type animals were mated with heterozygous
(Sycp1+/−) males or females, pregnancy was readily
achieved. Sycp1−/− testes and ovaries were much smaller
than those of Sycp1+/− or wild-type mice (shown for testis in Fig. 2K), and Sycp1−/− testes weighed on average
70% less than wild-type testes. Spermatozoa were lacking in epididymides of Sycp1−/− knockout males (data
not shown). SYCP1 is thus required for correct development of the reproductive organs and for male and female
fertility.
Histological analysis of the gonads revealed various

abnormalities. As is explained in detail in the Supplemental Material, the mouse testis is organized in seminiferous tubules, in which cells differentiate coordinately. The tubules from Sycp1−/− mice were much
smaller than those from wild type (Fig. 2A–F). They contained spermatogonia and spermatocytes, which appeared normal with respect to the presence of AE/LE
proteins SYCP2 and SYCP3 (see below; Supplemental
Material), but the morphology of their nuclei was often
abnormal. Furthermore, spermatocyte stages beyond diplonema were rare in Sycp1−/− testes, and post-meiotic
spermatogenic cells (spermatids and spermatozoa) were
completely lacking. Apparently, spermatogenic differentiation is interrupted predominantly at the pachytene
stage of Sycp1−/− spermatocytes, which most likely
causes the sterility of Sycp1−/− males. However, as has
been found in other mouse meiotic mutants, the organization of the seminiferous tubules was not disrupted and
the residual spermatocytes in Sycp1−/− mice formed associations with similar cell types (except spermatids) as
the corresponding spermatocytes in wild type (Supplemental Material).
Sycp1−/− ovaries weighed on average 35% less than
Sycp1+/− or Sycp1+/+ ovaries. Growing follicles and oocytes were lacking in sections of Sycp1−/− ovaries, which
suggests a disruption of oocyte development during
meiosis, followed by apoptosis.
SYCP1-deficiency leads to increased apoptosis
during pachynema
One possible explanation for the lack of spermatids in
Sycp1−/− testes is that spermatogenic cells enter apopto-

Figure 3. Assembly of AEs in Sycp1−/− mice. (A,B) Electron micrographs of AEs and SCs from wild-type (+/+) and Sycp1−/− (−/−) male
mice. (A) Wild-type SC with closely apposed AEs and a CE. (B) Homologously aligned AEs from a Sycp1−/− spermatocyte, connected
by AAs. (C–J) Components of AEs and SCs in wild-type (+/+) and Sycp1−/− (−/−) diplotene (C,D) or pachytene (E–J) spermatocytes; LE/AE
protein SYCP3 and all analyzed cohesins are present in LEs/AEs of wild type and mutant, whereas SYCP1 is not detectable in mutant
spermatocytes. (K–T) Formation of AEs/LEs, as shown by REC8/SYCP3 double labeling, in wild-type (+/+) and Sycp1−/− (−/−) spermatocytes. (K,L) Early leptonema. (M,N) Late leptonema. (O,P) Zygonema. (Q,R) Pachynema. (S,T) Diplonema; note the XY bivalent
(XY) in wild-type cells (Q,S), and separate X and Y chromosomes in the Sycp1−/− cells (R,T). Bars: A,B, 1 µm; C–T, 10 µm.
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(Figure 3 legend on facing page.)

sis during meiotic prophase (for review, see de Rooij and
de Boer 2003). We tested this using TUNEL analysis of

testis sections from ∼8-wk-old Sycp1+/− and Sycp1−/−
mice. In Sycp1+/− testes, we found on average 0.7 apo-
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ptotic nuclei per cross-sectioned tubule, which is
slightly more than previously found in wild type
(Baarends et al. 2003). In Sycp1+/− testes, the TUNELpositive cells were most often in pachynema or metaphase/anaphase I (Fig. 2G–J). In testis sections of
Sycp1−/− but not of Sycp1+/− animals, certain tubules
contained many (10 or more) apoptotic nuclei. Accordingly, the percentage of tubule sections with five or more
apoptotic nuclei had almost doubled in Sycp1−/− compared with Sycp1+/− testes (20% vs. 11%). Because the
percentage of tubules without apoptotic nuclei had not
changed, we think that apoptosis occurs at similar developmental steps in Sycp1−/− animals as in wild type,
but with a highly increased incidence, resulting in
Sycp1−/− tubules containing a whole layer of apoptotic
nuclei. Thus, in Sycp1−/− males, spermatogonia enter
meiotic prophase, but most spermatocytes die of apoptosis at pachynema, and exceptionally some get to metaphase I.
AEs are formed in the absence of SYCP1
and align homologously
Sycp1−/− spermatocytes assemble morphologically normal AEs (Fig. 3), which align homologously (Fig. 3;
Supplementary Fig. S1), but are not connected by TFs,
and do not show a central element between them, i.e.,
they do not synapse (Fig. 3B). In Sycp1−/− spermatocytes,
AEs are only connected by a limited number of axial
associations (AAs) (Fig. 3A,B), and are farther apart
(211 ± 17 nm at AAs) than the LEs in pachytene spermatocytes of wild type (in agar filtrates: 79 ± 3 nm). This
resembles the yeast zip1 phenotype (Sym et al. 1993),
including the size of the AAs, and is consistent with the
idea that SYCP1 is a TF component. Beyond the most
centromere proximal and distal AAs, the AEs tend to be
somewhat wider apart, so the AAs are the only or at least
the shortest connections between the AEs. All analyzed
components of wild-type mouse AEs/LEs were also
present in Sycp1−/− AEs (Fig. 3; for SYCP2, see Fig. 4).
In the Supplemental Material we present evidence that
the order of Sycp1−/− and wild-type spermatocyte stages,
as defined by AE morphology and extent of alignment/
synapsis, is the same (Supplementary Figs. S2, S3), and
that corresponding Sycp1−/− and wild-type stages have
similar life spans, at least until the spermatocytes enter
apoptosis. We use, therefore, AE morphology and alignment/synapsis as criteria for staging and comparing
Sycp1−/− and wild-type spermatocytes. The assembly and
alignment of AEs, as detected by REC8/SYCP3 double
labeling, proceeds similarly in Sycp1−/− and wild type
(Fig. 3K–T). The pseudo-autosomal parts of the X and Y
chromosome, however, were not aligned in 28% of the
Sycp1−/− pachytene cells, whereas they were synapsed in
100% of the wild-type pachytene cells (examples shown
in Figs. 3, 4). Although most Sycp1−/− spermatocytes are
lost during pachynema (above), some reach diplonema;
0%–3% (depending on the mouse) of the spermatocytes
in spreads of Sycp1−/− testis cell suspensions were in diplonema, compared with 15% of the spermatocytes in
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spreads of wild-type testis cell suspensions (late meiotic
prophase stages are overrepresented in cell suspensions).
Diplotene Sycp1−/− AEs resemble wild-type LEs/AEs, including the thickened ends and the apparent repulsion of
the LEs/AEs of homologous chromosomes (Fig. 3T;
Supplementary Fig. S2).
Meiotic recombination is initiated in Sycp1−/−
spermatocytes, but repair is not completed
␥H2AX is a phosphorylated form of histone variant
H2AX, which marks chromatin domains with DNA
damage, including DSBs (Rogakou et al. 1999). ␥H2AX
appeared throughout Sycp1−/− preleptotene and leptotene nuclei (Fig. 4F), as in wild type (Fig. 4A; Mahadevaiah et al. 2001). However, whereas ␥H2AX becomes
largely restricted to asynapsed portions of wild-type zygotene chromosomes (Fig. 4B; Mahadevaiah et al. 2001),
it occurs all along the AEs, including the aligned portions, of Sycp1−/− zygotene chromosomes (Fig. 4G). The
intensity of ␥H2AX labeling along the Sycp1−/− bivalents
varied somewhat, but in most zygotene cells we could
not distinguish separate ␥H2AX-positive domains (Figs.
4G, 5N). This pattern changed in Sycp1−/− pachynema:
Some Sycp1−/− pachytene cells displayed a mixture of
long stretches of ␥H2AX and narrow, intense ␥H2AXpositive domains, and other pachytene cells (presumably
of a later stage) showed only narrow, ␥H2AX-positive
domains along otherwise ␥H2AX-negative bivalents (Fig.
4H). Diplotene Sycp1−/− spermatocytes displayed only
the latter pattern (Fig. 4I). Late pachytene/early diplotene
Sycp1−/− spermatocytes contained 110 ± 4.6 distinct,
narrow ␥H2AX-positive domains per cell. In earlier spermatocyte stages the ␥H2AX-positive domains were too
indistinct and heterogeneous to be counted. In wild type,
we found only distinct, narrow ␥H2AX-positive domains
along synapsed stretches in late zygonema and early
pachynema (Fig. 4B,C), and these domains were weakly
labeled and disappeared during the course of pachynema
(Fig. 4D; Mahadevaiah et al. 2001). Taken together, the
␥H2AX pattern suggests that meiotic DSBs are formed in
Sycp1−/− meiosis, but that at least some DSBs are not
repaired, or their repair gets stuck at some intermediate
step that is still marked by ␥H2AX. Another abnormality
in the ␥H2AX pattern was found on the sex chromosomes: Wild-type pachytene and diplotene spermatocytes have ␥H2AX throughout the chromatin of the XY
body (Fig. 4C–E; Mahadevaiah et al. 2001) (a condensed
chromatin structure containing the sex chromosomes
formed during male meiotic prophase in mammals). In
striking contrast, the sex chromosomes of Sycp1−/−
pachytene and diplotene spermatocytes displayed similar narrow ␥H2AX-positive domains as the autosomes
(Fig. 4H,I).
We also analyzed the putative H2AX phosphorylating
kinase ATR (Turner et al. 2004). In leptonema of wildtype mouse, ATR forms foci in association with AE segments (Fig. 4J), and in early zygonema, ATR foci occur
along synapsed and asynapsed portions of LEs/AEs (Fig.
4K). From mid-zygonema to early pachynema, ATR dis-
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Figure 4. ␥H2AX and ATR in wild-type (+/+) and Sycp1−/− (−/−) spermatocytes. (A–I) ␥H2AX. (A,F) Leptonema. (B,G) Zygonema. (C)
Early pachynema. (D,H) Mid-pachynema. (E,I) Diplonema. The sex chromosomes (XY) form an XY body in wild-type spermatocytes
(C–E), but not in Sycp1−/− spermatocytes, even though the X and Y chromosomes are associated in the cells in H and I. (J–Q) ATR. (J,N)
Leptonema. (K,O) Zygonema. (L) Early pachynema. (M,P) Mid-pachynema. (Q) Diplonema. ATR is present throughout the chromatin
of the XY bivalent in wild-type spermatocytes (M), but forms foci and distinct domains along the X and Y chromosomes in Sycp1−/−
cells (P,Q). Insets in J and N show the close association of ATR with the ends of AE fragments in wild-type (+/+) and Sycp1−/−
leptonema. Bars, 10 µm.

appears from synapsed portions of SCs and accumulates
along the nonautosomal parts of the XY bivalent and late
pairing (“laggard”) portions of autosomal LEs/AEs (Fig.
4L; Turner et al. 2004 and references therein). In Sycp1−/−
leptonema and early zygonema, the ATR pattern was
indistinguishable from wild type (Fig. 4N). However,
whereas the ATR signals disappeared from the synapsed
portions of AEs in wild type, they were present along the
aligned AEs in Sycp1−/− spermatocytes, usually in AEasociated foci, or incidentally in distinct domains that
were reminiscent of the ␥H2AX domains (Fig. 4P,Q). The
dense ATR coating of laggard asynapsed portions of AEs

as is found in wild type (Fig. 4L) was not found in
Sycp1−/− spermatocytes. Strikingly, ATR shows the
same aberrant pattern on the X and Y chromosome in
Sycp1−/− pachynema as ␥H2AX: It forms few, discrete
foci, or occasionally domains, on the AEs of the X and Y
chromosome rather than covering all non-pseudo-autosomal parts of the AEs of the sex chromosomes (Fig.
4P,Q). In short, the ATR pattern in Sycp1−/− spermatocytes differs in various respects from that in wild type,
but the similarity of the ATR and ␥H2AX patterns found
in wild type (Turner et al. 2004) is also found in Sycp1−/−
spermatocytes (Fig. 4).
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Sycp1−/− spermatocytes barely form crossovers
To find out which step in meiotic recombination could
be blocked in Sycp1−/−, we analyzed proteins involved in
later steps of meiotic recombination. Rad51 and Dmc1
are RecA homologs required for heteroduplex formation
in meiosis, probably by assembling on 3⬘ tails of resected
DSB ends and initiating the strand invasion step (for review, see Shinohara and Shinohara 2004). In wild-type
mouse, RAD51/DMC1 foci are formed along the AEs
from leptonema on. In zygonema, they are located along
synapsed and asynapsed portions of SCs, and in
pachynema they gradually disappear (Fig. 5A,B; Ashley
and Plug 1998). In Sycp1−/− leptonema, RAD51/DMC1
foci appeared in similar numbers as in wild type, but
their number decreased more slowly (Fig. 5C,S; Supplementary Fig. S4). Even late pachytene/early diplotene
Sycp1−/− spermatocytes displayed appreciable numbers
of RAD51/DMC1 foci (Fig. 5D,S). Thirty percent to 50%
of the RAD51/DMC1 foci were between the aligned AEs
in Sycp1−/− late zygonema and late pachynema/early diplonema (Fig. 5D; Supplementary Fig. S4). RAD51/DMC1
foci between aligned AEs occur also in wild-type mouse,
maize, and Sordaria (for review, see Zickler and Kleckner 1999; Tessé et al. 2003). Because homolog alignment
requires DSBs (Tessé et al. 2003), the RAD51/DMC1 foci
between aligned AEs might mark recombinational interactions between homologs. Part of the RAD51/DMC1
foci in Sycp1−/− pachytene cells colocalize with ␥H2AX
domains (Fig. 5Q,R).
RPA binds to single-stranded DNA, and in vitro it enhances nucleoprotein formation by RAD51 if added to
the reaction mixture after RAD51 (Pâques and Haber
1999). In wild-type spermatocytes, RPA foci appear and
disappear on average later than RAD51/DMC1 foci (Fig.
5E,F,S; Supplementary Fig. S4; Moens et al. 2002). In
Sycp1−/− leptotene and late zygotene spermatocytes, the
number of RPA foci and their time of appearance in relation to alignment/synapsis were similar as in wild-type
zygonema (Fig. 5G,S; Supplementary Fig. S4). However,
Sycp1−/− diplotene spermatocytes still have appreciable
numbers of RPA foci (Fig. 5H,S; Supplementary Fig. S4).
About 80% of the RPA foci were located between two
aligned AEs of Sycp1−/− spermatocytes (Fig. 5G; Supplementary Fig. S4). RPA foci between aligned AEs occur
also in wild-type zygonema (Fig. 5G) and between homologously aligned but not synapsed LE/AE segments
between translocation breakpoints in Sycp1+/+ pachynema (Plug et al. 1997).

Msh4 is a MutS homolog, which forms a heterodimeric complex with another MutS homolog, Msh5. The
Msh4/Msh5 heterodimer probably recognizes and stabilizes meiotic recombination intermediates (Ross-Macdonald and Roeder 1994; Snowden et al. 2004). Yeast
Msh4 localizes to sites of synapsis initiation. msh4 mutants show partial and delayed synapsis and 30%–50% of
the wild-type level of crossing over, and msh4 mutations
affect the same subset of crossovers as zip1 mutations
(Novak et al. 2001). In mouse, MSH4 foci colocalize extensively with RPA foci, but appear and disappear
slightly later (Moens et al. 2002). Otherwise than in
yeast, the number of MSH4 foci in mouse far exceeds the
number of chiasmata that will be formed (Fig. 5I,S;
Supplementary Fig. S4). Neyton et al. (2004) proposed
that in mouse meiosis, MSH4 cooperates first in zygonema with RAD51/DMC1 in homolog alignment, synapsis initiation, and/or in resolution of early DNA–DNA
interactions, and subsequently, in pachynema, with
MLH1 and MLH3 in crossover formation. In Caenorhabditis, MSH-4 and MSH-5 appear to fulfill only this second role: msh-4 or msh-5 mutants align homologs and
assemble SC, but RAD-51 foci persist and crossovers are
not formed, which suggests a role for MSH-4/5 downstream RAD-51 in crossover formation in Caenorhabditis (Colaiácovo et al. 2003). In mouse, Sycp1−/− leptotene
and zygotene spermatocytes display similar numbers of
MSH4 foci as wild-type spermatocytes (Fig. 5K,M,S;
Supplementary Fig. S4). Most Sycp1−/− MSH4 foci are
between aligned AEs, indicating that they mark DNA
interactions between homologs. However, in Sycp1−/−
late pachynema/early diplonema, the number of MSH4
foci is still 70% of that in late zygonema (Fig. 5L,S;
Supplementary Fig. S4). This might suggest that the
DNA–DNA interactions to which MSH4 binds are
formed normally in Sycp1−/−, but that most of these cannot be processed.
MLH1 is essential for crossover formation, both in
mammals and yeast (Baker et al. 1996; Hunter and Borts
1997). In mouse, MLH1 foci appear in mid-pachynema,
and their position and number closely correlate with
those of chiasmata (Froenicke et al. 2002). MLH3 foci
largely colocalize with MLH1 foci in the mouse (Svetlanov and Cohen 2004), and MLH3 most probably cooperates with MLH1 in crossover formation (Wang et al.
1999; Lipkin et al. 2002). Sycp1−/− spermatocytes do not
form MLH1 and MLH3 foci (Fig. 6), which indicates that
SYCP1 is required for crossover formation. Accordingly,
we observed only univalents in the two natural meta-

Figure 5. Recombination-related proteins along AEs and SCs in wild-type (+/+) and Sycp1−/− (−/−) spermatocytes. (A–D) RAD51/
DMC1. (A,C) Late zygonema. (B,D) Late pachynema. (E–H) RPA. (E,G) Late zygonema. (F,H) Diplonema. (I–L) MSH4. (I,K) Late
zygonema. (J) Mid-pachynema. (L) Diplonema. (M,N) MSH4/SYCP2/␥H2AX triple labeling of a zygotene Sycp1−/− spermatocyte; the
number and localization of MSH4 foci appears normal, but the persistence of ␥H2AX throughout the chromatin is abnormal. (O,P)
MSH4/SYCP3/␥H2AX triple labeling of a late pachytene Sycp1−/− bivalent, to show that part of the ␥H2AX domains colocalize with
an MSH4 focus. (Q,R) RAD51/SYCP2/␥H2AX triple labeling of a late pachytene Sycp1−/− bivalent, to show that part of the ␥H2AX
domains colocalize with a RAD51 focus. (S) Counts of RAD51, RPA, and MSH4 foci in successive stages of meiotic prophase; the
vertical axes represent the number of AE or SC associated foci per cell; the vertical bars represent the observed range of the number
of foci per cell in a given spermatocyte stage. For more details of the counts, see Supplementary Figure S4. Bars: A–N, 10 µm; O–R,
1 µm.
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(Fig. 4I,P,R) (rather than covering the nonautosomal
parts of the sex chromosomes), the characteristic DAPIintense domain of the XY body was not formed, and the
AEs of the X and Y chromosomes were not curled or
bent, as is usually seen in wild-type XY bodies (Fig. 4, cf.
D,E and H,I,Q). We will analyze the XY bivalent in
Sycp1−/− spermatocytes in more detail in a separate
study.

Discussion
In this study we disrupted the mouse SYCP1 gene and
analyzed the effect on meiotic recombination and chromosome behavior by an immunocytochemical approach.
We will assume that immunofluorescence signals represent functional protein complexes and that orthologous
proteins fulfill similar roles in mouse and yeast meiosis,
unless there are indications that this is not so. In addition, we will have to make assumptions when and how
the proteins act that we detect by immunofluorescence,
to link the cytological observations in Sycp1−/− mice to
studies at the DNA and cytological level in other organisms.

Early meiosis in Sycp1−/− spermatocytes

Figure 6. Formation of crossovers and chiasmata. MLH1 labeling (A,B) and MLH3 labeling (C,D) of wild-type (+/+) or Sycp1−/−
(−/−) pachytene spermatocytes. The Sycp1−/− spermatocytes do
not assemble MLH1 or MLH3 foci. (E,F) A natural (E) and an
OA-induced (F) metaphase I spermatocyte of Sycp1−/−. In the
cells shown here, only univalents can be identified; the inset in
F shows a bivalent found in another OA-induced Sycp1−/− metaphase I. Bars: A–F, 10 µm; inset in F, 1 µm.

phases I that we found among spread spermatocytes of
Sycp1−/− mice (Fig. 6E). If we forced pachytene or diplotene Sycp1−/− spermatocytes to condense their chromosomes, using okadaic acid (OA), most chromosomes
formed univalents (Fig. 6F). Chromosomal fragments
were rare in natural metaphase I or OA-induced metaphase I-like configurations of Sycp1−/− (Fig. 6E,F).
Taken together, the immunofluorescence labeling of
foci suggests that Sycp1−/− spermatocytes can initiate
meiotic recombination at wild-type level and establish
stable homologous alignment of autosomes. However,
many repair/recombination intermediates are not repaired and crossovers are not formed.
Sycp1−/− spermatocytes do not form XY bodies
In 28% of the Sycp1−/− pachytene spermatocytes, the X
and Y chromosome were associated, but this did not ensure formation of an XY body. In Sycp1−/− pachynema,
␥H2AX and ATR occurred in a similar discrete pattern
along the AEs of the XY bivalent as along autosomal AEs
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We used AE morphology as detected by SYCP2 or SYCP3
labeling and alignment/synapsis as a basis for staging
(Fig. 3; Supplementary Fig. S3). Sycp1−/− and wild-type
spermatocyte stages that correspond by these criteria
also show similar patterns of cohesins (shown for REC8
in Fig. 3K–T), but display largely different patterns of
recombination-related proteins other than cohesins. Leptonema is the only analyzed stage in which Sycp1−/− and
wild-type spermatocytes show similar immunofluorescence patterns of all analyzed proteins: The ␥H2AX and
ATR patterns are similar, and RAD51/DMC1, RPA, and
MSH4 foci occur in similar numbers in wild-type and
Sycp1−/− leptonema, indicating that DSBs are induced
and that some post-DSB step(s), presumably at least resection of DSB ends (Xu et al. 1997), take place at wildtype levels in Sycp1−/− leptonema. However, differences
(other than synapsis) between Sycp1−/− and wild type become apparent between leptonema and zygonema, in
particular with respect to ␥H2AX and ATR (Fig. 4K). Furthermore, the number of RAD51/DMC1 foci has decreased between leptonema and zygonema, but less so in
Sycp1−/− than in wild type (Fig. 5S; Supplementary Fig.
S4). The numbers of RPA and MSH4 foci on the other
hand are similar in late zygonema in mutant and wild
type (Fig. 5S; Supplementary Fig. S4). In wild type, RPA
and MSH4 foci most likely arise from RAD51/DMC1
foci, and then lose RAD51/DMC1 (Moens et al. 2002).
Although the RAD51/DMC1 foci occur in similar numbers per cell as MSH4 and RPA foci in Sycp1−/− late zygonema (Fig. 5S), they cannot completely overlap with
these foci, because >80% of the MSH4 and RPA foci are
between the aligned AEs, but only 46% of the RAD51/
DMC1 foci (Supplementary Fig. S4). Possibly MSH4 foci
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are normal in Sycp1−/− late zygonema, but some repair
pathway is affected that is marked by RAD51/DMC1 but
not by MSH4 foci. However, as the turnover of MSH4
and RAD51/DMC1 foci is not known, other explanations are conceivable.
Important questions about the immunofluorescence
signals in zygonema are, What does the ␥H2AX signal
throughout the Sycp1−/− nuclei indicate? And what do
the MSH4 foci represent? In yeast, the number of Msh4
foci per cell roughly equals the number of Zip1-dependent crossovers per cell (Novak et al. 2001), and it seems
likely that most or all MSH4 foci in yeast mark sites of
future crossovers. In mammals and Arabidopsis, the
number of MSH4 foci exceeds the number of crossovers
by far, so in these organisms most MSH4 foci will not
become crossovers, but mark possibly recombinational
interactions that serve homolog alignment (Higgins et al.
2004; Neyton et al. 2004); the MSH4 images of late zygotene cells (Fig. 5K,M; Supplementary Fig. S4) suggest
that such interactions occur normally in Sycp1−/−. An
ensuing question is whether there are any crossover-designated MSH4 foci at all among the MSH4 foci in mouse
zygonema. In wild-type mouse this might be the case,
because some MSH4 foci colocalize with MLH1 in
pachynema (Santucci et al. 2000), but the question remains whether these colocalizing MSH4 foci were already present in zygonema. Based on work in yeast
(Börner et al. 2004) we would expect so. If so, then they
would comprise <10% of all late zygotene MSH4 foci in
wild type. It would probably have escaped us if Sycp1−/−
would lack this type of MSH4 foci (if any) in zygonema.
So we do not know whether crossover-designated MSH4
foci are missing from Sycp1−/− zygotene spermatocytes
(either because crossovers are not designated, or because
crossover-designated intermediates fail to form MSH4
foci), or whether crossover-designated MSH4 foci are assembled in Sycp1−/− zygonema, but fail to become crossovers in a later stage.
Similar questions arise with respect to ␥H2AX.
␥H2AX is not restricted to AEs, but occurs throughout
chromatin loops. Possibly, a single meiotic DSB causes
H2AX phosphorylation on megabases of DNA (which
corresponds to tens of loops), like DSBs in somatic cells
(Rogakou et al. 1999). Therefore ␥H2AX-positive domains might contain only one or a few DSBs (or other
␥H2AX-marked recombination intermediates) associated with the AEs (Fig. 5O–R), but do not necessarily also
have DSBs in the loops. However, even if we assume
this, it is not clear which lesions ␥H2AX might mark in
Sycp1−/− zygonema. Late zygotene spermatocytes of wild
type and Sycp1−/− have similar numbers of RPA and
MSH4 foci (Fig. 5S; Supplementary Fig. S4), yet ␥H2AX is
restricted to asynapsed AEs and some weak domains in
synapsed SC segments in wild type (Fig. 4B), but covers
all the chromatin in Sycp1−/− (Figs. 4C, 5M). Possible
explanations for this difference are (1) MSH4, RPA, and/
or RAD51/DMC1 foci in wild type and Sycp1−/− look
similar but contain different recombination intermediates; only those present in Sycp1−/− are marked by
␥H2AX. (2) The 70% “extra” RAD51/DMC1 foci in

Sycp1−/− late zygonema (Fig. 5S) bring about the overall
␥H2AX labeling. We doubt whether this relatively small
number of RAD51/DMC1 marked DSBs or recombination intermediates (60–70 per cell) could cause this. (3)
Late zygotene Sycp1−/− spermatocytes contain, besides
the RAD51/DMC1, RPA, and MSH4 marked DNA structures, other DNA lesions that are not marked by any of
these proteins, but are marked by ␥H2AX, e.g., unresected DSBs. This seems unlikely: If yeast zip1 mutants
are similar to Sycp1−/− in this respect, it would predict an
elevated level of that type of DNA-lesions in zip1; there
are no indications for this (Börner et al. 2004). (4) The
␥H2AX labeling in late zygotene Sycp1−/− spermatocytes
reflects some disorganization in the Sycp1−/− cell that is
not related to the presence of DSBs. (5) Loss of DSBs or
recombination intermediates (due to repair) is uncoupled
from loss of ␥H2AX staining in Sycp1−/−. This may result
in the persistence of ␥H2AX labeling at sites where there
are no breaks (anymore). Although there are no conclusive arguments against the other possible explanations,
we prefer the last one, because it accounts for the close
correlation between asynapsis and the presence of
␥H2AX in wild type. A similar correlation exists between asynapsis and the presence of ATR (Turner et al.
2004) and RAD50 and MRE11 (Eijpe et al. 2000). This
correlation could either mean that synapsis can only occur in chromosomal regions where these proteins have
been lost, or that these proteins are lost from chromatin
loops upon synapsis (or some local SYCP1-dependent
event preceding synapsis). The presence of ␥H2AX all
over the chromatin in Sycp1−/− zygotene nuclei argues
for the second interpretation: Perhaps synapsis/SYCP1
causes first the loss of ATR, which is then followed by
loss of ␥H2AX. In Sycp1−/− mid- to late pachynema, most
␥H2AX eventually disappears from the chromatin, except from a number of distinct domains (Fig. 4H). Since
most of these domains have RAD51/DMC1 (Fig. 5Q,R)
or MSH4 (Fig. 5O,P) foci at their bases, they probably
represent loops in which repair has not been completed.
Role of SYCP1 in later steps of meiotic recombination
In wild-type late pachynema/early diplonema, most or
all RAD51/DMC1, RPA, and MSH4 foci have disappeared, whereas Sycp1−/− late pachytene/early diplotene
cells still have 50%–70% of the number of foci found in
zygonema (Fig. 5S; Supplementary Fig. S4). Similar observations have been made in TF mutants of Caenorhabditis (Alpi et al. 2003; Colaiácovo et al. 2003) and yeast
(Novak et al. 2001). Apparently meiotic recombination is
blocked or impeded at a step where these proteins act,
possibly single end invasion, because yeast Rad51 and
Dmc1 are required for strand invasion (Hunter and
Kleckner 2001). Thirty percent to 50% of the RAD51/
DMC1, RPA, and MSH4 foci disappear between zygonema and late pachynema/diplonema of Sycp1−/−.
Whether these foci represent a specific subpopulation or
a random sample of the foci in late zygonema is not
clear.
Mouse Sycp1−/− mutants have in common with TF

GENES & DEVELOPMENT

1385

- Chapter 2 -

de Vries et al.

mutants in other species that crossover formation is affected. More than 90% of the crossovers in the mouse
depend on synapsis/SYCP1 (Fig. 6E,F). However, the
number of RAD51/DMC1, RPA, and MSH4 foci and
␥H2AX signals that are still present in Sycp1−/− diplonema exceeds the number of crossovers in wild type
about fivefold: We counted 117 ± 17 MSH4 foci per diplotene Sycp1−/− spermatocyte, whereas there are on average 21–25 exchanges per cell in male mouse meiosis
(Koehler et al. 2002). SYCP1 is therefore not only required for crossover formation, but also for repair of
DSBs that will not become crossovers, at least if persisting MSH4 foci in Sycp1−/− still mark DNA lesions. Upon
exposure to OA, Sycp1−/− spermatocytes repair the recombination intermediates (if any) that underlie the
RAD51/DMC1, RPA, and MSH4 foci, because chromatid
breaks are rare in OA-induced metaphases I (Fig. 6F).
Possibly, OA opens up a DNA repair pathway that is not
normally used in wild type, for instance, by releasing the
sister chromatid as template for repair. However, exposure to OA reveals little or no crossing over in Sycp1−/−,
whereas it reveals crossover formation in wild type.
Therefore, SYCP1 must have a role in crossover formation besides its proposed role in the repair of breaks that
will not become crossovers.
To summarize the role of SYCP1 in recombination: A
substantial fraction of meiotic DSBs does not require
SYCP1 for repair (Fig. 5S); it is not known whether these
breaks are a random sample or a specific subset of breaks.
One hundred to 200 breaks per cell (as estimated from
the number of foci and ␥H2AX signals in late pachynema) require SYCP1 and/or synapsis for repair. And the
formation of >90% of the crossovers depends on SYCP1
and/or synapsis. This resembles the yeast zip1 phenotype. The role of SYCP1 in crossover formation is a conserved TF function in all species analyzed thus far. Possibly SYCP1/the SC serve as support for the assembly of
MLH1 foci and/or enhance crossing over by providing a
close apposition of homologs. Alternatively, or in addition, TF proteins/synapsis might ensure certain overall
structural alterations in the bivalents that lead to crossover formation (Börner et al. 2004).
Role of SYCP1 in XY body formation
This study revealed an unexpected role of SYCP1 in the
formation of the XY body. Turner et al. (2004) presented
recently evidence that coating of asynapsed portions of
AEs with BRCA1 and ATR was correlated with H2AX
phosphorylation and transcriptional inactivation. In the
XY bivalent this would ultimately result in the formation of an XY body. The aberrant distribution of ATR and
␥H2AX in Sycp1−/− pachytene spermatocytes provides
therefore an obvious explanation for the failure to form
XY bodies. However, the question remains why ATR is
distributed aberrantly. Perhaps ATR relocates to asynapsed portions of AEs after it has disappeared from synapsed portions of AEs; this might explain the dense coating (rather than discrete foci) of ATR along the last asynapsed portions of AEs, including those of the sex
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chromosomes. Possibly ATR does not relocate in Sycp1−/
, because it is sequestered at unrepaired DNA breaks,
and/or because SYCP1/synapsis is directly or indirectly
required for relocation of ATR.

−

Comparison with other meiotic
recombination-deficient mouse mutants
Besides Sycp1, other mouse genes homologous to yeast
genes involved in the Zip1-dependent pathway of crossover formation have been knocked out, namely, Msh4
(Kneitz et al. 2000), Msh5 (de Vries et al. 1999; Edelmann
et al. 1999), and Dmc1 (Pittman et al. 1998; Yoshida et al.
1998). Contrary to Sycp1−/− mice, these knockouts display partial and nonhomologous alignment/synapsis
rather than full-length homologous alignment. Presumably, MSH4, MSH5, and DMC1 are indispensable for establishment of stable recombinational interactions between homologs in the mouse, whereas SYCP1 contributes only to a minor extent to the stability of such
interactions, at least in leptonema till pachynema.
Msh4, Msh5, and perhaps Dmc1 knockouts enter apoptosis when the spermatogenic epithelium is in developmental stage IV and the spermatocytes should be in
early/mid-pachynema (de Vries et al. 1999; de Rooij and
de Boer 2003). At least a small proportion of Sycp1−/−
spermatocytes progresses further and reaches diplonema
or exceptionally metaphase I. This could be related to
the ability of Sycp1−/− spermatocytes to establish reasonably stable homologous alignment. Among other mutant
mice with a less defined but on average later arrest in
meiosis than early/mid pachytene (stage IV), there are
several that can align or synapse chromosomes homologously, including Mlh1, Mlh3, and Brca1 mutants (for
review, see de Rooij and de Boer 2003).
Materials and methods
Construction of the targeting vector
To inactivate the Sycp1 gene, we designed a targeting construct
to replace exons 2–8 by a neomycin gene, using pKO Scrambler
V905 as a vector (Lexicon Genetics, Incorporated). The neomycin phosphotransferase gene was isolated as an AscI fragment
from pKO Select Neo (Lexicon Genetics) and inserted at the
unique AscI site of pKO V905. The thymidine kinase gene was
derived from pKO Select TK (Lexicon Genetics) by RsiII digestion and subcloned at the unique RsiII site of pKO V905. Genomic fragments were isolated after screening of a  FixII library
derived from 129/Ola E14 cells (a gift of B. Vennström, Mouse
Camp Transgene Facility, Karolinska Institute, Stockholm,
Sweden). A 2.4-kb SalI (vector derived)–SacII fragment was used
as a left arm. This fragment was first cloned in pGEM-T Easy
(Promega), excised as a SalI–NotI fragment, and cloned as a
blunt fragment on the HpaI site of pKO V905. A 6-kb EcoRI
fragment was used as the right arm and inserted in the EcoRI
site of the targeting vector (Fig. 1). The final pKO plasmid mentioned above, containing all four elements, was linearized with
SalI before electroporation.
Targeted inactivation of the Sycp1 gene
129/Ola-derived IB10 ES cells (a subclone from E14 ES cells)
were cultured on lethally irradiated mouse embryonic fibro-
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blasts in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal calf serum (Biocell Laboratories Inc.), 2 mM
L-glutamate, 1 mM sodium pyruvate, nonessential amino acids,
0.1 mM ␤-mercaptoethanol, 103 U/mL leukemia inhibitory factor (LIF), penicillin (100 U/l) and streptomycin (100 µg/L).
4 × 107 ES cells were resuspended in 300 µL PBS, containing 65
µg linearized targeting vector and electroporated at 800 V and a
capacitance of 3 µF. Cells were seeded in five 9-cm dishes and
after 24 and 72 h G418 (175 µg/mL) and gancyclovir (1.3 µg/mL)
were added, respectively. Resistant colonies were isolated after
10 d of selection and expanded and genomic DNA was analyzed
by PCR and blot hybridization. The sequences of the upstream
and downstream primers FW4 and neoFW3 are 5⬘-GGATTG
CACGCAGGTTCTCC-3⬘ and 5⬘-CATACATGCCACGGAGG
AAG-3⬘, respectively. Amplifications were performed using the
Expand High Fidelity PCR system according to the manufacturer’s instructions (Roche Applied Science). Primers were annealed at 60°C. Correct targeting results in a 3.8-kb PCR fragment, which was confirmed by blot hybridization. We microinjected targeted ES cells into C57BL/6 blastocysts to generate
chimeras, and chimeric males were mated with C57BL/6 females. To produce Sycp1−/− mice, we intercrossed heterozygous
offspring. We genotyped mice by PCR on tail DNA using the
primers scp40 (5⬘-CATGCTCGAACAGGTTAGTA-3⬘), scp41
(5⬘-GTGACAACTGCCAGAATTAG-3⬘), neo7 (5⬘-CATACGC
TTGATCCGGCTC -3⬘), and neo9 (5⬘-GATGGCTGGCAACTA
GAAGG-3⬘). Scp40 and scp41 give a 382-bp fragment diagnostic
of the wild-type Sycp1 allele, while neo7 and neo9 give a 488-bp
fragment diagnostic of the neomycin selectable marker. PCR
conditions were 1 min at 93°C, 1 min at 55°C, and 2 min at
72°C for 35 cycles.

nostics) and 0.4 U/µL TdT enzyme (Promega). The enzymatic
reaction was stopped in TB buffer (300 mM NaCl, 30 mM Nacitrate at pH 7.0), and the sections were washed (Gavrieli et al.
1992). Slides were then incubated with streptABComplex/
horseradish peroxidase conjugate (Dako) for 30 min and washed
in PBS. dUTP-biotin labeled cells were visualized with 3,3⬘diaminobenzidine tetrahydrochloride (DAB)/metal concentrate
(Pierce). Then we counterstained the sections with hematoxylin
and counted the number of TUNEL-positive cells per crosssectioned tubule. However, for Sycp1−/− mice this was not possible, because numerous TUNEL-positive nuclei were clustered
in single cross-sectioned tubules. Therefore we counted the
number of cross-sectioned tubules with no, one to five, or more
than five apoptotic nuclei. Tubules without germ cell development up to meiotic prophase were excluded from the analysis.
We performed this analysis on two Sycp1+/− and two Sycp1−/−
mice, classifying a minimum of 150 tubule sections for each
genotype.

Western blot analysis
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Supplementary information
1. Homologous alignment of chromosomes in Sycp1−/− pachynema.
Fig. S1 Combined immunofluorescence and FISH
labeling of a Sycp1-/- pachytene spermatocyte to
show that AE alignment is homologous.
Sycp1-/- testicular cells were spread by the dry down
method and subjected successively to
imunofluorescence labeling (of SYCP3) and FISH as
described (Turner et al., 2005), using FITC-labeled
probes for chromosomes 1 and 19, and biotin-labeled
probes for chromosomes 2 and 18. We detected
binding of the biotin-labeled probes for chromosome 2
and 18 according to the manufacturer’s instructions,
using Texas Red-labeled avidin. We examined
microscopic preparations as described (Revenkova et
al., 2004). The FITC-signal is shown in green, and the
Texas Red signal in white. Bar, 10 μm.

2. Staging and timing of spermatocytes from Sycp1-/- mice.
We based the staging of Sycp1−/− spermatocytes on the morphology and degree of alignment of AEs
in spreads, following the assumption that alignment of homologous AEs in Sycp1−/− spermatocytes corresponds with synapsis in wildtype (main text, Fig. 3). Apart from the absence of synapsis
and the aberrant behavior of the sex chromosomes, we did not find AE configurations in Sycp1−/−
spermatocytes that did not correspond to one of the wildtype spermatocyte stages. To verify our
assumption, we used two non-AE-based criteria: H1t labeling and specific cell associations.
H1t is a histone variant that is expressed in wildtype from mid pachynema on (Inselman et
al., 2003). Figure S2 shows that Sycp1−/− spermatocytes that had been classified as zygonema based
on their AE morphology do not express H1t, whereas Sycp1−/− spermatocytes classified as
diplonema express H1t, which confirms the staging based on AE morphology and alignment.
Figure S2 H1t labeling of spread spermatocytes
from wildtype (+/+) and SYCP1 deficient (-/-) mice
A and C, zygotene spermatocytes; B and D, diplotene
spermatocytes. We classified spermatocytes as
diplonema if long stretches of the AEs of one or more
autosomal bivalents were not aligned and appeared
to repel each other (arrowheads in B and D); the
telomeric ends of the AEs in such cells are usually
heavily labeled by anti-SYCP2 or anti-SYCP3
antibodies (B and D). We classified cells as
zygonema if long stretches of the AEs of one or more
autosomal bivalents were not aligned, and did not
appear to repel each other (arrowhead in C). Cells
were classified as pachynema if the AEs of all
autosomal bivalents were aligned along most of their
length. Spermatocytes classified as zygonema by
these criteria do not express H1t (A and C), whereas
spermatocytes classified as diplonema express H1t
(B and D). Bars 10 μm.
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The occurrence of spermatocyte types in specific cell associations serves as a criterion both
for staging and timing. Within mouse testicular tubules, cells differentiate in a strictly coordinated
manner. As a result, cross-sectioned tubules show fixed combinations of cell types, called cellular
associations, which consist of 4-5 cell types, with the earliest stages of cell differentiation at the
outside of the tubule, and the latest stages near the lumen. In wildtype mouse, twelve different cell
associations have been defined, numbered I to XII (Russell et al., 1990). These associations can be
utilized to identify stages of differentiation of spermatogenic cells, because, as soon as one cell type
has been identified, all other cell types in the same association can be derived (reviewed by Ashley,
2004). In immunofluorescence labeled testis sections, some cell associations can easily be
distinguished. We focused on stage VII+VIII tubules, which are recognized by their specific pattern
of REC8, γ-H2AX and SYCP2 staining. In wildtype, the outer layer of (preleptotene) spermatocytes
contains no SYCP2, whereas REC8 and γ-H2AX are present throughout the nuclei (shown for
SYCP2 and γ-H2AX in Fig. S3A) (Eijpe et al., 2003). The inner layer of (mid pachytene)
spermatocytes contains full length AEs/SCs visualized by SYCP2 and REC8 staining (Eijpe et al.,
2003), whereas γ-H2AX is restricted to the XY body in mid pachynema spermatocytes of wild type
mice (Mahadevaiah et al., 2001). Sycp1−/− testes also contain tubules with an outer layer of SYCP2
negative and REC8 and γ-H2AX positive cells. These preleptotene cells mark stage VII-VIII
tubules (above), and should therefore be associated with an inner layer of mid pachytene
spermatocytes. According to the Sycp1−/− staging that we propose (Fig. 3, main text), these cells
should have SYCP2 along full length AEs, distinct γ-H2AX positive domains and no XY bodies
(Fig. 5H, main text). This is exactly what we find (Fig. S3B). Together with the H1t
immunofluorescence data, these results show that the Sycp1−/− spermatocyte staging based on AE
morphology and alignment, as proposed in Fig. 3 (main text), and the order of γ-H2AX labeling
patterns in Sycp1−/− spermatocytes (Fig. 5, main text) are valid. We never found Sycp1−/−
preleptotene spermatocytes associated with other spermatocyte stages than pachynema; however,
most stage VII+VIII tubules in Sycp1−/− did not have an inner layer of spermatocytes at all, in line
with the conclusion from the histological analysis (main text and Fig. 2) that most but not all
Sycp1−/− spermatocytes undergo apoptosis in pachynema and are thus lost.
The cell associations can also be used for timing. The proportion of stage VII+VIII tubules
(as recognized by the diffuse distribution of REC8 in the outer layer of spermatocytes) was the
same in wildtype and Sycp1−/− testes (wildtype: 36/148 = 0.20; Sycp1−/− : 41/153 = 0.21), indicating
that the life span of these cell associations, as percentage of the duration of the entire developmental
cycle of the seminiferous epithelium, has not changed in Sycp1−/− mice; this conclusion has also
been reached for another mouse meiotic mutant, Smc1β−/− (Revenkova et al., 2004). The life spans
of the spermatocyte stages within these cell associations have therefore also not changed, at least
until the spermatocytes enter apoptosis in pachynema, or occasionally diplonema.
Figure S3 Cell associations in wildtype and SYCP1 deficient mice.
Immunofluorescence double labeling of γ-H2AX and SYCP2 in crosssectioned testicular tubules from wildtype (+/+) and SYCP1-deficient
(-/-) mice. Pa, pachynema; Pl, preleptonema; S, Sertoli cells; St,
spermatids; XY, XY body. In the wildtype and the Sycp1-/- tubule, the
preleptotene cells are recognized by the presence of γ-H2AX
throughout the nucleus and the absence of SYCP2. The pachytene cells
in wildtype are characterized by the presence of SYCP2 along the SCs
and the mature XY bodies, marked by the peripheral, oval γ-H2AX
signal. The pachytene-like cells in the Sycp1-/- have several distinct,
narrow γ-H2AX domains, and do not have an XY body. Because the
Sycp1-/- tubules lack spermatids and have a smaller diameter than
wildtype tubules, the pachytene spermatocytes form more than one cell
layer in Sycp1-/- tubules. The intense green staining outside the tubules
is due to binding of the FITC-labeled goat anti mouse IgG antibodies to
IgGs of the Sycp1+/+.resp. Sycp1-/- mouse. Bar 10 μm.
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3. Foci of recombination-related proteins in wildtype and Sycp1−/− spermatocytes
We counted RAD51, RPA and MSH4 foci in three spermatocyte stages that are relatively short, and
that we could recognize reliably from the state of the AEs in wildtype and Sycp1−/−, namely
leptonema (most or all AEs are not full length; no synapsis or alignment), late zygonema (full
length AEs, 50-80% synapsis or alignment) and late pachynema/early diplonema (AEs are synapsed
or aligned along most or all of their length; if some bivalents have desynapsed/unaligned parts of
AEs, they appear to repel each other; the telomeres are heavily labeled with anti-SYCP3). In
Sycp1−/− bivalents we distinguished between 1) focus on one AE only (dark blue dots and bars in
Fig. S4), 2) focus between the two AEs (light blue dots and bars) and 3) foci at exactly
corresponding positions on each of the two AEs (white dots and bars). In wildtype we could make
this distinction only in unsynapsed parts of AEs; foci in synapsed portions of bivalents are indicated
in grey in Fig. S4. For the comparison of the total number of foci in Sycp1−/− and wildtype, we
counted foci at corresponding positions on each of two aligned AEs as one focus.

Figure S4 Counts of RAD51, RPA and MSH4 foci in wildtype and Sycp1-/- spermatocytes.
(A) Number of AE or SC associated foci per cell; L, leptonema; LZ, late zygonema; LP/ED, late
pachynema/early diplonema; the foci were classified into 1) focus om one AE only (dark blue), 2) focus
between the two AEs (light blue) and 3) foci at exactly corresponding positions of the two AEs (white); foci on
synapsed portions of wildtype AEs could not be classified and are indicated in grey. (B) micrographs of
immunofluorescence-labeled late zygonema Sycp1-/- bivalents and diagrams showing how we classified the
foci.
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4. Telomeres in Sycp1−/− pachynema
Figure S5 Sycp1-/- pachytene spermatocytes do not display a
bouquet
Immunofluorescence double labeling of telomeres (Rap1; green) and
SYCP3 (red) in a squash preparation of Sycp1-/- pachytene
spermatocytes. The position of Rap1 foci shows that there is no
bouquet. The telomeres are in the nuclear periphery. Images were
obtained using the Zeiss Axiovision Z-stack option. 0.9 μm spaced
image stacks were processed using the public domain ImageJ program
(developed at the United States National Institutes of Health by Wayne
Rasband and available on the Internet at http://rsb.info.nih.gov/ij/). In
thus obtained images of 35 squashed Sycp1-/- pachytene
spermatocytes we did not find a single bouquet. Bar, 10 μm.

5. Antibodies used in this study
We used rabbit sera 602 (anti REC8) (Eijpe et al., 2003), 493 (anti SCP2) (Eijpe et al., 2003), A1
(anti SCP3) (Lammers et al., 1994), A2 (anti full length SCP1, except the 51 N-terminal amino
acids), 458, 461 and 471 (elicited against the N-terminal, middle and C-terminal part of SCP1)
(Schmekel et al., 1996), and K1 (anti-MLH1) (Revenkova et al., 2004), hamster serum H1 (antiSCP3) (Eijpe et al., 2000), and Mabs II52F10 (anti-SYCP3) (Heyting et al., 1987), IX7E8 (anti
SCP3) and IX5B2 (anti SCP1) (Offenberg et al., 1991). SCP1, SCP2 and SCP3 are the rat proteins
homologous to mouse SYCP1, SYCP2 and SYCP3. The anti γH2AX Mab was from Upstate
(Charlottesville, VA, USA), the anti ATR Mab was donated by P. de Boer, the anti-RPA Mab by
M. Volker, and Mab β70 (anti-SMC1β) by R. Jessberger (Revenkova et al., 2001). The rabbit anti
SMC3 serum was donated by J.-M. Peters (Waizenegger et al., 2000), the rabbit anti-MLH3 serum
by P. Cohen (Lipkin et al., 2002), the human anti CREST serum by P. Moens (Moens et al., 1987),
rabbit serum 2308 (anti human RAD51) by C. Beerends and R. Kanaar, rabbit anti human Rap1
antibodies by T. de Lange, the guinea pig anti mouse H1t serum by M. A. Handel (Inselman et al.,
2003), and the rabbit anti human MSH4 antibodies by C. Her (Her et al., 2003). Anti-RAD51 serum
2308 recognizes DMC1 and RAD51 and is further denoted as anti RAD51/DMC1. Secondary
antibodies used were fluorescein-isothiocyanate (FITC)-labeled horse anti rabbit IgG and FITClabeled goat anti mouse IgG from Sanquin (Amsterdam, The Netherlands), FITC-labeled goat anti
human IgG, FITC-labeled donkey anti guinea pig IgG, Texas Red labeled goat anti mouse IgG,
Texas Red labeled goat anti rabbit IgG, and AMCA-labeled goat anti hamster IgG from Jackson
Immunoresearch (West Grove, PA), Alexa 488-labeled goat-anti-rabbit IgG from Molecular Probes
(Eugene, OR), and AMCA-labeled goat anti rabbit IgG from Vector Laboratories (Burlingame,
CA).

- Chapter 2 Supplementary information

References

Ashley, T. 2004. The mouse "tool box" for meiotic studies. Cytogenetic and Genome Research 105: 166-171.
Eijpe, M., Offenberg H, Goedecke, W., and Heyting, C. 2000. Localisation of RAD50 and MRE11 in spermatocyte
nuclei of mouse and rat. Chromosoma 109: 123-132.
Eijpe, M., Offenberg, H., Jessberger, R., Revenkova, E., and Heyting, C. 2003. Meiotic cohesin REC8 marks the axial
elements of rat synaptonemal complexes before cohesins SMC1 beta and SMC3. J.Cell Biol. 160: 657-670.
Her, C., Wu, X., Griswold, M.D., and Zhou, F. 2003. Human MutS homologue MSH4 physically interacts with von
Hippel-Lindau tumor. Cancer Res. 63: 865-872.
Heyting, C., Moens, P.B., van Raamsdonk, W., Dietrich, A.J.J., Vink, A.C.G., and Redeker, E.J.W. 1987. Identification
of two major components of synaptonemal complexes of the rat. Eur.J.Cell Biol. 43: 148-154.
Inselman, A., Eaker, S., and Handel, M.A. 2003. Temporal expression of cell cycle-related proteins during
spermatogenesis: establishing a timeline for onset of the meiotic divisions. Cytogenetic and Genome Research 103:
277-284.
Lammers, J.H.M., Offenberg, H.H., van Aalderen, M., Vink, A.C.G., Dietrich, A.J.J., and Heyting, C. 1994. The gene
encoding a major component of the lateral elements of synaptonemal complexes of the rat is related to X-linked
lymphocyte-regulated genes. Mol.Cell.Biol. 14: 1137-1146.
Lipkin, S.M., Moens, P.B., Wang, V., Lenzi, M., Shanmugarajah, D., Gilgeous, A., Thomas, J., Cheng, J., Touchman,
J.W., Green, E.D., Schwartzberg, P., Collins, F.S., and Cohen, P.E. 2002. Meiotic arrest and aneuploidy in MLH3deficient mice. Nature Genetics 31: 385-390.
Mahadevaiah, S.K., Turner, J.M.A., Baudat, F., Rogakou, E.P., de Boer, P., Blanco-Rodriguez, J., Jasin, M., Keeney,
S., Bonner, W.M., and Burgoyne, P.S. 2001. Recombinational DNA double-strand breaks in mice precede synapsis.
Nature Genetics 27: 271-276.
Moens, P.B., Heyting, C., Dietrich, A.J.J., van Raamsdonk, W., and Chen, Q. 1987. Synaptonemal complex antigen
location and conservation. J.Cell Biol. 105: 93-103.
Offenberg, H.H., Dietrich, A.J.J., and Heyting, C. 1991. Tissue distribution of two major components of synaptonemal
complexes ofthe rat. Chromosoma 101: 83-91.
Revenkova, E., Eijpe, M., Heyting, C., Gross, B., and Jessberger, R. 2001. A Novel Meiosis-Specific Isoform of
Mammalian SMC1. Mol.Cell.Biol. 21: 6984-6998.
Revenkova, E., Eijpe, M., Heyting, C., Hodges, C., Hunt, P.A., Liebe, B., Scherthan, H., and Jessberger, R. 2004.
Cohesin SMC1β is required for meiotic chromosome dynamics, sister chromatid cohesion and DNA recombination.
Nat.Cell Biol. 6: 555-562.
Russell, L.D., Ettlin, R.A., Hikim, A.P.S., and Clegg, E.D. 1990. Histological and histopathological evaluation of the
testis. Cache River Press, Clearwater, FL, USA, pp. 119-194.
Schmekel, K., Meuwissen, R.L.J., Dietrich, A.J.J., Vink, A.C.G., van Marle, J., van Veen, H., and Heyting, C. 1996.
Organization of SCP1 protein molecules within synaptonemal complexes of the rat. Exp.Cell Res. 226: 20-30.
Turner, J.M.A., Mahadevaiah, S.K., Fernandez-Capetillo, O., Nussenzweig, A., Xu, X., Deng, C.X., and Burgoyne, P.S.
2005. Silencing of unsynapsed meiotic chromosomes in the mouse. Nat Genet 37: 41-47.
Waizenegger, I.C., Hauf, S., Meinke, A., and Peters, J.M. 2000. Two distinct pathways remove mammalian cohesin
from chromosome arms in prophase and from centromeres in anaphase. Cell 103: 399-410.

- 41 -

Chapter 3

Two levels of interference in mouse meiotic recombination
Esther de Boer, Piet Stam, Axel J. J. Dietrich, Albert Pastink, and Christa Heyting

Proc. Natl. Acad. Sci. USA (2006); 103(25): 9607-9612

- 43 -

- Chapter 3 -

Two levels of interference in mouse
meiotic recombination
Esther de Boer*, Piet Stam†, Axel J. J. Dietrich‡, Albert Pastink§, and Christa Heyting*¶
*Molecular Genetics Group, Wageningen University and Research Centre, Arboretumlaan 4, 6703 BD, Wageningen, The Netherlands; †Laboratory of Plant
Breeding, Wageningen University and Research Centre, Droevendaalsesteeg 1, 6708 PB, Wageningen, The Netherlands; ‡Department of Human Genetics,
Academic Medical Centre, University of Amsterdam, Meibergdreef 9, 1105 AZ, Amsterdam, The Netherlands; and §Department of Toxicogenetics, Leiden
University Medical Centre, P.O. Box 9600, 2300 RC, Leiden, The Netherlands
Edited by Nancy Kleckner, Harvard University, Cambridge, MA, and approved May 4, 2006 (received for review January 17, 2006)

crossing-over 兩 immunofluorescence 兩 meiosis

M

eiosis consists of two divisions, meiosis I and II, by which a
diploid cell produces four haploid daughters. Reduction in
ploidy occurs at meiosis I, when homologous chromosomes (homologs) disjoin. This event is prepared during meiotic prophase,
when homologs recognize each other and form stable pairs
(bivalents) that can line up in the metaphase I spindle. In most
eukaryotes, including mouse and yeast, both the recognition of
homologs and the formation of stable bivalents depend on recombinational interactions between homologs (reviewed in ref. 1). For
this process, the meiotic prophase cell actively induces DNA
double-strand breaks (DSBs) and repairs them by homologous
recombination, using preferably a nonsister chromatid of the homolog as template (2). In species such as yeast and mouse, most
interhomolog recombinational interactions are not resolved as
reciprocal exchanges [crossovers (COs)] and probably serve homolog recognition and alignment (3, 4). A small proportion,
however, yields COs, which become cytologically visible as chiasmata and are essential for the stable connection of homologs. COs
are not randomly distributed among and along bivalents; every
bivalent forms at least one CO (obligate CO), and, if multiple COs
occur, they are more evenly spaced along the bivalent than would
be expected if they were randomly placed. This phenomenon was
originally detected genetically by the finding that the frequency of
double recombinants involving a pair of adjacent or nearby intervals
was lower than the frequency expected from recombinant frequencies for each of those intervals (reviewed in refs. 5 and 6).
Interference has also been analyzed cytologically, from spatial
distributions of chiasmata (7, 8) or recombination complexes along

chromosomes during meiotic prophase, when recombination is in
progress (9). How interference is imposed is not known.
Concomitantly with meiotic recombination, the sister chromatids
of each chromosome form a common axis, the axial element (AE),
and the AEs of homologs align. Then, numerous transverse filaments connect the AEs of homologs, and a zipper-like structure, the
synaptonemal complex (SC), is formed between the homologs (1).
Protein complexes that mediate, and mark the sites of, recombination have been localized to AEs or SCs by both EM and
immunocytology (reviewed in refs. 10 and 11). These studies (9, 12),
together with molecular genetic analyses (13, 14), have elicited
several specific questions regarding the imposition of interference:
At which step in meiotic recombination is interference first detectable? Is the level of interference the same among recombination
complexes representing early and late steps in meiotic recombination? Does the SC contribute to interference? We have analyzed
these questions in the mouse by examining how protein complexes
that are thought to mark intermediate and late events in meiotic
recombination are distributed along SCs in two stages of meiotic
prophase.
In mouse, many recombination-related proteins have been identified, and the meiotic time courses of immunofluorescent foci
containing these proteins have been described (15, 16). The mouse
transverse filament protein SYCP1 is also known (17, 18), and
SYCP1-deficient mice have been constructed (19). We have analyzed the distributions of four types of foci along mouse SCs or AEs
in wild-type and兾or Sycp1⫺/⫺ strains: (i) MLH1 foci, which occur
during pachytene and specifically mark the sites of COs (9, 20); (ii
and iii) MSH4 and replication protein A (RPA) foci, which appear
earlier, during zygotene, and were analyzed here at late zygotene.
In mouse, these foci outnumber the prospective COs. However, a
subset of them likely matures into MLH1 foci and then into COs,
because early MLH1 foci colocalize with MSH4 (16, 21) but then
lose MSH4 at later stages; (iv) because Sycp1⫺/⫺ strains do not form
MLH1 foci (19), we analyzed ␥H2AX signals in Sycp1⫺/⫺ pachytene
spermatocytes. In wild-type meiosis, ␥H2AX signals occur from
leptotene until pachytene (22). Based on their timing and other
evidence (reviewed in refs. 13 and 23), MSH4 and RPA foci likely
mark early intermediate stages of recombination involving strand
exchange, whereas MLH1 foci likely mark the latest stages, e.g.,
conversion of double Holliday junctions to COs. ␥H2AX signals
mark various DNA lesions, including DSBs (24); in Sycp1⫺/⫺
pachytene, they probably represent (perhaps diverse) unresolved
recombination intermediates (19).
For the detection of genetic interference, the coefficient of
coincidence (CC) is often used. However, CC is problematic as a
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During meiosis, homologous chromosomes (homologs) undergo
recombinational interactions, which can yield crossovers (COs) or
noncrossovers. COs exhibit interference; they are more evenly
spaced along the chromosomes than would be expected if they
were placed randomly. The protein complexes involved in recombination can be visualized as immunofluorescent foci. We have
analyzed the distribution of such foci along meiotic prophase
chromosomes of the mouse to find out when interference is
imposed and whether interference manifests itself at a constant
level during meiosis. We observed strong interference among
MLH1 foci, which mark CO positions in pachytene. Additionally, we
detected substantial interference well before this point, in late
zygotene, among MSH4 foci, and similarly, among replication
protein A (RPA) foci. MSH4 foci and RPA foci both mark interhomolog recombinational interactions, most of which do not yield
COs in the mouse. Furthermore, this zygotene interference did not
depend on SYCP1, which is a transverse filament protein of mouse
synaptonemal complexes. Interference is thus not specific to COs
but may occur in other situations in which the spatial distribution
of events has to be controlled. Differences between the distributions of MSH4兾RPA foci and MLH1 foci along synaptonemal complexes might suggest that CO interference occurs in two successive
steps.

- Chapter 3 measure for the level of interference because it is not based on the
precise positions of genetic exchanges but instead is based on the
frequencies of recombinants for genetic markers that delimit two
adjacent or nearby chromosomal intervals. Besides the strength of
interference between exchanges in adjacent兾nearby intervals, the
size of the analyzed intervals thus codetermines the value of CC
(see Figs. 2 and 3, which are published as supporting information
on the PNAS web site; Figs. 3 and 4 for the mouse, cf. 25). This
effect precludes a CC-based comparison of the strength of interference among two types of foci with widely different densities.
Additionally, in microscopic studies, the (cytological) interference
among foci will be overestimated if the size of the intervals to which
foci are assigned is close to the resolution limit of the light
microscope (see Supporting Text, which is published as supporting
information on the PNAS web site). Assignment of foci to intervals
will also result in loss of information. In short, if the positions of
genetic exchanges兾chiasmata兾foci are precisely known, models
dealing with the exact positions of events are preferable for
estimating the strength of interference.
Several point process models have been considered for estimating the strength of interference (ref. 26 and references therein), and
the gamma distribution has repeatedly emerged as most useful
(26–29). The gamma distribution is commonly used for the analysis
of distances between events along a linear axis (see Supporting
Text); it describes the frequency distribution of interfocus distances
that one would get if (imaginary or real) focus precursors were
randomly placed along the SC, but only every nth precursor would
yield a focus. Fig. 1A shows gamma distributions for various values
of n (or , see below). The gamma distribution thus stands for a
family of distributions, because each n value yields a distribution
with another shape. One can determine for which n value the
observed frequency distribution of interfocus distances fits best to
a gamma distribution. If the best fit is obtained for n ⫽ 1, then there
is no interference among foci. Fig. 1 A furthermore shows that the
distribution is narrower for higher n values: for a given average
interfocus distance, the variance of interfocus distances decreases
with increasing n. In other words, the higher the n value, the more
evenly the foci are spaced and the stronger interference is. n is
therefore called the interference parameter of the gamma model.
Note that n is not a measure for the average interfocus distance. If
one assumes that the biological mechanism of interference conforms to the gamma model (i.e., there is a mechanism that counts
focus precursors; e.g., refs. 27 and 28), then n can only be a positive
integer. Because it is not our purpose in this study to assume or test
a specific biological interference mechanism but to instead use the
gamma model as a device to estimate the strength of interference,
we do not assume that n is an integer, and we will further denote
the interference parameter of the gamma model as , which
represents positive but not necessarily integer values, as distinct
from n, which represents integer values only (see also Supporting
Text).
The primary finding of this study is that cytological interference occurs among RPA or MSH4 foci in late zygotene, whereas
interference among MLH1 foci in midpachytene was much

Fig. 1. Analysis of foci along bivalents. (A) Shape of gamma distributions for
different  values. The average interfocus distance equals 10 for all distributions shown. As  increases, the very short and very long distances become
sparser, and the distributions become narrower and more symmetrical. (B–D)
Examples of histograms of observed interfocus distances in spermatocytes
(black bars), the best fit of the observed distances to the gamma distribution
9608 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0600418103

(red curves), the  value for which the best fit was obtained (ˆ ), and the
distributions expected if there were no interference (i.e.,  ⫽ 1; blue curves).
The observed interfocus distances were binned for representation only; the
best fits to the gamma distribution are based on the exact, unbinned distances. Figs. 5 and 6 show histograms of all data sets. (E–G) Distribution of foci
along bivalents. Shown are the cumulative frequencies of foci as a function of
the distance to the centromeric end of the SC (wild type) or AE (Sycp1⫺/⫺). The
distances are expressed as percentage of the length of the SC兾AE on which the
focus was located. The numbers of foci on which the curves are based are
shown in the upper left corners, and the chromosome numbers are shown in
the lower right corners of the graphs. A uniform distribution of foci would
yield a straight line from the lower left to the upper right corner of the graph.
M, male; F, female; Wt, wild type; ⫺兾⫺, Sycp1⫺/⫺.
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- Chapter 3 Table 1. Density of foci on AEs兾SCs in wild-type (ⴙ兾ⴙ) and SYCP1-deficient (ⴚ兾ⴚ) mice
Male
Chromosome
no.
1
2
18
19

RPA*

MSH4*

Female
MLH1†

␥H2AX†

MLH†

MSH4*

No. of foci
per

⫹兾⫹

⫺兾⫺

⫹兾⫹

⫺兾⫺

⫹兾⫹

⫺兾⫺

⫹兾⫹

⫺兾⫺

⫹兾⫹

Bivalent
m of SC (AE)
Bivalent
m of SC (AE)
Bivalent
m of SC (AE)
Bivalent
m of SC (AE)

9.9
0.98
12.2
1.14
6.3
1.18
4.5
1.03

9.9
0.93
12.5
1.12
5.9
0.99
3.7
0.84

11.8
1.17
12.9
1.15
6.0
1.24
5.1
1.24

11.6
1.14
12.9
1.19
6.7
1.23
6.2
1.32

1.54
0.15
1.67
0.15
1.00
0.20
0.96
0.22

9.14
0.94
10.70
1.04
4.42
0.87
3.86
0.85

13.0
0.91
12.7
0.92
5.8
0.73
5.3
0.88

14.0
0.91
15.1
0.99
8.7
0.99
6.5
0.99

1.85
0.14
1.78
0.13
1.05
0.14
1.00
0.18

*Late zygotene.
†Midpachytene.

Results
Methodology. We studied the positions of foci on two long (1 and

2) and two short (18 and 19) chromosomes. All mouse chromosomes are telocentric, and the centromeric ends are marked by
intense DAPI staining (see Fig. 4, which is published as supporting
information on the PNAS web site). We measured the distance of
each focus to the centromeric end of the SC兾AE. For estimating the
strength of interference we expressed interfocus distances as percentages of the length of the relevant SC兾AE to account for
variation in SC兾AE length.
It was crucial in this study that every individual focus could be
unambiguously recognized, because both confusion of background
signals with foci and failure to detect foci would affect the apparent
frequency distribution of interfocus distances. Of the early meiotic
foci, RPA and MSH4 foci were most suitable for our study because
they displayed fairly uniform immunofluorescence intensity, which
was well above background, whereas their close association with
SCs兾AEs further facilitated the distinction of foci from background
signals (19). We refrained from analyzing the still earlier RAD51
or DMC1 foci because these were less closely associated with AEs
and too heterogeneous to distinguish them reliably from background. RPA and MSH4 mark nearly the same population of foci,
RPA being slightly earlier than MSH4 (15). We concentrated on
MSH4 foci in this study, whereas RPA foci served as a methodological control. We analyzed the positions of MSH4 and RPA foci
in late zygotene cells with at least 80% synapsis (wild type) or
alignment (Sycp1⫺/⫺); this represents a brief stage, which can be
reliably determined both in wild type and Sycp1⫺/⫺ meiosis (19).
MLH1 foci, which were analyzed in midpachytene, can also be
distinguished easily from background (e.g., ref. 9). Because
Sycp1⫺/⫺ spermatocytes do not assemble MLH1 foci (19), we
analyzed ␥H2AX signals in Sycp1⫺/⫺ pachytene (as recognized by
H1t expression; cf. 19). In Sycp1⫺/⫺ meiosis, these signals probably
represent unresolved recombination intermediates and are also
easily distinguished from background (19).
Distribution of MSH4 and RPA Foci Along Bivalents. The density (foci

per m) of MSH4 foci was similar along the four analyzed
chromosomes and was not influenced by the SYCP1 disruption; this
was also found for RPA foci (Table 1). In female meiosis, SCs
tended to have fewer MSH4 foci per m of SC than in male meiosis,
but because SCs were on average longer (cf. 30), the number of
MSH4 foci along a given SC was similar in oocytes and spermatocytes (Table 1). On all four analyzed chromosomes, MSH4 foci

were lacking from the paracentromeric region and uniformly
distributed along the remainder of the AEs, i.e., the density of
MSH4 foci was the same for all positions along the chromosome
outside the paracentromeric region; this uniform distribution manifests itself as straight cumulative curves in Fig. 1E. These patterns
are also seen for RPA foci (Fig. 1G) and were maintained in
Sycp1⫺/⫺ mice (Table 1 and Fig. 1 F and G). Thus, the SYCP1
disruption did not affect occurrence or positioning of MSH4 or
RPA foci.
SYCP1-Independent Interference Among MSH4 and RPA Foci. We
estimated the strength of interference among early meiotic foci by
fitting the frequency distribution of interfocus distances to the
gamma distribution. As judged by the P values in Table 2, the fit to
this model was generally good. Strikingly, there was already a
significant level of interference among MSH4 foci in wild-type late
zygotene, as is evident from the shapes of the frequency distributions of distances among MSH4 foci (Fig. 1C and Figs. 5 and 6,
which are published as supporting information on the PNAS web
site). In wild-type males, the estimates of the interference parameter  for MSH4 foci were between 4.0 and 7.7 (ˆ values in Table
2). Similar levels of interference occurred among RPA foci in
wild-type male meiosis (Table 2). Interference among MSH4 foci
in female meiosis tended to be slightly weaker than in male meiosis,
but the ˆ values were still well above 1 (Table 2). Importantly,
MSH4 and RPA foci displayed similar levels of interference in
Sycp1⫺/⫺ mice as in wild type, in both males and (regarding MSH4
foci) females (Fig. 1 C and D, Figs. 5 and 6, and Table 2). SYCP1
is thus not required for cytological interference among these foci.
Distribution of MLH1 Foci and ␥H2AX Signals Along SCs兾AEs. Like
MSH4 and RPA foci, MLH1 foci were lacking from the paracentromeric region during pachytene of wild-type meiosis (Fig. 1E).
However, in contrast to MSH4 and RPA foci, MLH1 foci were not
uniformly distributed along the SCs. In male meiosis, the density of
MLH1 foci was high in the centromere-distal subtelomeric region
of all four analyzed chromosomes (cf. 9), and the middle part of
chromosomes 1 and 2 had a lower MLH1 focus density than average
for those chromosomes. This nonuniform distribution of MLH1
foci does not ensue from a corresponding distribution of MSH4 or
RPA foci (described above; Fig. 1 E–G). In female meiosis, these
deviations from a uniform distribution of MLH1 foci on chromosomes 1 and 2 were less pronounced (Fig. 1E). Along chromosome
18 and 19, the distribution of MLH1 foci deviated somewhat from
uniform in female meiosis but did not display the high focus density
seen in the centromere-distal subtelomeric regions in male meiosis.
The short chromosomes had more MLH1 foci per micrometer of
SC than the long chromosomes (Table 1). This finding has also been
reported for MLH1 foci in male meiosis (9), genetic exchanges in
PNAS 兩 June 20, 2006 兩 vol. 103 兩 no. 25 兩 9609
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stronger. Mouse SYCP1 was not required for cytological interference among RPA or MSH4 foci. However, our data do not
allow us to decide whether SYCP1 is required for the high level
of interference among MLH1 foci in wild type.

- Chapter 3 Table 2. Interference among RPA and MSH4 foci in wild-type (ⴙ兾ⴙ) and SYCP1-deficient (ⴚ兾ⴚ) mice*

Sex; focus type
Male; RPA

Male; MSH4

Female; MSH4

⫹兾⫹

Chromosome
no.

Intervals

1
2
18
19
1
2
18
19
1
2
18
19

71
112
48
35
97
165
45
33
252
270
91
77

ˆ †

⫺兾⫺
P‡

(SE)

3.2 (0.5)
3.0 (0.4)
4.6 (0.9)
4.6 (1.1)
5.3 (0.7)
4.0 (0.4)
7.7 (1.6)
5.8 (1.4)
3.5 (0.3)
3.2 (0.3)
3.4 (0.5)
3.2 (0.5)

Corr.

0.6
0.08
0.2
0.4
0.6
0.2
0.2
0.2
0.1
0.0002
0.5
0.2

2.7
2.3
4.1
4.1
5.0
3.4
7.4
5.4
3.1
2.8
3.1
2.7

ˆ §

Intervals
71
115
39
30
170
215
63
47
273
461
177
120

ˆ †

(SE)

4.1 (0.7)
3.1 (0.4)
4.0 (0.9)
4.2 (0.1)
3.3 (0.3)
3.7 (0.3)
4.5 (0.8)
3.7 (0.7)
3.0 (0.2)
3.5 (0.2)
3.4 (0.3)
4.2 (0.5)

P‡

Corr. ˆ §

0.2
0.5
0.8
0.5
0.2
0.005
0.3
0.04
0.007
0.0001
0.08
0.3

3.8
2.4
3.5
3.8
2.6
3.1
3.9
2.7
2.5
3.1
2.9
3.8

*Late zygotene.
†Maximum likelihood estimate of the interference parameter  in the gamma model (with estimated SE).
‡Estimated P value; P is the probability of finding an as-bad or worse fit of the observations to the gamma distribution due to sampling error. The estimate of
P was based on the deviance of the observations from the values expected based on the gamma equation with parameter ˆ .
§
ˆ corrected (Corr.) for the limited range of observable interfocus distances.

female meiosis (29), and chiasmata in male and female meiosis (8)
of the mouse and probably reflects the phenomenon of obligate
COs. The higher density of MLH1 foci on short chromosomes does
not ensue from a higher density of RPA and MSH4 foci (Table 1).
Thus, there are two indications that the positions of MLH1 foci do
not ensue in a simple way from the positions of RPA and MSH4
foci: first, the density of MLH1 foci is higher on short than on long
chromosomes, whereas the density of MSH4 and RPA foci is similar
on long and short chromosomes; and second, particularly in male
meiosis, the density of MLH1 foci, but not of RPA and MSH4 foci,
is higher than average in the centromere-distal subtelomeric regions. Nevertheless, MLH1 foci most likely arise from MSH4 foci,
because some MLH1 foci colocalize with MSH4 in early to midpachytene (16, 21).
The ␥H2AX signals in Sycp1⫺/⫺ pachytene spermatocytes do not
share these features with MLH1. ␥H2AX signals are lacking in
paracentromeric regions, like all other analyzed foci, but do not
display a higher-than-average density in the subtelomeric regions
(Fig. 1F). Further, the density of ␥H2AX signals is not higher on
Table 3. Interference among MLH1 foci in wild type (WT) and
among ␥H2AX foci in SYCP1-deficient mice*
Mouse type;
focus type
WT male; MLH1

WT female; MLH1

Sycp 1⫺/⫺ male;
␥H2AX

Chromosome
no.
Intervals
1
2
18
19
1
2
18
19
1

27
50
0
0
95
88
7
3
114

2
18
19

96
41
40

ˆ † (SE)

P‡

Corr. ˆ §

14.4 (3.9)
13.7 (2.7)
8.9 (1.3)
11.7 (1.7)
14.3 (7.5)
5.0 (0.7)

0.3
0.02
0.3
0.3
0.07

11.5
11.8
7.6
10.1
4.8

4.8 (0.7) 0.2
5.1 (1.1) 0.06
7.9 (1.7) 0.09

4.6
4.8
7.7

*Midpachytene.
†Maximum likelihood estimate of the interference parameter  in the gamma
model (with SE).
‡Estimated P value.
§
ˆ corrected (Corr.) for the limited range of observable interfocus distances.
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short than on long chromosomes (Table 1). Apparently, mere
progression from zygotene to pachytene at the cellular level does
not bring along the specific features seen for MLH1 positioning in
wild-type pachytene spermatocytes.
Interference in Pachytene of Wild-Type Mice. The ˆ
 values for MLH1

in pachytene were 2- to 4-fold higher than the ˆ values for MSH4
or RPA in late zygotene; therefore, interference among MLH1 foci
is much stronger than among MSH4 or RPA foci (compare the
shapes of the frequency distributions in Fig. 1 B and C and compare
Tables 2 and 3). The density of MLH1 foci was much lower than for
MSH4 or RPA foci, as expected (Table 1). As noted above, ˆ
represents the strength of interference (evenness of spacing), not
the focus density.
Interference Among ␥H2AX Signals in SYCP1-Deficient Mice. Interference among ␥H2AX signals in Sycp1⫺/⫺ midpachytene (Table 3)
was slightly stronger than interference among MSH4 foci in
Sycp1⫺/⫺ late zygotene (Table 2) but far weaker than interference
among MLH1 foci in wild-type midpachytene. Thus, mere progression from late zygotene to midpachytene at the cellular level does
not bring about the strong interference seen by MLH1 foci. Our
results therefore do not provide a clear answer as to the role of the
SC in the strong interference seen for COs兾MLH1 foci.

Discussion
This study shows that cytological interference is already detectable
in late zygotene among MSH4 or RPA foci but that interference
occurs at a much higher level in pachytene among MLH1 foci.
Furthermore, it shows that interference among MSH4 or RPA foci
does not depend on transverse filament protein SYCP1. The
presented data do not allow us to decide whether SYCP1 is required
for the strong interference among MLH1 foci.
Distribution of Foci Along SCs. In male mouse meiosis, the density of

MLH1 foci in the centromere-distal subtelomeric region is higher
than average for the entire SC, and this is not due to a corresponding higher-than-average density of MSH4 or RPA foci (Fig. 1 E–G).
The short chromosomes 18 (5.0 m) and 19 (4.4 m) display a
similar distribution of MLH1 foci as the distal half of the long
chromosomes 1 (10.2 m) and 2 (11.0 m) (Fig. 1E), which suggests
that the distance to the distal telomere codetermines the position
of the most distal MLH1 focus. Perhaps certain sequence elements
enhance MLH1 focus formation in the distal subtelomeric region
de Boer et al.
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Use of the Gamma Model for Estimating the Strength of Interference.

As judged by the P values in Tables 2 and 3, our data fit reasonably
well to the gamma distribution in most cases, but the fit tends to be
less good as more interfocus distances are available for analysis; this
indicates that (some of) the distributions of interfocus distances
resemble but are not identical to gamma distributions. Possibly, the
mechanism(s) of interference conform to the gamma model, but
other factors, such as the limited range of observable interfocus
distances or local chromatin properties, have additional, minor
influences. Alternatively, the mechanism(s) of interference do not
conform to the gamma model (e.g., ref. 32) but coincidentally yield
frequency distributions of interfocus distances that resemble
gamma distributions (further discussion below).
Regardless, the gamma model remains a useful tool for comparing interference levels (26, 29). Broman et al. (29) found a fairly
good fit of genetic distances in the female mouse to the gamma
model. For chromosomes 1 and 2, their estimates of  were 10.2 and
9.6, which fits well with the ˆ values based on MLH1 focus positions
(8.9 and 11.7; Table 3). This correspondence renders the large-scale
discrepancies between the recombination maps and MLH1 focus
maps of these chromosomes unlikely and virtually rules out that
cytological interference among MLH1 foci is a merely spatial
phenomenon without any consequence at the genetic level. For
MSH4 and RPA foci, however, this possibility cannot be excluded.
Two Levels of Interference. In late zygotene, we found cytological
interference among MSH4 foci in all analyzed situations: in males
and females, in wild-type and Sycp1⫺/⫺ mice, and on long and short
chromosomes. The independently analyzed RPA foci displayed
similar levels of interference as the MSH4 foci, which confirms that
interference among foci of recombination-related proteins is already detectable in late zygotene and does not depend on SYCP1.
Two obvious questions emerge: First, when during the recombination process does interference first arise? If the interference
mechanism conforms to the gamma model (e.g., 27, 28), then
randomly distributed focus precursors (e.g., DSBs or pre-DSB
complexes) must exist in early meiosis, on which that mechanism
acts. On the other hand, it is conceivable that a different type of
process that coincidentally yields frequency distributions of interfocus distances resembling gamma distributions causes interference; then there is no reason to suppose an underlying population
of randomly distributed focus precursors, and the earliest recombination precursors might already display interference. Second, are
the weak interference among MSH4 foci in late zygotene and the
strong interference among MLH1 foci in pachytene due to a single,
progressive mechanism that causes increasingly stronger interference among recombination-related protein complexes as meiotic
prophase proceeds, are they imposed independently by two different mechanisms, or are they imposed in two steps? For wild type,
a single, progressive interference mechanism is unlikely, because
MLH1 and MSH4 foci are distributed differently along the SCs,
particularly in male meiosis (Fig. 1E). This difference indicates that
the factors determining MLH1 focus positions along wild-type SCs
differ from those determining MSH4 focus positions. We therefore
propose that interference is imposed in at least two temporally or
functionally distinguishable ways.
If the factors positioning MSH4 foci differ from those positioning
MLH1 foci, then an ensuing question is whether MLH1 foci are
placed entirely independently of MSH4 foci or whether the positions of MSH4 foci are determined first, whereupon, in a second
step, MLH1 foci are recruited from the MSH4 foci in such a way
that MLH1 foci display stronger interference than MSH4 foci and,
particularly in males, are distributed differently along the SCs than
MSH4 foci. The colocalization of MSH4 and MLH1 in some early

pachytene foci (16, 21) is consistent with positioning of MLH1 foci
in two steps, with MLH1 foci being recruited from weakly interfering MSH4 foci. However, it does not rule out positioning of
MLH1 foci in one step, because it is conceivable that those MSH4
foci that will develop into MLH1 foci are positioned independently
from all other MSH4 foci. Our data do not allow distinguishing
between these two possible sequences of events, because the
expected outcomes in terms of inter-MSH4 focus distances differ
only slightly (simulations not shown).
How the two levels of interference are imposed cannot be
decided from our data, either, and it cannot be excluded that
interference among MSH4 foci arises by another mechanism than
interference among MLH1 foci. However, one recent chromosome
model explicitly suggests the possibility of interference phenomena
in more than one stage of meiosis by the same mechanism (32). The
model is based on the observation that chromatin globally expands
and contracts a number of times during the mitotic cycle and during
meiosis, with three expansion兾contraction cycles during meiotic
prophase. Chromatin expansion would be globally withstood by
structural chromatin components, which would generate mechanical stress. Mechanical stress might then promote (some of) the
covalent DNA changes during the recombination process, and if
such a change were to occur, it would be accompanied by local stress
relief around the involved recombination complex, for instance, by
local detachment of chromatin from constraining structures. This
would reduce the probability of a similar event nearby and thus
bring about interference. Because there is more than one expansion兾contraction cycle during meiotic prophase, interference phenomena might occur in more than one meiotic prophase stage. The
model furthermore implies that the expansion兾contraction cycles
serve to coordinate events and control the spacing of events within
the nucleus (32). Interference among MSH4 foci in late zygotene
would thus reflect control of the spacing of early strand-exchange
intermediates, which in turn might or might not reflect imposition
of interference at an earlier stage (e.g., formation of axis-associated
DSBs). Obviously, such control is essential at various steps in the
recombination process: DSBs should not be too closely spaced, and
on another distance scale the same is true for COs (33).
Comparison with Other Species. In tomato, ultrastructural maps of
early recombination nodules (34), which roughly correspond to
Rad51兾Dmc1 foci (35), and late recombination nodules, which
correspond to COs (36), have been constructed. We have found
that both early and late recombination nodules display interference
(C.H., unpublished work); therefore, the phenomenon of two levels
of interference is not unique to meiosis in the mouse.
Cytological interference among foci other than MLH1 has been
analyzed previously only in yeast (12). The comparison of cytological interference in yeast and mouse is complicated for several
reasons. First, Mlh1 foci have not been studied in yeast. Second,
part of the COs in yeast belong to a noninterfering category (37).
Third, the number of Msh4 foci in yeast corresponds to the number
of interfering COs, whereas in mouse, MSH4 foci in late zygotene
far outnumber the prospective COs. This difference may imply
differences in detectability, turnover rates, real differences in
function, or other variables. Yeast Msh4 foci display cytological
interference in both wild-type strains and strains lacking the yeast
SYCP1 analogue, Zip1 (12, 38); this finding resembles the result
obtained for mouse MSH4 foci. However, as most yeast Msh4 foci
yield COs, it appears as though the mechanism that causes strong
interference among Mlh1 foci does not operate in yeast. Alternatively, both the weak (MSH4-linked) and the strong (MLH1-linked)
interference mechanisms detected in mouse are active in yeast but
act on the same distance scale (see figure 3 in ref. 39). That
interpretation might explain why yeast zip1 cells display cytological
interference among Zip2 foci, which largely colocalize with Msh4
foci (38), but no CO interference: yeast zip1 cells might be capable
of imposing cytological interference among Zip2 (and Msh4) foci
PNAS 兩 June 20, 2006 兩 vol. 103 兩 no. 25 兩 9611
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(31). In the context of the tension model for interference (32),
clamping of the telomeres in spermatocytes could explain the
observed MLH1 focus patterns in these cells.

- Chapter 3 but be incapable of converting these foci into COs, with the COs
actually analyzed for interference not reflecting the normal process.
The same interpretation might also explain why yeast mlh1⌬
mutants still display a reduced level of CO interference (40, 41),
because the mechanism for interference among Msh4 foci might
still function, and part of the Msh4 foci might still yield a CO in the
absence of Mlh1 (reviewed in ref. 42).
Materials and Methods
Cytological Techniques. All antibodies used have been described
(19). Testis cell suspensions (43) were spread by the dry-down
procedure (44). We collected ovaries (45), incubated them for 15
min in hypotonic buffer (44), isolated the oocytes from the ovaries,
and spread them on microscope slides in 2% paraformaldehyde兾
0.15% Triton X-100 as described (45). Slides were incubated for
immunofluorescence labeling, stained with DAPI, and micrographed as described (43, 46, 47). Then we removed the coverslips,
subjected the slides to FISH (48) using FITC-labeled probes for
chromosomes 1 and 19 and biotin-labeled probes for chromosomes
2 and 18 (STARFISH probes; Cambio, Cambridge, U.K.), visualized binding of the biotin-labeled probes by using Texas red-labeled
avidin according to the supplier’s instructions, collected the FISH
images, and combined the images with the corresponding immunofluorescence and DAPI images by using the ADOBE PHOTOSHOP
software package (Fig. 2). We measured the lengths of SCs and AEs
and the positions of foci on SCs兾AEs using the public-domain
program OBJECT-IMAGE (available at http:兾兾simon.bio.uva.nl),
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Estimating the strength of interference between foci
The genetic and cytological coefficients of coincidence
In genetic experiments, the coefficient of coincidence (CC) is frequently used for the detection of
crossover interference. If recombination is analyzed in two adjacent chromosomal segments (e.g. in
a triple backcross), CC is defined as R12/R1R2, with R1 and R2 representing the recombination
fractions over the first and second segment, and R12 the frequency of recombination in both the first
and the second segment simultaneously. Interference has been defined as 1-CC, so if CC is less than
1, there is (positive crossover) interference. Although it is possible to detect interference using CC
as a metric, it is not possible to estimate the strength of interference from the CC value alone,
because CC is a function of the recombination frequencies in the analyzed segments. As the length
of the analyzed segments increases, R1 and R2 approach ½ and R12 approaches ¼, so that CC
approaches 1, even if there is interference. This has recently been discussed in detail for the mouse;
see Fig. 3A in Broman et al. (1).
Fung et al. (2) used a metric similar to CC for the detection of cytological interference
between Zip2 foci along SCs in yeast. They divided SCs into segments of equal length, and
determined for each segment the frequency of finding a focus. For two adjacent segments, they
defined the cytological coefficient of coincidence (named Z) as F12/F1 F2, with F1 and F2
representing the frequencies of finding a focus in, respectively, the first and second segment, and
F12 the frequency of finding a focus in both segments on the same SC. The strength of cytological
interference (Ic) was defined as 1-Z. However, like CC, Z has important drawbacks as a metric for
interference.
Obviously, the assignment of foci to segments leads to loss of resolution. More importantly,
the length of the chromosomal segments to which foci are assigned influences the estimate of Z in
two ways. If one assigns foci to segments that are long compared to the average interfocus distance,
many segments will have more than one focus, whereas F1 and F2 have not been defined for more
than one focus in a segment. Fung et al. (2004) assigned one of the two foci to an adjacent segment
if they encountered two foci in a segment. However, this changes the distribution of foci, and thus
affects the estimation of the strength of interference. Moreover, it leaves the problem unsolved what
to do if both adjacent segments have already a focus, or if there are several foci in a segment. If one
re-defines F1 and F2 as the frequencies of finding at least one focus in the relevant segments, then
F1, F2, F12 and thus Z will all approach 1 as the segment size increases, so that little or no
interference will be detected if the segments are about as long or longer than the average interfocus
distance; this is illustrated by the simulations shown in Fig. 2. This effect is comparable to the
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effect of segment size on the estimate of CC. However, if one assigns foci to short chromosomal
segments, other complications arise. If the segments are not much longer than the minimal interfocus distance that can be observed by light microscopy (~ 0.18

m), a substantial proportion of

segment pairs with a focus in each segment will go unnoticed because the two foci are too close;
this leads to underestimation of Z and detection of interference even if there is none (Fig. 2).
Fig. 3 shows the Z values obtained for MSH4 foci on chromosome 2 of female Sycp1 knockout
mice for three different segment sizes. The dependency of Z on the segment size prohibits the
estimation of the strength of interference between MSH4 foci from the Z value alone. It also
precludes a comparison of the strength of interference between MLH1 foci with that between
MSH4 foci on the same chromosome based on Z values: Because the average distance between
MSH4 foci is far smaller than that between MLH1 foci, the segment size will influence the Z values
for MSH4 and MLH1 foci differently.
Using the gamma model for estimating the strength of interference
In genetic studies, the precise positions of crossovers are usually not known, but only the
segments (delimited by genetic markers) within which crossover(s) must have occurred; in such
studies crossover interference is necessarily analyzed in chromosomal segments. In cytological
studies, in contrast, there is no need to study interference in chromosomal segments, because the
precise positions of foci are known. Several models have been considered for estimating the
strength of interference from the precise positions of chiasmata/crossovers/foci, and the gamma
distribution has repeatedly emerged as a most useful model for this purpose (e.g. 3, 4, 5). The
gamma distribution is commonly used for the analysis of distances between events along a linear
axis, and the properties of this distribution can be found in most textbooks on probability theory
and/or stochastic processes.
The gamma model for interference of crossover events in meiosis can adequately be
described as a modification of the Poisson process. In a Poisson process events occur at random
along an (imaginary) time or physical axis. The probability of an event in any interval does not
depend on the occurrence or non-occurrence in adjacent intervals. This property is sometimes
referred to as ‘lack of memory’ of the Poisson process.
Denoting the rate of occurrence (i.e., the mean number of events per unit distance) by λ, the
probability density function (p.d.f.) of inter-event distances for a given value of λ reads
f ( x; λ ) = λe − λx , x > 0 .
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The mean E(x) and variance var(x) of the inter-event distances read

E ( x) =

1

λ

and

var( x) =

1

λ2

.

Considering now the sum of n inter-event distances we obtain the gamma distribution with p.d.f. for
inter-event distances x

f ( x | λ , n) =

λn x n −1e − λx
(n − 1)!

.

Notice that the gamma distribution describes a Poisson process in which only every nth event is
realized. One could also state that after every event in a Poisson process the next n -1 events are
suppressed. As described by Stam (4) and McPeek & Speed (3), the concept of interference nicely
corresponds with the ‘suppression’ of events in a Poisson process. The result of (positive)
interference is that events are more evenly distributed along the ‘axis’ (i.e. the chromosome) than in
a Poisson process.
Mathematically the value of the parameter n is not restricted to integer values. Thus, a more general
form of the gamma p.d.f. reads

f ( x | λ ,ν ) =

λ ν xν −1e − λx
, ν >0
Γ(ν )

where ν is equivalent to n, except that ν is not necessarily an integer, whereas Γ() is the so called
gamma-function. (The gamma function can be seen as a normalizing constant, such that the integral
∞

∫ f ( x | λ ,ν )dx equals unity, as it should for a probability density function.)
0

When fitting a gamma distribution to a number of observed inter-event distances one obtains an
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estimate of both λ and ν.
The estimated value of ν can be taken as a measure of the level of interference; cf. Stam (4) and
McPeek & Speed (3). The higher the value of ν, the more events are suppressed in the underlying
Poisson process, the stronger the interference is.
Thus, by comparing values of ν for different classes of foci, we may infer about different levels of
interference between these classes.
The mean and variance of gamma-distributed inter-event distances read

E (x | λ ,ν ) =

ν
, and
λ

var ( x | λ ,ν ) =

ν
.
λ2

Rescaling the distances such that the mean inter-event distance equals unity, we observe that the
ratio of mean and variance equals
E ( x)
=ν .
var ( x)

Thus, as is illustrated in Fig. 1A of the main text, as the level of interference (ν) increases, the
variance (relative to the mean) gets smaller, meaning that events are becoming more and more
equidistantly. This again nicely captures the concept of (positive) interference.
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Figure 2
Effect of the
chromosomal segment
length on the estimate of
the cytological coefficient
of coincidence Z. (A) and
(B) show the relation
between the length of the
chromosomal segments to
which foci are assigned and
the estimate of Z, as
analyzed by simulations. In
(A) we assumed a similar
average interfocus distance
and SC length as we found
for MSH4 foci on
chromosome 1 of the
mouse (this study), and in
(B) we assumed a similar
interfocus distance and SC
length as has been
reported for Msh4 foci on
yeast chromosome XV (1).
We assumed either no
interference (n=1) or
positive interference; in
case of positive
interference we assumed
that the frequency
distribution of interfocus
distances would fit a
gamma distribution with
interference parameter n=5
(for explanation, see
Introduction of the main text
and the Supporting text).
Then we determined Z,
assuming either that all foci
could be resolved by light
microscopy (“all foci”), or
that all foci within 0.18 µm
from each other would be
observed as a single focus
(“close foci fused”). The
simulations show that if the
chromosomal segments are not very long compared to the minimal observable interfocus distance (for light
microscopy: about 0.18 µm), Z will be less than 1, and positive interference will be detected even if the foci
are randomly distributed (green curve: “n=1, close foci fused”). In (C) this effect is explained. The top line
represents the theoretical situation that the segment length would equal 0.09 µm; in that case, no pairs of
adjacent segments with a focus in each segment can be detected, which would suggest absolute
interference, even if there were no interference.
In practice, foci cannot be assigned to segments shorter than 0.18 µm in light microscopic studies.
However, even with a segment length of 0.26 µm (bottom line in (C)), as has been used in the yeast study
(1), a substantial proportion of segment pairs with a focus in each segment will go unnoticed because the
two foci are too close, so that interference will be detected even if the foci are randomly distributed (panel B,
green curve). Note that the curves for n=5 virtually coincide, whereas the curves for n=1 don’t. This is
because interfocus distances shorter than 0.18 µm are very rare if the interference level corresponds to n=5
and the average interfocus distance equals 1.07 or 0.70 µm. Segment pairs with a focus in each segment
are therefore rarely missed under these conditions.
The simulations furthermore show that no interference is detected if the segments are as long as or longer
than the average interfocus distance.
1. Fung, J. C., Rockmill, B., Odell, M. & Roeder, G. S. (2004) Cell 116, 795-80
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Figure 3
Calculation of Z from the
same data, based on three
different segment sizes. Z
was calculated for the
distances between MSH4 foci
on chromosome 2 of female
Sycp1 knockout mice after
assignment of the foci to
segments equal to (A) 21%, (B)
42%, or (C) 70% of the
average distance between
adjacent MSH4 foci (this
corresponds to segment sizes
of (A) ~0.19 µm, (B) ~0.38 µm,
or (C) ~0.76 µm). In (A) Z
equals zero for most segment
pairs suggesting absolute
interference between foci for
those pairs. In (C) Z is close to
one for most segment pairs,
suggesting little or no
interference between foci for
those pairs. In general, little or
no interference will be detected
if the segment size approaches
the average interfocus
distance.
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Figure 4
Detection of foci along synaptonemal complexes (SCs) of chromosomes 1, 2, 18 and 19.
(A-C) Detection of MSH4 foci, SCs, chromosome paints and DNA in a late zygotene oocyte nucleus of
wildtype mouse. (A) Micrograph taken after immunofluorescent double labeling of MSH4 and SC protein
SYCP3 (an axial element component), and staining the DNA with 4’,6-diamidino-2-phenylindole (DAPI). (B)
the same nucleus micrographed after labeling of chromosomes 1, 2, 18 and 19 by fluorescent in situ
hybridization (FISH) and re-staining the DNA with DAPI. (C) Combined images (A) and (B); the DAPI stain
served as guide for the superimposition of the images. MSH4 signals are white in this combined image, to
distinguish them from the FISH signals. The SCs of chromosomes 1, 2, 18 and 19 were identified in the
combined image shown in (C); subsequently the distances of the foci on these SCs to the (DAPI-intense)
centromeric ends were determined in the image shown in (A). (D-E) Detection of MLH1 foci, SCs,
chromosome paints and DNA in a mid-pachytene oocyte nucleus of wildtype mouse. (D) Micrograph taken
after immunofluorescent double labeling of MLH1 and SYCP3, and staining the DNA with DAPI. (E) the
same nucleus micrographed after labeling of chromosomes 1, 2, 18 and 19 by fluorescent in situ
hybridization (FISH) and re-staining the DNA with DAPI. (F) Combined mages (D) and (E). MLH1 signals are
white in this combined image, to distinguish them from the FISH signals. Bars, 10 µm.
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Figure 5
Histograms of the observed distances between adjacent foci in spermatocytes. The distances between
foci are indicated as percentages of the length of the synaptonemal complex (SC) or axial element (AE) on
which the foci were. The blue bars represent the observed relative frequencies of interfocus distances; the
red curves show the best fit of the observed inter-focus distances to the gamma distribution; and the green
curves show the distributions expected for the given average inter-focus distance if there were no
interference (i.e., interference parameter ν=1). The inter-focus distances were binned for representation
only. The bin width W was chosen according to the formula W=2(IQR) N-1/3, where IQR is the interquartile
range (the 75th percentile minus the 25th percentile), and N the number of observed distances; this provides
an efficient unbiased representation of the data (summarized in 1). The best fits to the gamma distribution
are based on the exact, unbinned distances.
1. Izenman, A. J. (1991) J. Am. Statistical Ass. 86, 205-224.
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Figure 6
Histograms of the observed distances between adjacent foci in oocytes. The distances are indicated as
percentages of the length of the synaptonemal complex (SC) or axial element (AE) on which the foci were.
The red curves show the best fit of the observed inter-focus distances to the gamma distribution; the green
curves show the distributions expected for the given average inter-focus distance if there were no
interference (i.e., interference parameter ν=1). The inter-focus distances were binned for representation
only. The bin width W was chosen according to the formula W=2(IQR) N-1/3, where IQR is the interquartile
range (the 75th percentile minus the 25th percentile), and N the number of observed distances; this provides
an efficient unbiased representation of the data (summarized in 1). The best fits to the gamma distribution
are based on the exact, unbinned distances.
1. Izenman, A. J. (1991) J. Am. Statistical Ass. 86, 205-224.
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Abstract
During meiosis, homologous chromosomes (homologs) form pairs (bivalents), and perform
reciprocal exchanges between non-sister chromatids of homologs (crossovers or COs) at a high
frequency. COs are not distributed randomly among and along bivalents: every bivalent forms at
least one CO, and if more COs are formed they display interference: they are more evenly spaced
along the bivalent than would be expected if they were placed randomly. These phenomena are
probably manifestations of the same regulatory mechanism(s). In a previous publication we
presented evidence for two levels of interference in mouse meiotic recombination: we found weak
interference among MSH4 foci, which are thought to represent intermediate stages in meiotic
recombination, and strong interference among MLH1 foci, which mark the prospective CO
positions. In this study we focus on the question whether interference is imposed by the same
mechanism at these two levels, and in particular, whether the same metric is used for the control of
interfocus distances. We concluded that for the imposition of interference among MSH4 foci most
likely another metric is used than for the imposition of interference among MLH1 foci. This
suggests that interference among MSH4 foci is imposed by another mechanism than interference
among MLH1 foci.
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Introduction
During the prophase of the first meiotic division, homologous chromosomes (homologs) recognize
each other and form stable pairs (bivalents), which undergo reciprocal exchanges (crossovers or
COs) between nonsister chromatids of homologs. In most species, these events are accompanied by
the formation of a zipperlike structure, the synaptonemal complex (SC), between the two paired
homologs of each bivalent. SCs consist of two axial elements (AEs), which are connected by
numerous transverse filaments along their length (reviewed by Kleckner, 2006).
The numbers of COs and their distribution along and among bivalents are under stringent
control (reviewed by Jones and Franklin, 2006), which manifests itself in various ways: (i) the
frequency distribution of the numbers of COs per nucleus is much narrower than expected if COs
were distributed randomly among nuclei; (ii) the number of COs per bivalent is low and is also kept
within narrow limits; nevertheless almost every bivalent has at least one CO (the “obligate CO”);
and (iii) COs are evenly spaced along bivalents, a phenomenon called (positive) CO interference
(reviewed by Hillers, 2004; and Jones and Franklin, 2006), but there are usually no fixed CO sites.
It is generally assumed that these phenomena are manifestations of the same regulatory mechanism,
because they are usually lost together (discussed by Jones and Franklin, 2006). In this study we will
also assume this, and refer to the supposed regulatory mechanism as “the interference mechanism”.
Note that “interference” only relates to the evenness of the CO spacing, whereas we assume that
“the interference mechanism” determines both the mean inter-CO distance and the evenness of CO
spacing.
In most analyzed species, prospective CO positions are marked on the SCs by MLH1 and
MLH3, which can be detected as foci on the SCs by immunofluorescent labeling. MLH1 and
MLH3 are homologous to Escherichia coli MutL and are involved in meiotic CO formation (Baker
et al., 1996; Hunter and Borts, 1997; Lipkin et al., 2002; Svetlanov and Cohen, 2004; Wang et al.,
1999). In the mouse, immunofluorescent MLH1 foci mark virtually all prospective CO positions
(Baker et al., 1996; Froenicke et al., 2002), and the regulation of the number and distribution of
COs can therefore be analyzed cytologically, by studying the numbers of MLH1 foci per nucleus or
per bivalent, and the distances between MLH1 foci (the inter-MLH1 distances). In this study we
performed such analyses in the mouse, to find out what the interference mechanism regulates: does
it control the interfocus distances in terms of μm SC length (Kleckner et al., 2003), percentage of
the entire chromosome, the number of chromatin loops (Kleckner et al., 2003) or perhaps the
number of recombination intermediates (Stahl et al., 2004)? In other words: which metric is used by
the interference mechanism? In order to sort this out, we reasoned as follows: We assumed that the
interference mechanism acts in the same way, and employs the same metric in all situations in
wildtype mouse, i.e., in both sexes and on all chromosomes. If we express the inter-MLH1 distances
in the same metric as is used by the interference mechanism, these distances should be similar in all
situations, in males and females, on long and short chromosomes etc. On the other hand, if we
express the inter-MLH1 distances in another metric than is used by the interference mechanism,
these distances are probably not the same in all situations, because the proportion between the
metric used by us and the interference metric is probably not the same under all circumstances. For
instance, if the inter-MLH1 distances are regulated in terms of μm SC length (μm SC), and we
express these distances as percentages of the SC length (% SC), then the proportion between the
metric used by us (% SC) and the interference metric (μm SC) will depend on the length of the SC:
on a 10-μm-long SC, 3 μm SC length corresponds to 30 % of the SC length, whereas on a 6-μmlong SC, 3 μm SC length corresponds to 50 % of the SC length. Thus, if the inter-MLH1 distances
are regulated in terms of μm SC, and we express these distances as % SC, we will find much larger
values for the inter-MLH1 distances on short than on long chromosomes. We will then conclude
that the proportion between the metric used by us (% SC) and the interference metric (μm SC) is
different on long and short chromosomes, and that the metric used by us (% SC) was not the
interference metric; if we had used the same metric as the interference mechanism, the proportion
between the metric used by us and the interference metric should have been the same under all
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circumstances. On the other hand, in the above situation (inter-MLH1 distances are regulated in
terms of μm SC, and we express these distances as % SC) we will find that the inter-MLH1
distances on chromosomes of the same length in male and female meiosis are similar. We will then
conclude that the proportion between the metric used by us (% SC) and the interference metric is
the same in male and female meiosis, and in the absence of any other data, “% SC” would still be
candidate interference metric.
In this study we compared the inter-MLH1 distances, expressed either in “% SC” or in “μm
SC”, in males with those in females, and on long chromosomes with those on short chromosomes
(Fig. 1), in order to find out under which circumstances the proportion between the metric used by
us (% SC or μm SC) and the interference metric was the same, and whether we could exclude “μm
SC”, “% SC”, or both as interference metric.
Recently, we presented evidence that not only MLH1 foci, but also MSH4 foci display
interference during meiotic prophase (de Boer et al., 2006b). MSH4 foci appear earlier and in larger
numbers than MLH1 foci (Moens et al., 2002). They are thought to represent intermediate stages in
meiotic recombination (Ross-Macdonald and Roeder, 1994; Snowden et al., 2004), and the MLH1
foci are most likely recruited from the MSH4 foci (Kolas et al., 2005; Santucci-Darmanin et al.,
2000). We analyzed the inter-MSH4 distances, following the same reasoning as outlined above for
MLH1 foci. We found that in oocytes, “μm SC” is proportional to the interference metric for MSH4
foci, whereas “% SC” is not. On the other hand, we found that “% SC”, but not “μm SC” was
proportional to the interference metric for MLH1 foci in oocytes. Thus, the interference metric for
MSH4 foci is probably not the same as the interference metric for MLH1 foci.
Results
MSH4 foci
In spermatocytes, the median and shape of the frequency distributions of inter-MSH4
distances were different on long and short chromosomes if we expressed these distances in % SC
(Fig. 2A and Fig. 2E, upper left quadrant, below the diagonal), whereas they were similar if we
expressed them in μm SC (Fig. 2C and Fig. 2E, upper left quadrant, above the diagonal). “% SC” is
thus likely not the interference metric for MSH4 foci, whereas “μm SC” could be the interference
metric. In oocytes we found the same (Fig. 2B and D and Fig. 2E, lower right quadrant), which
again suggests that “% SC” is not the interference metric for MSH4 foci. Because we did not find
significant differences between inter-MSH4 distances in comparisons within the same sex if these
distances were expressed in μm SC, “μm SC” is candidate interference metric for MSH4 foci based
on these comparisons.
Oocytes display more variation in SC length than spermatocytes. If “% SC” would be the
interference metric, then the number of MSH4 foci should be similar on long and short specimens
of chromosome #1 in oocytes, and the median and shape of the frequency distributions of inter-
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MSH4 distances should be comparable on long and short specimens of chromosome #1 if we
express these distances in % SC. On the other hand, if “μm SC” would be the interference metric,
then the median and shape of the frequency distributions of inter-MSH4 distances would be similar
on long and short specimens of SC #1 if we express these distances in μm SC, so that long
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specimens of SC #1 would have more MSH4 foci than short specimens of SC #1, or, more
precisely, the number of MSH4 foci along a given SC (e.g., SC #1) would be proportional to the
length of that SC in μm. Because this is exactly what we find (Fig 3), “% SC” drops out as
candidate interference metric for MSH4 foci, and we conclude that the proportion between “μm
SC” and the interference metric is the same on long and short specimens of chromosome #1 in
oocytes.
Thus, in all comparisons of inter-MSH4 distances within the same sex, the proportion
between “μm SC” and the interference metric is the same, which would make “μm SC” good
candidate interference metric. However, “μm SC” is not identical to the interference metric for
MSH4 foci, because the medians and shapes of the frequency distributions of inter-MSH4 distances
in oocytes differ from those in spermatocytes if these distances are expressed in μm SC (Fig. 2C
and 2D and Fig. 2E, upper right quadrant), but not if expressed in % SC (Fig. 2A and 2B and Fig.
2E, lower left quadrant). This elicits the question what the interference metric for MSH4 foci could
be. As we explain in the Discussion, the number of chromatin loops is good candidate interference
metric for MSH4 foci.
MLH1 foci
Wildtype meiosis
We next wanted to know whether the same interference metric applies for MLH1 and MSH4
foci (Fig. 4).
In Fig. 4C we summarize the comparisons of inter-MLH1 distances, expressed either in μm
SC (above the diagonal), or in % SC (below the diagonal). Because in male meiosis, chromosomes
# 18 and # 19 rarely have more than one focus (cf. Froenicke et al.), we could not analyze interMLH1 distances on these chromosomes in spermatocytes. In oocytes, the inter-MLH1 distances on
the short chromosomes (# 18 + # 19) did not differ significantly from those on the long
chromosomes (# 1 and # 2) if they were expressed in % SC (Fig. 4B and Fig. 4C, comparison IV),
whereas they differed significantly if they were expressed in μm SC (Fig. 4B and Fig. 4C,
comparison III). Thus, based on comparisons within oocytes, “μm SC” drops out as interference
metric for MLH1 foci, whereas “% SC” is candidate interference metric. This contrasts with the
conclusion reached for MSH4 foci, namely that within the same sex, “μm SC” is candidate
interference metric, whereas “% SC” is not. This strongly suggests that the interference mechanism
for MSH4 foci differs from that for MLH1 foci.
Although the observations in oocytes are consistent with “% SC” being candidate
interference metric for MLH1, “% SC” is not identical to the interference metric for MLH1 foci,
because the inter-MLH1 distances on long chromosomes in oocytes, expressed as % SC, differ
significantly from those on long chromosomes in spermatocytes (Fig. 4B and Fig. 4C, comparison
I).
The comparisons within oocytes lead to the conclusion that “μm SC” is not the interference
metric, but nevertheless we found a weak correlation between the number of MLH1 foci per
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nucleus and the total length of the SC complement in μm, both in oocytes and in spermatocytes
(Fig. 4A, cf. Lynn et al., 2002). Because this correlation was much weaker than that between the
number of MSH4 foci and μm SC length (Fig. 3), we think that the inter-MLH1 distances are
influenced indirectly by the SC length in μm (see also Discussion).
In short, the observations in wildtype showed that for all comparisons within oocytes or
spermatocytes, the proportion between “μm SC” and the interference metric for MSH4 foci is the
same, and the proportion between “% SC” and the interference metric for MLH1 foci is the same.
However, this does not hold true if interfocus distances in spermatocytes are compared with
distances in oocytes.
Mutant meiosis
To further analyze the relation between μm SC length and the distributions of interfocus
distances, we included two mutants with deviant SC lengths in our analysis, namely the Smc1β-/and the HR6B-/- mouse mutants (Fig. 5). Smc1β-/- mice are deficient for the meiosis-specific cohesin
SMC1β, and have shorter SCs than wildtype (Table 1, Fig. 5, Revenkova et al., 2004), whereas
HR6B-/- mice are deficient for the E3 ubiquitin ligase HR6B and have slightly longer SCs than
wildtype (Table 1, Fig. 5, Baarends et al., 2003). In both mutants, MLH1 foci still display a high
level of interference (Table 2), and we assume therefore that the interference mechanism acts in
these mutants in the same way as in wildtype.
Comparison of the inter-MLH1 distances in HR6B-/- spermatocytes with those in wildtype
spermatocytes did not lead to an unequivocal conclusion as to the interference metric, because the
distances on chromosome # 1 were significantly different if expressed in % SC, wheras those on
chromosome # 2 were different if expressed in μm SC (Fig 6A and C).
Smc1β-/- spermatocytes undergo apoptosis, presumably before the stage when MLH1 foci
are normally formed (Revenkova
et al., 2004). Therefore, we
analyzed Smc1β-/- oocytes, which
form MLH1 foci, albeit in smaller
numbers than wildtype oocytes
(Fig. 5, Table 1, Revenkova et al.,
2004). The mean and shape of the
frequency distributions of interMLH1 distances in Smc1β-/oocytes were similar to those in
wildtype oocytes if the distances
were expressed in % SC, but not
if they were expressed in μm SC
(Fig. 6B and D; this comparison
could only be made for
chromosomes # 1 and # 2,
because chromosomes # 18 and #
19 never had more than one focus
in Smc1β-/-). Based on this
comparison, “% SC”, but not “μm
SC” is candidate interference
metric for MLH1 foci, as we had
also concluded based on analysis
of inter-MLH1 distances in
wildtype oocytes only.
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Table 1. Number of MLH1 foci and SC length in HR6B-/- and Smc1β-/- mutants

number of
analyzed
chrom.
sex
genotype
bivalents
M
wildtype
#1
115
#2
114
#18
113
#19
117
HR6B-/26.7 ± 2.5
#1
122
(31)
#2
117
#18
118
#19
121
F
wildtype
27.6 ± 3.5
#1
112
(64)
#2
110
#18
105
#19
113
Smc1β-/16.4 ± 3.2
#1
207
(60)
#2
219
#18
203
#19
161
a
Mean ± standard deviation (number of analyzed nuclei)
b
Mean ± standard deviation
number of
MLH1 foci per
nucleusa
22.9 ± 2.3
(29)

SC length
(µm)b
9.1 ± 1.1
9.2 ± 1.0
4.4 ± 0.6
3.8 ± 0.5
10.8 ± 1.4
10.8 ± 1.4
5.5 ± 0.8
4.6 ± 0.7
13.7 ± 2.4
13.4 ± 2.2
7.3 ± 1.2
5.5 ± 1.0
8.9 ± 2.4
9.0 ± 2.3
4.4 ± 1.2
3.4 ± 0.9

number of
MLH1 foci per
bivalentb
1.7 ± 0.5
1.5 ± 0.5
1.0 ± 0.1
1.0 ± 0.2
1.9 ± 0.4
1.9 ± 0.4
1.0 ± 0.1
1.0 ± 0.1
1.9 ± 0.6
1.8 ± 0.5
1.1 ± 0.3
1.0 ± 0.2
1.0 ± 0.5
1.0 ± 0.5
0.8 ± 0.5
0.7 ± 0.5

Table 2. Estimation of the level of interference among MLH1 foci in HR6B-/- and Smc1β-/- mutants

number of
interfocus
distances
75

average interfocus
distance (SD)

interference

pb
corr. ν c
nd
μm
% SC νˆ (SE)
5.9
64.1
39.4 (6.4)
0.4
37.8
(1.2)
(10.0)
#2
61
5.8
63.4
24.5 (4.4)
0.5
20.8
(1.2)
(12.4)
#1
106
6.2
57.4
13.3 (1.8)
0.2
11.7
HR6B-/(1.6)
(13.7)
#2
100
6.4
60.0
21.5 (3.0)
0.4
20.2
(1.4)
(12.7)
F
wildtype
#1
95
7.2
51.4
8.9
0.3
7.5
7
(2.8)
(16.3)
(1.3)
#2
88
7.1
52.7
11.7 (1.7)
0.3
10.1
11
(2.3)
(14.9)
#1
26
5.0
53.4
5.4
0.3
3.5
7
Smc1β-/(2.4)
(20.5)
(1.5)
#2
23
5.4
53.1
5.4
0.06
3.5
7
(2.7)
(19.2)
(1.5)
a
Maximum likelihood estimate of the interference parameter ν in the gamma model (with estimated standard error)
b
Estimated P value; P is the probability of finding an as-bad or worse fit of the observations to the gamma distribution
due to sampling error. The estimate of P was based on the deviance of the observations from the values expected based
on the gamma equation with parameter νˆ
c
νˆ corrected (corr.) for the limited range of observable interfocus distances
d
lowest integer value of ν for which the observed distribution of the numbers of foci per bivalent fitted with the
expected distribution (χ2 test, p<0.05); the expected distribution was obtained by computer simulation (see experimental
procedures).
sex
M

genotype
wildtype

chrom.
#1

a

- Chapter 4 -

- 71 -

- Chapter 4 -

Discussion
In a previous publication, we presented evidence for two levels of interference in mouse
meiotic recombination: we found weak interference among MSH4 foci, which are thought to
represent intermediate stages in meiotic recombination, and we found strong interference among
MLH1 foci, which mark the prospective CO positions (de Boer et al., 2006b). The observations
presented here strongly suggest that different metrics apply to the control of inter-MSH4 distances
and inter-MLH1 distances: In comparisons of inter-MSH4 distances within meiocytes of the same
sex, the proportion between “μm SC” and the interference metric for MSH4 foci was constant,
whereas this was not true for “% SC”. On the other hand, in comparisons of inter-MLH1 distances
within meiocytes of the same sex, the proportion between “μm SC” and the interference metric for
MLH1 foci was not constant, whereas it was constant for “% SC”.
However, “μm SC” was not identical to the interference metric for MSH4 foci, because the
inter-MSH4 distances in spermatocytes differed from those in oocytes if expressed in “μm SC”, but
not if expressed in “% SC” (Fig. 2). Similarly, “% SC” was not identical to the interference metric
for MLH1 foci, because the inter-MLH1 distances on chromosomes #1+#2 in spermatocytes
differed from those in oocytes if expressed in % SC, but not if expressed in “μm SC” (Fig. 4). Thus,
obvious next questions are: what are the interference metrics for MSH4 foci and MLH1 foci?
MSH4 foci
Although the number of MSH4 foci per chromosome was closely correlated with SC length
in μm (Fig. 3), and although the inter-MSH4 distances within males or females were comparable if
expressed in μm SC (Fig. 2), “μm SC” dropped out as possible interference metric for MSH4 foci
because of the differences between inter-MSH4 distances, expressed in μm SC, in oocytes and
spermatocytes. The question is thus: for which metric could the proportion to “μm SC” be the same
within meiocytes of the same sex, but different in oocytes and spermatocytes? We consider the
chromatin loop good candidate interference metric for MSH4 foci, for the following reasons: In
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female meiosis, chromosomes tend to have longer SCs than in male meiosis, and in addition,
chromosomes tend to show more variation in SC length. Because the amount of DNA is the same
for a given chromosome, variation in SC length can only result from variation in chromatin loop
size, loop density, or both.
Control of the number of MSH4 foci per loop, and a fixed, yet different loop-density for
male and female chromosomes would accommodate all our observations (Fig. 7); it would result in
1) comparable populations of inter-MSH4 distances on long and short chromosomes within either
male or female, if the inter-MSH4 distances are expressed in μm SC, 2) a close correlation between
the SC length of a given chromosome and the number of MSH4 foci, and 3) dissimilar populations
of inter-MSH4 distances in spermatocytes and oocytes if we express the inter-MSH4 distances in
μm SC (Fig. 2 and 3). Thus, under the assumption of a single interference mechanism for the
distribution of MSH4 foci and a fixed, yet different loop-density for male and female chromosomes,
the chromatin loop as a metric of interference among MSH4 foci would fit with our observations,
whereas both “μm SC” and “% SC” do not (Fig. 7).
MSH4 in Smc1β-/- and HR6B-/In Smc1β-/- spermatocytes, the decrease in SC length is accompanied by an increase in loopsize (Revenkova et al., 2004), and we assume therefore that the loop-density in Smc1β-/- meiocytes
is comparable to that in wildtype. If the loop is indeed the interference metric for MSH4 foci, we
would expect fewer MSH4 foci on Smc1β-/- bivalents than in wildtype, and we would expect the
inter-MSH4 distances to be comparable to those in wildtype if expressed in µm SC, but not if
expressed as % SC. In the HR6B-/- spermatocytes, the SCs are longer than in wildtype, but we do
not know how the HR6B-/- mutation affects chromatin loops: Either their size could be affected
(smaller), with a loop-density that is comparable to wildtype, or the loop-density could be affected
(lower), with a loop-size that is comparable to wildtype, or a combination of both. The first
situation would result in inter-MSH4 distances that are comparable in wildtype and HR6B-/spermatocytes if they are expressed in % SC, but not if they are expressed in µm SC. The second
situation would result in inter-MSH4 distances that are comparable in wildtype and HR6B-/- if they
are expressed in µm SC, but not if they are expressed in in % SC. We have not yet analyzed the
numbers and distributions of MSH4 foci in Smc1β-/- and HR6B-/- mutants, but it would be
interesting to find out whether our expectations can be confirmed, or whether an interference metric
other than the chromatin loop has to be considered for MSH4 foci.
MLH1 foci
Based on comparisons of inter-MLH1 distances within the same sex, “% SC” is candidate
interference metric, i.e., the inter-MLH1 distances are related to the size of the entire chromosome,
whereas the length of the SC in μm has no direct effect. That would be consistent with the
observation that neither intact AEs nor full synapsis are required for a similar distribution of MLH1
foci among and along SCs as in wildtype (de Boer et al., 2006a). However, “% SC” is not identical
to the interference metric, because the inter-MLH1 distances on long chromosomes in oocytes differ
from those in spermatocytes if expressed in % SC (Fig. 3C, comparison I). Regarding the
interference metric for MLH1 foci, the question is thus: for which metric could the proportion to “%
SC” be the same within meiocytes of the same sex, but different in oocytes and in spermatocytes?
Such a metric might concern some feature of the chromosome as a whole (e.g., flexibility), and
obviously there are still many possible answers to this question.
With “% SC”, but not “μm SC”, being proportional to the interference metric for MLH1 foci within
oocytes or spermatocytes, one would expect no correlation between SC complement length in μm
and the number of MLH1 foci per nucleus. However, we found the number of MLH1 foci per
nucleus to be correlated with SC complement length in μm (Fig. 3A), albeit that this correlation was
much weaker than the correlation between the number of MSH4 foci per SC and SC length in μm
(Fig. 2). Since “μm SC” is likely not the interference metric for MLH1 foci, this weak correlation
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might indicate that the inter-MLH1 distances are influenced indirectly by SC length in µm. This
could for instance be due to recruitment of the MLH1 foci from the MSH4 foci. To illustrate how
this could result in a weak correlation between the number of MLH1 foci per nucleus and SC
complement length in μm, we performed the simulation (shown in Fig. 8) of the number of MLH1
foci per oocyte nucleus as a function of SC complement length in μm. We assumed that (i) within
oocytes, the proportion of “% SC” to the interference metric for MLH1 foci is fixed, (ii) MLH1 foci
are derived from MSH4 foci, and (iii) within oocytes, the proportion of “μm SC” to the interference
metric for MSH4 foci is fixed. Under those assumptions, a weak correlation between the number of
MLH1 foci and the SC complement length in μm will still occur, even if “% SC” and not “μm SC”
would be proportional to the interference metric for MLH1 foci. Colocalization of MLH1 and
MSH4 foci has been observed in early pachytene, and is consistent with MLH1 foci being recruited
from MSH4 foci (Kolas et al., 2005; Santucci-Darmanin et al., 2000).
In conclusion, the findings presented here indicate that the interference metric for MSH4
foci differs from the interference metric for MLH1 foci. Furthermore, we found both for MSH4 foci
and for MLH1 foci, that neither “µm SC”, nor “% SC” are likely the interference metrics.
Experimental procedures
Animal experiments were performed in accordance with the Dutch legislation and the institutional
guidelines on animal experiments, and have been approved by the Committee on Animal
Experiments of Wageningen University.
Antibodies and Cytological Techniques
All antibodies used have been described (de Vries et al., 2005). Oocytes and spermatocytes
were isolated and spread as described earlier (de Boer et al., 2006b; Heyting and Dietrich, 1991;
Peters et al., 1997). Slides were incubated for immunofluorescence labeling, mounted in
Vectashield (Vector Laboratories Inc., Burlingame, CA, USA) containing 2 μg 4’, 6’diamino-2phenylindole (DAPI) per ml, and micrographed as described (Eijpe et al., 2003). After removal of
the coverslips, we subjected the slides to FISH as described (de Boer et al., 2006b), using probes for
chromosomes #1, #2, #18 and #19, mounted the slides again in Vectashield with DAPI, and
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micrographed the FISH (red and green) and DAPI images of the same nuclei that had been
micrographed before. We used the DAPI images to align the successive micrographs of each
nucleus. Measurements of SCs were performed as described (de Boer et al., 2006b).
Statistical methods
The estimation of the interference parameter ν and the correction of the ν estimate (νˆ ) for the limited
range of observable interfocus distances have been described (de Boer et al., 2006a); the correction
leads to slightly lower estimates of ν. Furthermore, we determined for each of the analyzed
chromosomes of the Smc1β-/- mutant the expected distribution of the numbers of foci per bivalent for a
series of integer values of ν, by simulating the positions of MLH1 foci on at least 5000 chromosomes,
using a macro in Excel (Microsoft) (de Boer et al., 2006a). This yielded the minimum integer value of
ν for which the expected distribution of bivalents with 0, 1, 2 and 3 foci fitted with the observed
distribution (as judged by a χ2 test). We analyzed whether recruitment of MLH1 focus positions from
the MSH4 focus positions could result in a correlation between the number of MLH1 foci per nucleus
and the SC complement length in μm by computer simulation, using a macro in Excel (Microsoft). For
various SC complement lengths (namely the lengths of 65 oocyte SC complements that we had
analyzed), we simulated the positions of MSH4 foci along SCs in about 180 nuclei, assuming on
average 0.9 MSH4 foci per µm SC (de Boer et al., 2006b), and interference among MSH4 foci
corresponding to ν=3 (de Boer et al., 2006b). For each SC complement length we then simulated the
provisional MLH1 focus positions, assuming interference among provisional MLH1 focus positions
corresponding to ν=10 (de Boer et al., 2006b), and assuming that the average number of provisional
MLH1 focus positions per nucleus would not depend on the length of the SC complement in μm. Then
we took for each provisional MLH1 focus position the nearest MSH4 focus position to find the
definitive MLH1 focus position, provided that the nearest MSH4 focus position was within a certain
radius (0.25% of the SC complement length) of the provisional MLH1 focus position. We assumed
that if there were no MSH4 focus within this radius, no MLH1 focus would be formed. The macro is
available on request from the corresponding author.
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Summary
During meiosis, homologous chromosomes (homologs) perform reciprocal exchanges (crossovers
or COs) at a high frequency. COs display interference: they are more evenly spaced along the
chromosomes than would be expected if they were placed randomly. Concomitantly with meiotic
recombination, a common proteinaceous axis is formed along the two chromatids of each
chromosome, the axial element (AE). The AEs of the homologs align and then synapse, i.e., they
are connected along their length by transverse filaments (TFs) to form a zipperlike structure, the
synaptonemal complex (SC). Both the AE and the SC have been implicated in the imposition of
interference, although evidence against a role for the SC in interference is accumulating. We
investigated the role of the AE and the SC in interference in the Sycp3-/- mouse mutant, which is
deficient for AE protein SYCP3, and displays structurally abnormal AEs and incomplete synapsis.
We analyzed interference cytologically from the spatial distribution of immunofluorescent MLH1
foci, which mark almost all CO sites in the mouse, along the paired homologs (bivalents). We found
comparable levels of interference among MLH1 foci in wildtype and Sycp3-/-. Thus, neither an
intact AE structure nor full synapsis is required for wildtype levels of interference.
Results
During meiotic prophase of Sycp3-/- mice, the two sister chromatids of each chromosome
still form a common axial structure, which contains cohesins, but lacks, besides SYCP3, another AE
component, SYCP2 [1]. These axial structures, further denoted as ‘cohesin axes’, appear stretched
and fragmented when visualized by immunofluorescence labeling of cohesins in spread Sycp3-/spermatocytes or oocytes (Fig. 1; [1]). Cohesin axes synapse in Sycp3-/- meiocytes, albeit
incompletely and discontinuously (Fig. 1A, B; [1]). Whereas Sycp3-/- spermatocytes do not
complete meiosis, but enter apoptosis, presumably before MLH1 foci are assembled [2], Sycp3-/oocytes assemble MLH1foci, and in some cases form chiasmata and complete meiosis [3]. Because
MLH1 foci mark virtually all COs in the mouse [4, 5], the formation of such foci in Sycp3-/- oocytes
provided a unique opportunity to investigate at the cytological level the role of AEs and synapsis in
interference, even in cells that cannot form chiasmata and complete meiosis.
We studied interference among MLH1 foci in oocytes of day 18 p.c., when the proportion of
MLH1-positive nuclei reached its maximum, both in Sycp3-/- and wildtype (not shown). We focused
on two long (#1 and #2) and two short (#18 and #19) chromosomes, which we identified by FISH
(Fig. 1C). Because we estimated the strength of interference among MLH1 foci from the
distribution of interfocus distances (see below), it was essential that every individual MLH1 focus
could be unambiguously recognized and located on the cohesin axis. Therefore, we only analyzed
bivalents for this purpose of which (i) both ends could be recognized; (ii) at least one cohesin axis
could be traced from one end to the other; and (iii) all MLH1 foci could be clearly distinguished
from background signals. Furthermore, we excluded interfocus distances from the analysis that
crossed cohesin axes of other bivalents, and had an MLH1 focus at the crossing (Fig. 1G and H).
Only 15% of the FISH-labeled bivalents in MLH1-positive oocytes fulfilled these criteria (for
details see Supplemental information). For the measurements of distances along cohesin axes, we
excluded the gaps between the REC8 signals, for reasons explained in the Supplemental
information.
Number and distribution of MLH1 foci on Sycp3-/- bivalents
In Sycp3-/- oocytes, MLH1 foci were located in regions of synapsis (as identified by the
presence of TF-protein SYCP1; Fig. 1A) or, in some instances, at sites where the cohesin axes
converged without detectable SYCP1 (Fig 1A, B, D, E and F; [cf. 6]). MLH1 foci were lacking
from the paracentromeric region on all four analyzed chromosomes, both in Sycp3-/- and wildtype
(Fig. 1I; [7, 8]). In wildtype oocytes, MLH1 foci were distributed rather uniformly along the
remainder of the chromosomes, and this pattern was maintained in Sycp3-/- oocytes, at least on
chromosomes #1 and #2. For chromosomes #18 and #19, the numbers of analyzed MLH1 foci in
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Table 1
Density of MLH1 foci in Sycp3-/- and wildtype oocytes

MLH1 foci per bivalentb

MLH1 foci
genotype per nucleusa
wildtype
27.6 ± 3.5
(64)
21.4 ± 3.9*
Sycp3 -/(64)
a

chrom. #1
1.85 ± 0.56
(112)
1.82 ± 0.72
(44)

chrom. #2
1.78 ± 0.51
(110)
1.83 ± 0.60
(47)

chrom. #18
1.05 ± 0.32
(105)
1.04 ± 0.35
(49)

chrom. #19
1.00 ± 0.23
(113)
0.79 ± 0.50*
(28)

Mean ± SD (number of nuclei analyzed)
Mean ± SD (number of bivalents analyzed)
* Significantly different from wildtype (p<0.01; unpaired t-test)

b

Sycp3-/- oocytes were too small to decide whether they were distributed similarly along the bivalents
as in wildtype (Fig 1I).
The average number of MLH1 foci/oocyte nucleus was lower in Sycp3-/- than in wildtype
(Table 1), which fits with the decreased number of chiasmata found by Yuan et al. [3] in Sycp3-/oocytes. Nevertheless, we found wildtype levels of MLH1 foci on three of the four analyzed
chromosomes in Sycp3-/- (Table 1); only on chromosome #19 the number of MLH1 foci was
reduced. In agreement with this, Yuan et al. [3] reported a differential effect of the SYCP3
disruption on recombination on different chromosomes. Among the chromosomes analyzed by
Yuan et al., chromosome 12 displayed reduced recombination in a Sycp3-/- background [3]. Both
chromosome 19 and chromosome 12 carry a nucleolus organizing region [9]. Possibly these
chromosomes pair later than average, and in a Sycp3-/- background part of them might pair too late
to form MLH1 foci.
Wildtype levels of interference among MLH1 foci in Sycp3-/- oocytes
We used the gamma distribution as a model for estimating the strength of interference. The
gamma distribution describes the frequency distribution of interfocus distances that one would get if
(imaginary or real) recombination intermediates would be randomly placed along the bivalent, but
only every nth intermediate would yield an MLH1 focus (or a CO). By fitting the interfocus
distances observed along bivalents of a given chromosome to the gamma distribution, one obtains
an estimate of the interference parameter n for that chromosome. If the best fit is obtained for n=1,
then there is no detectable interference on that chromosome, and the higher n is, the more evenly
the MLH1 foci will be spaced, and the stronger interference is [7, 10, 11]. Even if the gamma model
would not correspond with the biological interference mechanism, (i.e., there is no mechanism that
counts recombination intermediates), it is still a useful tool for measuring interference, as long as
the observed interfocus distances fit reasonably well to the gamma distribution. The interference
parameter is then not necessarily an integer; to indicate this, we will further denote the interference
parameter as ν, which represents positive, but not necessarily integer values, as distinct from n,
which represents only positive integer values. Since chromosomes # 18 and #19 rarely have more
than one MLH1 focus (Table 1), we could only estimate the strength of interference from the
interfocus distances on chromosomes #1 and #2. As judged by the p values in Table 2, the
interfocus distances on these chromosomes fitted reasonably to the gamma distribution. In wildtype
oocytes, the estimates of ν (νˆ values in Table 2) for chromosomes #1 and #2 were high, 8.9 and
11.7 respectively, which indicates strong interference among MLH1 foci on these chromosomes.
For Sycp3-/- oocytes, we obtained similar high νˆ values (Table 2), indicating a similar, high level of
interference among MLH1 foci in Sycp3-/- oocytes as in wildtype. Intact axial elements are thus not
required for wildtype levels of interference.
In Sycp3-/- oocytes, the cohesin axes between two MLH1 foci were often not fully synapsed (Fig.
1G and H), and some MLH1 foci even occurred on converged cohesin axes in the absence of
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detectable SYCP1 (Fig. 1A-F). To analyze whether synapsis had any influence on interference, we
compared interference among MLH1 foci that were separated by fully synapsed cohesin axes with
interference among foci that were separated by stretches of unsynapsed or incompletely synapsed
cohesin axes. For both situations, we obtained similar νˆ values (Table 2), which indicates that full
synapsis is not required for wildtype levels of interference among MLH1 foci.

Table 2
Interference among MLH1 foci in wildtype and Sycp3-/- oocytes
Average interfocus
No. of
distance (SD)
νˆ (SE) b
Genotype Chrom. a intervals
μm
% SC
wildtype
#1
95
7.2 (2.8)
51.4 (16.3)
8.9 (1.3)
#2
88
7.1 (2.3)
52.7 (14.9) 11.7 (1.7)
Sycp3 -/#1 (total)
31
12.4 (3.2) 42.6 (12.7) 11.5 (2.9)
#1 syn
15
11.5 (3.2) 41.9 (14.8)
9.5 (3.4)
#1 unsyn
16
13.3 (3.1) 43.2 (10.8) 14.5 (5.1)
#2 (total)
36
13.9 (5.0) 48.2 (17.0)
8.5 (2.0)
#2 syn
18
12.1 (3.4) 41.8 (12.9) 12.1 (4.0)
#2 unsyn
18
15.6 (5.7) 54.5 (18.6)
8.4 (2.7)
a

pc
0.3
0.3
0.2
0.5
0.4
0.05
0.2
0.03

corr.

ν

d

7.5
10.1
10.0

7.3

“#1 (total)” relates to all inter-MLH1 intervals on bivalents of chromosome # 1; “#1 syn” to fully synapsed interMLH1 intervals on bivalents of chromosome # 1; and “#1 unsyn” to fully or partially unsynapsed inter-MLH1 intervals
on bivalents of chromosome # 1.
b
Maximum likelihood estimate of the interference parameter ν in the gamma model (with estimated standard error SE)
c
Estimated P value; P is the probability of finding an as-bad or worse fit of the observed interfocus distances to the
gamma distribution due to sampling error.
d
νˆ corrected (corr.) for the limited range of observable interfocus distances [cf. “Statistical methods” in the
Experimental procedures section, and Ref. 7].

Estimating interference levels from the distributions of the numbers of foci per bivalent
The estimates of the strength of interference in Table 2 had been inferred from the observed
interfocus distances, and were thus only based on bivalents with two or more foci. It is also possible
to estimate interference levels from the distributions of the numbers of foci per bivalent. Although
this approach is generally less valuable than the approach based on the distributions of interfocus
distances [discussed in Ref. 12], it has the advantage that bivalents with less than two foci can be
included in the analysis. Therefore, we also determined for each of the four analyzed chromosomes,
in Sycp3-/- and wildtype, the relative frequencies of bivalents with 0, 1, 2, 3 and 4 foci. For
chromosome #19, we found a significant difference between Sycp3-/- and wildtype, as was to be
expected, because there were on average fewer MLH1 foci on bivalents of this chromosome in
Sycp3-/- oocytes than in wildtype (Table 1). For chromosomes #1, #2 and # 18, there was no
significant difference between Sycp3-/- and wildtype (Table 3).
Using computer simulation, and assuming that the MLH1 foci are distributed uniformly
along the bivalents (which is roughly correct, see above and Fig 1I) and that the gamma model
applies for the spacing of MLH1 foci, we then estimated for each of the four analyzed
chromosomes, in wildtype and Sycp3-/-, the expected numbers of bivalents with 0, 1, 2, 3 and 4 foci,
based on the corrected ν values (“corr. ν” in Table 2), and the observed average numbers of foci per
bivalent (cf. Table 1). For the long chromosomes, we found generally a good fit of the observed
with the expected numbers (Table 3). This supports the use of the gamma model and the estimates
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Table 3
Distributions of the numbers of MLH1 foci per bivalent
Genotype
Chrom. (no. of
Obs. or
bivalents)
Exp. a
#1
wildtype Obs.
(112)
Exp.(ν = 8)d
Obs.
Sycp3-/(44)
Exp.(ν = 10)d
#2

wildtype
(110)
Sycp3-/(47)

#18

wildtype
(105)
Sycp3-/(49)

#19

wildtype
(113)
Sycp3-/(28)

a

Percentage of bivalents with:
0 foci 1 focus 2 foci
0.0
24.1
67.0
0.4
26.9
60.3
4.6
22.7
59.1
0.3
27.2
63.0

3 foci
8.9
12.2
13.6
9.5

4 foci
0.0
0.2
0.0
0.1
0.0
0.0
0.0
0.3

Obs.
Exp.(ν = 10)d
Obs.
Exp.(ν = 7)d

1.8
0.3
2.1
0.8

20.9
29.8
21.3
28.5

74.6
61.6
68.1
58.0

2.7
8.3
8.5
12.5

Obs.
Exp.(ν = 1)e
Exp.(ν = 17f)
Obs.
Exp.(ν = 1)e
Exp.(ν = 8f)

2.9
35.0
7.2
4.1
35.5
11.6

89.5
37.0
80.5
87.8
36.9
73.0

7.6
19.4
12.2
8.2
19.3
15.3

0.0
6.8
0.0
0.0
6.6
0.1

Obs.
Exp.(ν = 1)e
Exp.(ν = 33f)
Obs.
Exp.(ν = 1)e
Exp.(ν = 2f)

2.7
37.0
6.1
25.0
46.6
36.7

94.7
36.9
87.8
71.4
35.8
49.1

2.7
18.4
6.1
3.6
14.1
12.8

0.0
6.1
0.0
0.0
3.7
1.3

Obs.
vs.
Exp.
pb

Obs. wt
vs.
Obs. -/pc

0.31
0.15
0.98
0.01
0.40
0.36

0.0
2.8 4.7×10-27
0.0
0.06
0.0
1.7 1.4×10-12
0.0
0.06

0.91

0.0
1.5 1.3×10-12
0.0
0.08
0.0004
0.0
0.7 0.0004
0.07
0.2

For each chromosome, the expected percentages of bivalents with 0, 1, 2, 3 or 4 foci are based on the observed
average number of MLH1 foci on that chromosome (Table 1), and the corrected estimate of the interference
parameterν (Table 2) for MLH1 foci on that chromosome. We determined the expected percentages by simulating the
positions of MLH1 foci along at least 5000 bivalents for the corrected ν, rounded to an integer value, assuming that
MLH1 foci are uniformly distributed along the bivalent (Fig. 1).
b
the p values in this column represent for each bivalent the probability of finding an as-bad or worse fit of the observed
to the expected numbers due to sampling error (χ2 test; groups were combined if the expected numbers equaled 5 or
less).
c
the p values in this column represent for each bivalent the probability of finding an as-large or larger difference
between the observed values for wildtype and those for Sycp3-/- due to sampling error (Fisher’s exact test).
d
Expected percentages of bivalents with 0, 1, 2, 3 or 4 foci for the corrected estimate of the interference parameter ν.
e
Expected percentages of bivalents with 0, 1, 2, 3 or 4 foci if there were no interference between MLH1 foci (ν = 1).
f
Lowest integer value of ν for which the expected distribution of the numbers of MLH1 foci per bivalent fits to the
observed distribution (i.e., p>0.05).

of ν for these chromosomes, and thus confirms the occurrence of high levels of interference among
MLH1 foci on Sycp3-/- chromosomes #1 and #2.
For chromosomes # 18 and # 19, we could not estimate ν from the interfocus distances,
because these chromosomes rarely have more than one focus. For these chromosomes we
performed a series of simulations based on the observed average numbers of foci per bivalent and
increasing values of ν. For ν = 1 (no interference), the expected frequencies of bivalents with 0 or
more than 1 focus were much higher than those observed, both for chromosome #18 and #19, and
both in Sycp3-/- and wildtype (Table 3), which indicates positive interference among MLH1 foci on
these chromosomes. For wildtype chromosomes #18 and #19, the observed numbers of bivalents
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with 0, 1, 2, 3 or 4 foci fitted only with the expected numbers for high ν values (ν ≥ 16 chromosome
#18, ν ≥ 33 for chromosome #19). This suggests that in wildtype, interference on chromosomes #18
and #19 is as strong as or stronger than interference on chromosomes #1 and #2. Broman et al. [11]
inferred similar high ν values for the short chromosomes of wildtype female mice from genetic
intercrossover distances. For Sycp3-/- chromosome #19, only few MLH1 foci were available for
analysis, and the observed distribution of the numbers of foci per bivalent was therefore compatible
with a broad range of ν values (Table 3). However, it was not compatible with ν =1 (Table 3),
implying that the lower average number of foci per bivalent of Sycp3-/- chromosome #19 is not
accompanied by total loss of interference. For Sycp3-/- chromosome #18, the observed distribution
of the numbers of foci per bivalent fitted with the expected distribution for ν ≥ 8, which indicates
strong interference on this chromosome. Taken together, the observed distributions of the numbers
of foci per bivalent are consistent with wildtype levels of interference on all four analyzed Sycp3-/chromosomes.
For all analyzed chromosomes, except Sycp3-/- chromosome #19, the frequency of bivalents
with zero MLH1 foci was low. Because bivalents with zero COs are generally rare, a mechanism
that ensures at least one CO (an ‘obligate CO’) is sometimes assumed [discussed in Ref. 13].
However, for the analyzed chromosomes it is not necessary to assume such a mechanism besides
interference itself, because we found in all cases ν values for which the observed numbers of
bivalents with 0, 1, 2, 3, and 4 foci fitted with the expected numbers. On the other hand, a
mechanism that ensures at least one MLH1 focus per bivalent cannot be excluded.
Role of AEs and synapsis in interference among MLH1 foci
In this study we analyzed the effect of the SYCP3 disruption in mouse on cytological
interference among MLH1 foci in oocytes. Because the identification and reconstruction of bivalents
in Sycp3-/- oocytes was particularly laborious [see Supplemental information and Ref. 14], we could
analyze only a limited number of bivalents. Nevertheless, the results clearly show that neither full
synapsis nor intact axial elements are required for wildtype levels of interference in mouse Sycp3-/oocytes. Furthermore, the SYCP3 protein and the proper localization of SYCP2 are not essential for
interference, which fits with a preliminary analysis of the distribution of MLH1 foci among selected
SCs with (almost) full synapsis in Sycp3-/- oocytes [15].
The SC and synapsis play a major role in early interference models [reviewed by 16];
according to these models, synapsis would initiate at sites of (future) COs, and preclude establishment
of new COs within synapsed stretches [reviewed by 17, 18]. However, we found no difference in
interference level across synapsed or (partially) unsynapsed stretches, which argues against a role of
synapsis in interference, or an effect of a delay in synapsis on the strength of interference [19, 20].
Thus, although we cannot formally exclude the possibility that the Sycp3-/- cohesin axes were briefly
fully synapsed when interference was imposed, our results add to a growing list of diverse
observations that argue against a role for synapsis in interference [reviewed by 21].
Another structure that might be important for interference is the axial element [discussed in
Ref. 22]. Support for this comes from the Caenorhabditis elegans him-3(me80) mutant. HIM-3 is a
meiosis-specific protein that is thought to be a structural component of the axial element [23]. The C.
elegans him-3(me80) mutant incorporates reduced amounts of the mutant HIM-3 protein in the axial
elements, and shows reduced levels of CO interference [24]. This might suggest that an intact axial
element structure is essential for wildtype levels of interference. However, the mouse Sycp3-/phenotype argues against this: despite gross structural abnormalities of the residual axial structures
(cohesin axes) [2], Sycp3-/- oocytes show wildtype levels of interference among MLH1 foci. Also,
preliminary evidence in Tetrahymena suggests CO interference in the absence of both SCs and AEs
[25]. Possibly, the C. elegans HIM-3 protein has other than structural roles in interference, or there is a
species-specific difference in the role of the intact AE structure.
If neither intact SCs, nor intact AEs bring about and/or guide the interference signal along the
bivalents, which structure (if any) does it?
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One recent interference model dealing with this question is the stress model [26], according to which
mechanical stress is generated by expansion of chromatin against some chromatin-constraining
structure. Mechanical stress would promote covalent changes in recombination intermediates that lead
to CO formation, and if such a change would occur, it would be accompanied by local stress relief
around the involved recombination complex. The stress relief would spread along the bivalent and
decrease the probability of the formation of additional COs nearby, thus bringing about CO
interference. According to this model, the relevant chromatin-constraining structure is essential for
generating interference (by withstanding expanding chromatin), and might also be important for
conducting the interference signal along the chromosome or bivalent. The mouse Sycp3-/- phenotype
described in this study shows that the intact axial element structure is neither required for generating
interference nor for guiding the interference signal. In the context of the stress model this is not
surprising, because it has been suggested that expansional stress and stress relief might function in the
coordination and spacing of events not only in meiosis, but also in the mitotic cycle [26], when AEs
are not formed. One candidate structure that might be involved in generating and guiding inteference is
therefore the chromosome scaffold.
An unexpected finding was, that some MLH1 foci localized in Sycp3-/- oocytes to converged
cohesin axes in the absence of detectable SYCP1 (Fig. 1A-F). This appears to contradict the
dependence of MLH1 focus formation on SYCP1 [27]. Possibly, SYCP1 colocalized with MLH1 in
Sycp3-/- oocytes at earlier time points than our measurements, and/or minute amounts of SYCP1
colocalized with MLH1 foci in Sycp3-/- mice. That would be consistent with the proposed role of yeast
TF protein Zip1 in CO formation, besides its role in synapsis [28].
Experimental procedures
Animal experiments were performed in accordance with the Dutch legislation and the institutional
guidelines on animal experiments, and have been approved by the Committee on Animal
Experiments of Wageningen University.
Antibodies and Cytological Techniques
All antibodies used have been described [27]. Oocytes were isolated and spread as described earlier
[7]. We incubated and observed slides carrying Sycp3-/- oocytes as follows: first we exposed the
slides to antibodies against mouse-anti-SYCP1 and rabbit-anti-MLH1, visualized binding of the
antibodies using goat-anti-mouse antibodies conjugated to Texas Red and goat-anti-rabbit
antibodies conjugated to Alexa 488 as described [27], mounted the slides in Vectashield (Vector
Laboratories Inc., Burlingame, CA) containing 2 μg/ml 4’,6-diamidino-2-phenylindole (DAPI),
micrographed the SYCP1 (red), MLH1 (green) and DAPI (blue) images of suitable oocytes through
a Zeiss Axiovert Epifluorescence microscope equipped with a 63 x PlanApo objective, N.A. 1.32, a
computer-controlled stage, and a Zeiss Axiocam MRc CCD camera, and stored the positions of the
micrographed nuclei in a database. Subsequently we removed the coverslips, exposed the slides
successively to rabbit-anti-REC8 antibodies and an horse-anti-rabbit-FITC conjugate as described
[27], mounted them again in Vectashield with DAPI, and recorded the REC8 and DAPI images of
the same nuclei that had been micrographed before. Slides carrying wildtype oocytes were exposed
simultaneously to mouse-anti-SYCP3 and rabbit-anti-MLH1 antibodies, then exposed to goat-antirabbit antibodies conjugated to Alexa488 and goat-anti-mouse antibodies conjugated to Texas Red,
mounted in Vectashield with DAPI and micrographed as described above. Finally we subjected all
slides to FISH as described [7], using probes for chromosomes #1, #2, #18 and #19, mounted the
slides again in Vectashield with DAPI, and micrographed the FISH (red and green) and DAPI
images of the same nuclei that had been micrographed before. We used the DAPI images to align
the successive micrographs of each oocyte. We measured SCs and cohesin axes and processed the
images as described [7].
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Statistical methods
The estimation of the interference parameter ν and the correction of νˆ for the limited range of
observable interfocus distances have been described [7]; this correction results in slightly lower
estimates of ν. We determined the distribution of the numbers of foci per bivalent expected for integer
values of ν by simulating the positions of MLH1 foci on at least 5000 chromosomes, using a macro in
Excel (Microsoft). The macro is available on request from the corresponding author.
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Supplemental Text
Measurement of the cohesin axes in Sycp3-/- oocytes
The accurate identification, reconstruction and measurement of cohesin axes and interfocus
distances were of pivotal importance for the determination of the strength of interference. In this
study, it was particularly challenging, given the stretched and fragmented appearance of the cohesin
axes in spread Sycp3-/- oocytes [29]. Therefore, we used the FISH signals not only for identification
of bivalents, but also for the reconstruction of the chromatid axes and the identification of the
chromosome ends. Supplemental Fig. 1 shows four examples; we spotted the cells shown in this
figure as SYCP1 and MLH1-positive nuclei on slides carrying spread oocytes. Subsequently, we
acquired the REC8 and FISH images (see main text), and identified bivalents # 1, 2, 18 and 19 in
the merged images, based on the FISH signal (supplemental Fig. 1A, E, I and M). Using the FISH
and REC8 signals as guides, we then reconstructed the course of the cohesin axes of these bivalents.
The FISH signal also allowed us to identify the chromosome ends; this was essential, because the
interfocus distances had to be expressed as percentages of the cohesin axis length, to account for
differences in stretching of cohesin axes in different cells. We analyzed only bivalents of which at
least one cohesin axis could be traced unambiguously from one end to the other; only 15% of the
FISH-labeled bivalents in SYCP1 and MLH1-positive oocytes fulfilled this criterion (see
Supplemental Figure 1 A, E, I and M). Then we analyzed whether we should include the gaps
between the REC8 signals in our measurements. If the gaps were due to breakage of the cohesin
axes (see Supplemental Fig. 1Q), possibly as a result of the spreading conditions, then the gaps
should not be included in the measurements. On the other hand, the fragmented appearance of the
cohesin axes could be due to a discontinuous localization of cohesins to chromosomal axes that are
themselves continuous (Supplemental Fig. 1R). Then we should include the gaps between the
cohesin fragments in the length measurements. We reasoned that the lengths of homologous
unsynapsed stretches should be the same (x and x’ in Supp. Figs. 1Q and R), and therefore, we
compared them for a series of 11 individual bivalents where we could unambiguously trace the
homologous unsynapsed stretches. In all cases the length differences between the homologous
stretches were smaller if we excluded the gaps (Supplemental Table 1). We therefore decided to
exclude the gaps between the cohesin fragments in all our measurements.

Supplemental Table 1
Length difference between unsynapsed homologous stretches of cohesin axes in Sycp3-/- oocytes
Chromosome
length difference (μm)
number
including gaps excluding gaps
#1
1.06
0.43
#2
0.81
0.45
#2
1.10
0.88
#2
2.01
0.64
#18
2.95
0.80
#18
3.78
0.95
#18
1.41
0.85
#18
0.93
0.57
#18
2.05
0.99
#19
1.37
0.08
#19
0.88
0.13
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Abstract In most eukaryotes, homologous chromosomes
(homologs) are closely apposed during the prophase of the
first meiotic division by a ladderlike proteinaceous structure, the synaptonemal complex (SC) [Fawcett, J Biophys
Biochem Cytol 2:403–406, 1956; Moses, J Biophys
Biochem Cytol 2:215–218, 1956]. SCs consist of two
proteinaceous axes, which each support the two sister
chromatids of one homolog, and numerous transverse
filaments (TFs), which connect the two axes. Organisms
that assemble SCs perform meiotic recombination in the
context of these structures. Although much information has
accumulated about the composition of SCs and the
pathways of meiotic crossing over, several questions
remain about the role of SCs in meiosis, in particular,
about the role of the TFs. In this review, we focus on
possible role(s) of TFs. The interest in TF functions
received new impulses from the recent characterization of
TF-deficient mutants in a number of species. Intriguingly,
the phenotypes of these mutants are very different, and a
variety of TF functions appear to be hidden behind a façade
of morphological conservation. However, in all TFdeficient mutants a specific class of crossovers that display
interference is affected. TFs appear to create suitable
preconditions for the formation of these crossovers in most
species, but are most likely not directly involved in the
interference process itself. Furthermore, TFs are important
for full-length homolog alignment.
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Assembly and composition of synaptonemal complexes
Axial elements
Synaptonemal complexes (SCs) are proteinaceous structures that closely appose homologs during the prophase of
the first meiotic division (meiosis I). The assembly,
structure, and composition of SCs have been reviewed
recently (Page and Hawley 2004), and are only briefly
summarized here. SC assembly starts during premeiotic Sphase and early meiotic prophase with the formation of a
single proteinaceous axis, the axial element (AE), along the
two sister chromatids of each chromosome. Then, following homolog recognition and alignment, the AEs of
homologs are closely apposed along their length by
numerous transverse filaments (TFs): a process called
synapsis. The SC is the ladder-like structure formed by the
two AEs [named lateral elements in the context of the SC]
and the TFs (reviewed by Page and Hawley 2004) (Fig. 1).
Cohesins, which are proteins that mediate cohesion
between sister chromatids (reviewed by Nasmyth 2005),
are important for AE assembly (Klein et al. 1999; Pelttari et
al. 2001). During S-phase, both in the mitotic cycle and in
premeiotic S-phase, cohesins are installed in such a way
that they hold the newly synthesized sister chromatids
together. In the mitotic cycle, all sister chromatid cohesion
is lost at the metaphase-to-anaphase transition, so that sister
chromatids can disjoin. In meiosis, two chromosome
segregations follow a single round of DNA-replication,
and this is possible because cohesion is released in two
steps (reviewed by Nasmyth 2001, 2005).
Cohesins not only provide sister chromatid cohesion, but
also participate in homologous recombination, both in the
mitotic cycle and in meiosis. In mitosis, they enhance sister
chromatid-based recombinational repair. In meiosis, their
role is modified in such a way that homologous recombination occurs preferentially between chromatids of homologs, in most species, mainly or exclusively by a
TF-dependent pathway of crossing over (reviewed by
Page and Hawley 2004; and van Heemst and Heyting
2000). The participation of AE-associated proteins, includ-
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Fig. 1 Position of transverse filament protein molecules within a
synaptonemal complex. A detail of TF protein molecules, which are
long, coiled-coil proteins, is shown to the left. The molecules are
attached by their C terminus (C) to the axial element (AE) of one
chromosome, and interact with their N terminus (N) with TF protein
molecules that are attached to the homologous chromosome. In C.
elegans, two different short coiled-coil proteins bridge the space
between the two AEs. Reciprocal exchange between nonsister
chromatids (crossing over) has already occurred in the stage shown
here (late pachytene), but is not yet visible as a chiasma. The site of
crossing over is marked by a recombination nodule (RN)

ing cohesins, in recombination manifests itself by the
formation of ultrastructurally recognizable protein complexes (recombination nodules or RNs) along AEs or SCs
(reviewed by Carpenter 1987), and the localization of
recombination-related proteins within RNs (Anderson et al.
1997; Moens et al. 2002) and along AEs and SCs (reviewed
by Ashley and Plug 1998; Bishop 1994). Given these
adaptations in cohesin functions, it is not surprising that all
species analyzed thus far express one or more specific
cohesins during meiosis (reviewed by Nasmyth 2001).
Besides cohesins, various other proteins participate in
AE formation. Some of these help create a preference for
recombination between homologs rather than sister
chromatids (Schwacha and Kleckner 1997). Most AE
components analyzed thus far are required for full synapsis
between homologs, and some AE components are
absolutely essential for the incorporation of TF proteins
in the SC structure (reviewed by Page and Hawley 2004).
Transverse filaments
Whereas the ultrastructural appearance of the SC is highly
conserved, many of its components, including TF proteins,

are ill-conserved at the amino acid sequence level. TF
proteins have therefore been identified independently in
only a limited number of species, namely, mammals
(SYCP1) (Dobson et al. 1994; Meuwissen et al. 1992;
Meuwissen et al. 1997; Sage et al. 1999), budding yeast
(Zip1) (Sym et al. 1993), Drosophila [C(3)G] (Page and
Hawley 2001), and Caenorhabditis (Syp-1 and Syp-2)
(Colaiácovo et al. 2003; MacQueen et al. 2002). Despite
their lack of amino acid sequence conservation, SYCP1
(Meuwissen et al. 1992), Zip1 (Sym et al. 1993), and C(3)G
(Page and Hawley 2001) have similar structures (discussed
by Bogdanov et al. 2002; Higgins et al. 2005): they are long,
coiled-coil proteins with globular domains at both ends. The
C-terminal domain is basic, and has S/TPXX motifs, which
are possibly involved in DNA-binding (Suzuki 1989). The
Zip1 C terminus is essential for attachment of TFs to AEs
(Tung and Roeder 1998). Within SCs, TF proteins form
parallel coiled-coil homodimers, which are embedded with
their C termini in the AEs, whereas the N termini of TF
protein molecules from opposite AEs overlap in the narrow
region (called central region) between the AEs of the two
homologs (Anderson et al. 2005; Dong and Roeder 2000;
Liu et al. 1996; Schmekel et al. 1996; Tung and Roeder
1998) (Fig. 1). Caenorhabditis Syp-1 and Syp-2 are two
short coiled-coil proteins, which possibly take the place of a
single longer one in other species (Colaiácovo et al. 2003;
MacQueen et al. 2002). Based on the structural properties of
the known TF proteins, Higgins et al. (2005) identified a
number of candidate TF proteins in the Arabidopsis
proteome, and then showed that the closely related proteins
ZYP1a and ZYP1b, encoded by two genes resulting from a
recent duplication, were TF proteins. ZYP1a and ZYP1b
are partially functionally redundant (Higgins et al. 2005),
and are collectively indicated as ZYP1.

Phenotypes of TF-deficient mutants
Table 1 summarizes the phenotypes of the TF-deficient
mutants of the species analyzed so far with respect to
crossover (CO) formation and homolog alignment. Most
striking in this table are the differences between the
phenotypes of TF-deficient mutants in various species. On
the one hand, it is not possible to point out a single function
for which TFs are absolutely required in all organisms,
albeit that all TF-protein mutants are deficient in CO
formation to at least some extent. On the other hand, TF
proteins are required for meiosis in nearly all analyzed
species, although the number of exceptions is growing
slowly but steadily (discussed in Loidl and Scherthan 2004;
see also Richard et al. 2005). This combination of TF
protein features (structural conservation but no detectable
amino acid sequence conservation, pleiotropic effects of
TF-protein deficiency, and a strong dependence of the
deficiency phenotype on the setting in which the deficiency
occurs) points to structural roles of TF proteins rather than
a catalytic function in one specific process.
Table 1 also shows that TFs are not required for the
initiation of meiotic recombination or homolog recognition
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Table 1 Crossover formation and homolog alignment in TF-deficient mutants of various species
A. Some relevant features of analyzed species
Feature
Homolog alignment and synapsis depend on
recombination (1)
Interfering COs only (1)
B. Phenotypes of TF-deficient mutants
Phenotypic trait
Initiation of recombination
Homolog alignment
Msh4 foci
Mlh1 foci
Crossing over
CO interference

S. cer.
Yes

D. mel.
No

C. el.
No

M. mus.
Yes

A. thal.
Yes

No

Yes

Yes

Yesa

No

zip1 (23°C)
(S. cer.)
+ (2)
+ (2)
n.d.
n.d.
Reduced (2)
n.d.

zip1 (33°C)
(S. cer.)
+ (2,3d,4d)
+ (2,3d)
Weakd (5)
n.d.
−f (2)
−h (6); +i (7)

c(3)G
(D. mel.b)
Reduced (8)
+ (9)
n.d.
n.d.
− (9)
n.a.

syp-1, syp-2
(C. el.c)
+ (10,11)
+ (10,11)
n.d.
n.d.
− (10,11)
n.a.

sycp1
(M. mus.)
+ (12)
+ (12)
+
− (12)
− (12)
n.a.

zyp1
(A. thal.)
+ (13)
± (13)e
n.d.
+ (13)
Reduced (13)g
n.d.

Numbers in parentheses represent the following references: 1, reviewed by Stahl et al. (2004); 2, Börner et al. (2004); 3, Sym et al. (1993);
4, Storlazzi et al. (1996); 5, Novak et al. (2001); 6, Sym and Roeder (1994b); 7, Fung et al. (2004); 8, Jang et al. (2003); 9, Page and
Hawley (2001); 10, MacQueen et al. (2002); 11, Colaiácovo et al. (2003); 12, de Vries et al. (2005); and 13, Higgins et al. (2005)
S. cer.Saccharomyces cerevisiae, D. mel.Drosophila melanogaster, C. el.Caenorhabditis elegans, M. mus.Mus musculus, A. thal.
Arabidopsis thaliana, CO crossover, n.d. not determined, n.a. not applicable
a
Less than 10% of the crossovers might belong to a noninterfering class (Baker et al. 1996; de Vries et al. 2005; Housworth and Stahl 2003)
b
Phenotype of c(3)G1 and c(3)G68 mutants, which might express short truncated C(3)G protein
c
The phenotype of syp-1 and syp-2 mutants is the same for the traits considered here
d
Phenotype at 30°C
e
Extensive alignment in less than 1% of the pollen mother cells
f
Assayed at DNA level
g
Part of the crossovers is nonhomologous
h
Genetic analysis at 30°C
i
Cytological interference between Zip3 foci (30°C)

and alignment. Various mechanisms, including recombinational interactions and chromosomal pairing centers, are
used for homolog recognition and alignment, and which
mechanism(s) prevails it depends on the species (reviewed
by Burgess 2004; and Gerton and Hawley 2005).
Furthermore, synapsis appears to be insensitive to homology: nonhomologous synapsis can occur under a variety of
conditions (reviewed by Zickler and Kleckner 1999), and
given the ease with which TF proteins self-assemble into
regular stacks of SC-like structures (polycomplexes)
(Öllinger et al. 2005; Sym and Roeder 1994b), there are
more reasons to wonder what prevents nonhomologous
synapsis than what causes homologous synapsis. However,
at least in some species, TFs are important for the
maintenance of homolog alignment (Colaiácovo et al.
2003; MacQueen et al. 2002; Sherizen et al. 2005).
Because the TF-deficiency phenotypes differ so strongly
between species, we will not discuss them collectively, but
first consider the zip1 mutants of budding yeast (Saccharomyces cerevisiae), which have been characterized in
most detail, and then compare these with TF deficiency
mutants in other species.

Budding yeast (Saccharomyces cerevisiae)
Yeast TF protein Zip1 contributes to the formation
of one class of COs
Meiotic recombination is initiated by the induction of DNA
double-strand breaks (DSBs) (Cao et al. 1990; Sun et al.
1989). In yeast, two major pathways have been proposed for
the formation of meiotic COs by repair of these DSBs
(reviewed by Hollingsworth and Brill 2004; and Whitby
2005). One pathway, named the Class I or ZMM pathway,
largely proceeds via the Szostak model for DSB repair
(Szostak et al. 1983). It includes resection of the 5′-ended
strands at the broken DNA ends, so that two 3′-ended single
stranded tails are generated at each DSB. One of the two 3′ended tails invades a homologous double-strand DNA
molecule and forms a D-loop structure (also called singleend invasion or SEI; Hunter and Kleckner 2001), which is
extended by DNA synthesis from the invaded 3′ end. The
displaced strand then anneals with the other 3′-ended tail of
the same DSB, and after DNA synthesis from this annealed
3′ end and ligation, a double Holliday junction (dHJ) is
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formed (Schwacha and Kleckner 1995). dHJs are responsible for about 60 of the 90 COs per wild-type yeast meiotic
nucleus (Agarwal and Roeder 2000; Börner et al. 2004;
Chua and Roeder 1998). Most or all dHJs formed through
this pathway are resolved as COs (reviewed by Bishop and
Zickler 2004). The next major meiotic CO pathway in yeast,
the Class II or Mus81 pathway, does not include dHJs, and is
characterized by a dependence of the Mus81–Mms4 endonuclease (Argueso et al. 2004; de los Santos et al. 2003;
reviewed by Hollingsworth and Brill 2004; and Whitby
2005). Zip1 is essential for the formation of Class I COs,
together with a group of proteins that are collectively
indicated as ZMM proteins, and, besides Zip1, include Zip2,
Zip3, Msh5, and Mer3 (Börner et al. 2004; reviewed by
Hollingsworth and Brill 2004; and Whitby 2005). Msh4,
which forms a heterodimer with Msh5 (Pochart et al. 1997;
Snowden et al. 2004) and is required for wild type levels of
crossing over (Ross-Macdonald and Roeder 1994), also
belongs to this group. The ZMM proteins promote the
formation of stable SEIs and dHJs (Börner et al. 2004),
which yield COs in yeast. Mlh1 (Hunter and Borts 1997) and
Mlh3 (Wang et al. 1999) also contribute to the formation of
Class I COs, but act in a later step than the ZMM proteins
(Argueso et al. 2004).
Class II COs do not require Zip1, Msh4/Msh5, or Mlh1/
Mlh3 (Argueso et al. 2004; de los Santos et al. 2003). Most
DSBs in yeast are repaired as non-COs (NCOs), which
arise through a separate pathway (Börner et al. 2004;
reviewed by Whitby 2005), and possibly primarily serve
homolog alignment (discussed by Burgess 2004; and
Carpenter 1987).
The ZMM proteins form complexes that are detectable as
immunofluorescent foci (Agarwal and Roeder 2000; Chua
and Roeder 1998; Novak et al. 2001). Normally, Zip3 is
incorporated first, followed by Zip2 and then Zip1 (Agarwal
and Roeder 2000). Zip3 promotes and/or stabilizes the
association of Zip2 containing recombination complexes
with AEs, attracts Zip1, and paves the way for Zip1
polymerization along the AEs (synapsis) (Agarwal and
Roeder 2000; Chua and Roeder 1998). Zip2–Zip3 foci are
therefore also called synapsis initiation complexes (Agarwal
and Roeder 2000). The Zip2–Zip3 foci form independently
of Zip1. In zip1 mutants, the AEs of homologs align, but they
are farther apart than within an SC (Sym et al. 1993), and are
connected by a limited number of ultrastructurally recognizable axial associations (AAs) at sites of AE convergence
(Sym et al. 1993), whereas Zip2–Zip3 foci are found at the
sites of convergence between the aligned AEs, presumably
on the AAs (Agarwal and Roeder 2000; Chua and Roeder
1998). Zip3 interacts with proteins involved both in early
steps in meiotic recombination (Rad51) and later steps
(Msh5) (Agarwal and Roeder 2000). Msh4 (and probably
Msh5) also forms foci, most of which colocalize with Zip2–
Zip3 foci in wild type. In zip1 mutants, Msh4 foci are fainter
and colocalize less strictly with Zip2 than in wild type
(Novak et al. 2001). Apparently, Zip1 is required for stable
ZMM complexes in yeast, and perhaps it facilitates some
specific step that is accompanied by the incorporation of
more Msh4/Msh5 into foci (Börner et al. 2004). Zip1-

stabilized ZMM complexes might then act as synapsis
initiation sites. The numbers of ZMM foci per wild-type
nucleus and the CO frequencies in zmm and mus81 mutants
are consistent with the idea that most or all ZMM foci
represent future sites of Class I COs, at least in wild-type
yeast (Argueso et al. 2004; discussed in Fung et al. 2004).
In short, in yeast, stable homolog alignment and
synapsis initiation depend on recombinational interactions
between homologs, and part of the interactions develop
into COs. Most COs (Class I) depend on TF proteins plus a
number of other proteins that are collectively indicated as
ZMM proteins. The ZMM proteins form foci, which, in
wild-type yeast, appear to coincide with sites of AE
convergence, AAs, synapsis initiation, and future COs.
Zip1-dependent (Class I) COs display interference
In organisms that assemble SCs, meiotic COs are not
randomly distributed: every bivalent gets at least one CO
(obligate CO), even if the average number of COs per
bivalent is close to one, and, if multiple COs occur on a
bivalent, they are placed in such a way that simultaneous
crossing over in two nearby chromosomal intervals occurs
less frequently than expected if COs were placed
independently of each other: a phenomenon called (positive CO) interference. As a result, COs become more
evenly spaced along the bivalent than if they would not
influence each other’s position. The obligate CO and
interference are probably two manifestations of the same
regulatory mechanism, because they are usually lost
together.
Interference was originally defined genetically (discussed in Foss et al. 1993), but has also been analyzed
cytologically by the study of chiasma positions (reviewed by Jones, 1987), immunofluorescent foci (Fig. 2)
(Froenicke et al. 2002; Fung et al. 2004), or RNs
(Sherman and Stack 1995) (Table 2). The various
methods of determination of CO positions each have
their own advantages and disadvantages: chiasmata can
only be analyzed in organisms with favorable chromosome morphology; analysis of recombinant progeny
usually covers only part of the genome, has a low spatial
resolution, and requires that meiosis is completed and
yields viable products; and there is no guarantee that all
foci or RNs will yield COs. We will therefore distinguish
between estimations of interference based on analyses of
recombinant progeny or tetrads (genetic interference),
chiasma positions (chiasma interference), or positions of
foci or RNs (cytological interference) (Fung et al. 2004).
The mechanism(s) of interference have not yet been
elucidated. One early model ascribes an essential role to TFs
and synapsis (reviewed in Egel 1995): synapsis would
initiate at sites of (future) COs, and the establishment of new
CO sites within the synapsed stretches would be precluded
(reviewed by Fung et al. 2004; Roeder 1997). That would
explain why CO interference is not observed in two known
TF-less species, Aspergillus nidulans and Schizosaccharomyces pombe (but see Loidl and Scherthan 2004), and why
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the following observations in yeast undermined the synapsis
model of interference:

Fig. 2 Cytological interference in the mouse. Shown are MSH4 foci
along SCs or AEs of chromosome 2 of SYCP1-deficient mice (a) or
wild-type mice (b), and MLH1 foci along SCs of chromosome 2 of
wild type mice (c). Two aspects of interference can be read from
these figures: (1) the strength of interference: the stronger interference is, the more evenly the foci will be distributed along the
chromosome; and (2) the range of action of the interference
mechanism: the average interfocus distance can be used as a
measure for this. The figures suggest that the strength of interference
between MSH4 foci is about the same in wild-type and SYCP1deficient mice, and that the range of action of the mechanism that
causes interference between MSH4 foci is also about the same in the
two genotypes. Furthermore, the figure shows that interference
between MLH1 has a longer range of action than interference
between MSH4 foci. This will be worked out quantitatively
elsewhere

genetic interference is abolished in yeast zip1 mutants (Sym
and Roeder 1994a), at least under conditions (genetic
background; low temperature) that allow zip1 mutants to
complete meiosis and produce COs (Börner et al. 2004). The
correlation between the extent of synapsis and the strength
of interference in a series of nonnull zip1 mutants (Tung and
Roeder 1998) is also consistent with this model. However,

1. Zip1 contributes to CO formation in a red1 mutant,
which does not form SC (Storlazzi et al. 1996), so
positions of Zip1-mediated COs can be determined in
the absence of synapsis. If Zip1-mediated COs in a
red1 background would still display interference, this
would be a strong argument against the synapsis model
of interference, but this has not been (cannot be)
determined.
2. zmm mutants, including zip1Δ mutants, make wildtype levels of NCOs, whereas COs are decreased.
Börner et al. (2004) concluded from this that the
differentiation between COs and NCOs does not
depend on TFs or synapsis and that, therefore,
interference does not depend on TFs or synapsis.
This presupposes that, in a zip1 background, the
designated but failed COs display interference, which
is not known (but see below, Fung et al. 2004).
3. In wild type, stable SEIs (which are virtually
quantitatively converted into COs in yeast; see
above) are formed in zygotene/early pachytene (Hunter
and Kleckner 2001). This is earlier than expected if full
synapsis would be required for interference, but does
not rule out that partial synapsis contributes to
interference.
4. zip1 mutants have not only lost CO interference, but
also make fewer COs than wild type (Sym et al. 1993).
In the context of models like the synapsis model, which
ascribe interference to a local CO-inhibiting mechanism, COs should increase if interference is lost.
However, this can be explained because Zip1 has a role
in CO formation (Börner et al. 2004).
5. In zip1 mutants, Zip2 foci still display cytological
interference (Fung et al. 2004). If, as seems likely,
these Zip2 foci represent designated CO sites that fail
to yield COs (Börner et al. 2004), this shows that
interference can occur without Zip1. However, Fung et
al. (2004) point out that it does not rule out that Zip1
contributes to CO interference in wild type.
Taken together, these observations strongly suggest that
TF protein Zip1, and thus, synapsis, has no role in
interference, but the synapsis model of interference cannot
yet be definitively dismissed. However, observations in
other organisms also argue against a direct role of TF
proteins in interference (see below).
Most COs found in zmm mutants (at low temperature, see
above) depend on Mus81, and thus belong to Class II
(Argueso et al. 2004). Mus81-dependent COs predominate
in S. pombe, where interference is not observed (reviewed in
Hollingsworth and Brill 2004). The loss of genetic interference in zip1 mutants can therefore be interpreted outside the
context of the synapsis model for interference by assuming
that the Zip1-dependent (Class I) COs in wild-type yeast
display interference, whereas the Zip1-independent, but
Mus81-dependent, (Class II) COs do not (de los Santos et al.
2003). Loss of interference in zip1 mutants is then primarily
due to loss of interfering COs. In the above-mentioned series
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Table 2 Various methods of determining crossover positions
Advantage/
disadvantage of
method

Method
Analysis of recombinant
progeny (1)

Chiasma positions (1–3)

Positions of late RNs Positions of MLH1 foci
(4,5)
(6)

Conforms with the
original definition of
interference
Genetic markers
required
Depends on good
cytology
Depends on the completion of meiosis, or
on the production of
viable meiotic
products
Spatial resolution

+

−

−

−

+

−

−

−

−

+

+

+

+

−

−

−

Covers the entire
genome

Problems specific to
the method

High
Limited by the size and morphol- High
ogy of the chromosomes in diakinesis or metaphase I
Yes; but requires cytological mar- Yes; but requires cy- Yes; but requires cytotological markers for logical markers for reckers for recognition of
ognition of
recognition of
chromosomes
chromosomes
chromosomes
Misclassification of pheno- Closely spaced chiasmata can be No guarantee that all No guarantee that all
types may erroneously
mistaken for a single chiasma
crossovers are
crossovers are marked
suggest the occurrence of
marked by late RNs by Mlh1 foci
two closely spaced
crossovers
No guarantee that the chiasma
No guarantee that all No guarantee all MLH1
stays at its original position
late RNs will develop foci will develop into
into crossovers
crossovers
Disproportionate local condensa- Late RNs may be
MLH1 foci may be
tion or stretching of chromatin
missed because of
missed because of techmay hamper the determination of technical problems,
nical problems (e.g., acchiasma positions (3)
e.g., variation in
cessibility to anti-Mlh1
stainability (4)
antibodies)
In some situations, associations of In some organisms,
Imunofluorescence backchromosomes can be mistaken for early RNs can be
ground labeling can be
chiasmata
mistaken for late RNs mistaken for MLH1 foci
Perhaps closely spaced chiasmata
involving the same two chromatids disappear by loss of sister
chromatid cohesion between the
chiasmata (7)
In some mutants, chiasmata close
to the telomeres may be missed
because of loss of sister chromatid
cohesion distal to the chiasma (8)
Limited by the size of the
intervals between the analyzed genetic markers
No; only intervals between
markers are analyzed

Numbers in parentheses represent the following references: 1, reviewed by Sybenga (1996); 2, reviewed by Sybenga (1975); 3, reviewed by
Jones (1987); 4, reviewed by Anderson and Stack (2005); 5, Anderson et al. (2003); 6, Froenicke et al. (2002); 7, Maguire (1980);
and 8, Hodges et al. (2005)

of nonnull zip1 mutants (Tung and Roeder 1998), decreased
synapsis is not only correlated with loss of interference, but
also with decreased crossing over, which would fit this
interpretation. However, this interpretation does not solve all

problems, because cytological interference is unaffected in
the yeast ndj1 mutant, which displays wild-type levels of
crossing over but reduced genetic interference (Chua and
Roeder 1997; Conrad et al. 1997). Fung et al. (2004)
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therefore suggested that there might be more than one
interference mechanism: First, an unknown Zip1-independent mechanism would determine the position of ZMM
complexes along the bivalent, and subsequently, synapsis,
starting from the ZMM complexes, would prevent the
formation of ZMM-independent COs near the ZMM
complexes. In this view, ZMM-independent (Class II)
COs would experience interference, but not exert it. This
should result in a nonrandom distribution (negative interference) of Class II COs in wild type, but this cannot yet be
verified, because Class II CO sites cannot (yet) be visualized
as foci. Mutants with delayed synapsis, like ndj1, would
then display decreased genetic interference. Strictly speaking, such mutants should have increased rather than wildtype levels of crossing over, but it is possible that an increase
(if any) is too small to be detected, or that ndj1 mutants have
problems with CO formation besides the interference defect.
Does Zip1 prevent/remove AAs/ZMM complexes?
Sgs1 is a RecQ helicase with a possible role in homologous
recombinational repair (reviewed by Rockmill et al. 2003;
and Thompson and Schild 2002). In yeast sgs1 mutants, the
formation of Zip2/Zip3 foci and COs is increased about
1.4-fold, whereas cytological interference between ZMM
foci is unaffected (Fung et al. 2004). Rockmill et al. (2003)
proposed that Sgs1 unwinds meiotic recombination intermediates that have not (yet) committed to crossing over. In
zip1 mutants, the number of AAs (as detected ultrastructurally) (Sym et al. 1993) per nucleus is roughly similar to
the number of AAs (as estimated from the number of Zip2
foci) (Rockmill et al. 2003) in wild type. However, in
zip1sgs1 double mutants, the number of AAs (as estimated
from AE convergence sites) (Rockmill et al. 2003) has
increased dramatically. This suggests that there are two
different mechanisms of AA removal or prevention, one
dependent on Sgs1 and one on Zip1 (Rockmill et al. 2003).

Fig. 3 The possibility of interference in two successive steps in
meiosis. Early recombination intermediates or DSBs are randomly
distributed along the chromosome (a); if an intermediate reaches a
certain stage in its development, it emits an interference effect along
the chromosome that prohibits surrounding intermediates to reach
that same stage (b); in a later stage of CO formation this process can
repeat itself (c). In the mouse, the second interference step has a
much longer range of action than the first step, whereas in yeast
there might also be two steps, but both interference steps should

Both AA removal/prevention activities might bring about
interference if they would spread from a limited number of
sites along the AEs, for instance, from precursors of AAs
that have reached a certain step in their assembly. If so, then
the ranges of action of the two mechanisms should either be
similar, or the Sgs1-dependent mechanism should have a
slightly longer range of action than the Zip1-dependent
mechanism (Fig. 3). Such a (hypothetical) scenario would
still leave some room for a role of Zip1 in interference.
Homology-independent centromere coupling by Zip1
An unexpected role of Zip1 was discovered in yeast spo11
mutants, which do not form meiotic DSBs (Keeney 2001),
and therefore, do not perform meiotic recombination. In
these mutants, Zip1 localizes to the centromeric regions in
such a way that most centromeres are coupled in pairs.
Centromere coupling is nonhomologous, depends on Zip1,
and also occurs in early meiosis of wild type (Tsubouchi
and Roeder 2005). In wild type, nonhomologous centromere coupling is gradually replaced by homologous
centromere associations (Tsubouchi and Roeder 2005),
presumably by extension of synapsis initiated at homologous recombination sites (discussed by Henderson and
Keeney 2005). It is possible that Zip1-mediated centromere
coupling makes part of the distributive disjunction system,
which can promote disjunction of occasional pairs of
chromosomes that failed to form COs (it cannot ensure
proper chromosome disjunction if all chromosomes fail to
form COs, see Klein et al. 1999). Various species have such
a backup system for meiotic chromosome disjunction
(discussed by Tsubouchi and Roeder 2005), and contributing to such a system might represent an ancient role of TFs
(see below). It is not clear, however, how the coupling of
centromeres of nonexchange chromosomes can persist
until anaphase, while TFs are shed from the rest of the
chromosomes at the end of meiotic prophase.

have about the same range of action. An alternative possibility is not
shown in this figure but is discussed in the text: it is also possible
that interference is not imposed in two steps, but that there are two
independent interference mechanisms (at least in the mouse), which
need not necessarily act in the same stage of meiosis. The possibility
of interference phenomena in more than one stage of meiotic
prophase has been proposed in one model (Kleckner 1996; Kleckner
et al. 2004)
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Mouse
Mouse TF protein SYCP1 is essential
for CO formation
In the mouse, homolog alignment and synapsis depend on
recombinational interactions, as in yeast (Baudat et al.
2000; reviewed by Hunter 2003; Romanienko and
Camerini-Otero 2000). The distribution of foci of recombination-related proteins along SCs can be analyzed in
detail in the mouse (Fig. 2), and possible roles of TF
proteins in the distribution of recombination-related events
can therefore be analyzed by immunocytology.
A minimum estimate of mouse meiotic DSBs is
provided by the number of RAD51/DMC1 foci: in early
male mouse meiosis (leptotene), there are up to 300
RAD51/DMC1 foci per nucleus along nascent AEs (Moens
et al. 2002). In zygotene, their number declines to about
200 foci, which acquire, successively, RPA, BLM, and
MSH4, and lose RAD51/DMC1. In late zygotene, there are
about 200 MSH4 foci, most of which also contain RPA and
BLM. BLM is a RecQ helicase, like yeast Sgs1 (Thompson
and Schild 2002), which might help resolving interhomolog DNA interactions that will not become COs (discussed
by Guillon et al. 2005; and Moens et al. 2002), perhaps by
dissolving dHJs in cooperation with topoisomerase IIIα
(Wu and Hickson 2003). Most MSH4 foci are on synapsed
segments of SCs, or exceptionally in the synapsis fork (de
Vries et al. 2005; Moens et al. 2002), which indicates that
the formation of MSH4 foci in the wild-type mouse is
rapidly followed by synapsis. Possibly, MSH4 foci serve as
synapsis initiation sites, or they appose homologs sufficiently closely for synapsis to initiate. Differently from that
in yeast, synapsis initiation is not confined to CO sites in
the mouse: Only a minority of the mouse MSH4 foci yield
COs (see below), and synapsis initiation is not confined to
the sites of these foci (de Boer et al., unpublished
observations).
Whereas most or all yeast Msh4 foci yield COs, only 10–
15% (20–25 per cell) of the mouse MSH4 foci incorporate
MLH1 (Santucci-Darmanin et al. 2000) and MLH3 (Lipkin
et al. 2002; Santucci-Darmanin et al. 2002) and yield COs
(Froenicke et al. 2002; Koehler et al. 2002). What the other
85–90% of the MSH4 foci represent is not known. The
COs that arise through the MSH4–MLH1 pathway
comprise more than 90% of the mouse COs (Baker et al.
1996; Guillon et al. 2005; Woods et al. 1999). They
correspond most likely to yeast Class I COs, because they
also depend on TF protein SYCP1. MLH1 or MLH3 foci
have not been found in Sycp1−/− spermatocytes (de Vries et
al. 2005), although a small proportion of these cells
proceed beyond mid–late pachytene, when MLH1/MLH3
foci occur in wild type (Moens et al. 2002 and references
therein). Furthermore, the few Sycp1−/− spermatocytes that
reach metaphase I do not form chiasmata (de Vries et al.
2005), whereas pachytene Sycp1−/− spermatocytes that
were forced to condense their chromosomes by okadaic
acid treatment show less than 10% of the wild-type level of
chiasmata (de Vries et al. 2005), which is all consistent

with the idea that >90% of the mouse COs correspond to
yeast Class I COs, which depend both on TFs and Mlh1.
These COs display cytological (Froenicke et al. 2002; de
Boer et al., unpublished observations) and genetic (Broman
et al. 2002) interference in wild-type mice, like Class I COs
in yeast.
Cytological interference occurs in the absence
of mouse SYCP1
In the wild-type mouse, the RPA and MSH4 foci already
display cytological interference in zygotene (Fig. 2). The
strength of cytological interference can be inferred from
the frequency distribution of distances between foci: the
stronger interference is, the more evenly the foci are
spaced. Furthermore, the average interfocus distance gives
an indication of the range of action of the interference
mechanism. Although the cytological interference between RPA or MSH4 foci is unmistakable, it is weaker and
has a shorter range of action than interference between
MLH1 foci (Fig. 2; de Boer et al., unpublished observations). This suggests either two interference mechanisms,
or two successive steps in the imposition of interference
between mouse MLH1 foci (and thus, COs): If the COyielding MSH4 foci have already differentiated from other
MSH4 foci in late zygotene, then there are two interference mechanisms acting in parallel, one causing weak
interference between MSH4 foci that do not yield COs,
and one causing stronger interference between MSH4 foci
that yield COs. On the other hand, if it has not yet been
decided in late zygotene which MSH4 foci will yield
MLH1 foci, then interference between MLH1 foci
develops in two steps: The first step would cause weak
interference between all MSH4 foci, and the second step,
stronger interference between those MSH4 foci that (will)
acquire MLH1 and yield COs (Fig. 2). The possibility of
interference phenomena in more than one stage of meiosis
has been suggested in one model (Kleckner 1996;
Kleckner et al. 2004).
In the TF-deficient Sycp1−/− mice, RAD51/DMC1,
RPA, and MSH4 foci appear in similar numbers as in wild
type, and have the same intensity as in wild type (de Vries
et al. 2005). Along the autosomal bivalents, the RPA and
MSH4 foci occur predominantly between homologously
aligned AEs, without obvious convergence sites, and
display equally strong interference as in wild type (Fig. 2;
de Boer et al., unpublished observations). Thus, TFs are
neither important for the homologous alignment of
autosomes in the mouse, nor for the formation of
RAD51/DMC1, RPA, and MSH4 foci, nor for cytological interference between RPA or MSH4 foci. However,
the short pseudoautosomal regions of the X and Y
chromosomes are not aligned in part of the Sycp1−/−
spermatocytes (de Vries et al. 2005). This might suggest
that SYCP1 is required for stable homolog apposition if
the homologous chromosomal region is short and/or the
number of recombinational interactions is small. SYCP1/
synapsis would thus turn the local, unstable homology
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recognition based on MSH4-marked interactions into at
least a regional recognition. Whether SYCP1 is required
for the strong interference between MLH1 foci or COs is
not known, because Sycp1−/− spermatocytes do not make
these structures (see above) (de Vries et al. 2005).
Mouse SYCP1 is directly or indirectly required
for removal of recombination-related proteins
In early mouse meiosis, DSB induction is accompanied by
phosphorylation of histone variant H2AX to γH2AX
(Mahadevaiah et al. 2001). In leptotene, ATM phosphorylates H2AX throughout the nucleus (Bellani et al. 2005),
while another kinase, ATR, is recruited to the AEs (Moens
et al. 1999; Perera et al. 2004). ATR becomes gradually
confined to distinct sites along AEs, presumably sites where
DSB repair has progressed and RPA-coated single-strand
DNA has been generated (Jazayeri et al. 2006). ATR
maintains H2AX phosphorylation at these sites (Turner et
al. 2004), until it disappears in zygotene from the synapsed
portions of AEs (Turner et al. 2004), presumably after the
underlying DNA lesions have been repaired (Jazayeri et al.
2006). In Sycp1−/− mice, γH2AX appears on schedule, but
disappears delayed. The H2AX phosphorylation throughout the nucleus, which is only seen in leptotene in wild type,
persists into zygotene in Sycp1−/−, whereas the distinct
H2AX domains, which disappear during zygotene in wild
type, persist into pachytene and diplotene in Sycp1−/− (de
Vries et al. 2005). The persisting γH2AX domains correlate
with AE-associated patches of ATR (de Vries et al. 2005).
Thus, SYCP1 is somehow required for the timely
disappearance of ATR from the AEs.
Similarly, in wild type, all MSH4 and RPA foci have
disappeared by midpachytene (Moens et al. 2002), whereas
in Sycp1−/− spermatocytes, 50–70% of the MSH4 and RPA
foci persist into late pachytene/diplotene; some of these
foci colocalize with γH2AX domains (de Vries et al. 2005).
SYCP1 is therefore directly or indirectly required for the
disappearance of these foci. This is reminiscent of us of the
possible requirement of Zip1 for the removal/prevention of
AAs in sgs1 yeast (see above) (Rockmill et al. 2003), but
because the role of Zip1 and SYCP1 in the removal of AAs
or foci is not known (and can be very indirect), this
correspondence may be superficial.
Summarizing, there are no indications that yeast Zip1
and mouse SYCP1 fulfill fundamentally different roles. In
both species, TF proteins are dispensable for the initiation
of recombination and homolog alignment, but are indispensable for wild-type levels of crossing over. Cytological
interference is possible in the absence of TFs in both
species. However, a detailed comparison of TF functions in
the two species is hampered by uncertainty about the
interpretation of foci, in particular of the ZMM protein
MSH4/Msh4. A conservative interpretation of MSH4/
Msh4 foci would be that mouse MSH4 foci represent steps
in meiotic recombination similar to those of yeast Msh4
foci, but are less dependent on TFs (SYCP1) for their
stability, and give a lower yield of COs. Why the CO yield

of MSH4 foci is low in the mouse and whether TF proteins
have a role in this remain important unanswered questions.
One possibility could be that interference has a role in the
CO yield of MSH4/Msh4 foci. The two mechanisms or
steps in the imposition of cytological interference found in
the mouse (first, short-range interference between MSH4
foci and then longer-range interference between MLH1
foci/COs) might also exist in yeast, but if so, then the two
mechanisms should have similar ranges of action in yeast,
so that nearly all Msh4 foci would yield COs (Fig. 3). As
argued above, SYCP1 is not required for the (short-range)
interference between MSH4 foci in mouse, but it has not
yet been ruled out that it has a role in the (long-range)
interference between mouse MLH1 foci (but see below for
Arabidopsis).
In both yeast and mouse, MSH4/Msh4 enhances
homologous synapsis. Because most MSH4/Msh4 foci
yield COs in yeast but not in mouse, it is not surprising that
synapsis initiation coincides with sites of CO formation in
yeast (Agarwal and Roeder 2000; Chua and Roeder 1998;
Henderson and Keeney 2004), but not necessarily in the
mouse. This implies that, in the mouse, either synapsis can
start by association of TFs with MSH4 foci that do not
yield COs, or that the close apposition of homologs
provided by MSH4 foci suffices for synapsis initiation.
Arabidopsis
CO formation is only moderately affected in TFdeficient Arabidopsis
Recently, TF-deficient mutants have been characterized in
a third species that relies on recombinational interactions
for homolog alignment; Arabidopsis thaliana (Higgins et
al. 2005). Unexpectedly, there are some important differences between these mutants and TF-deficient mutants in
yeast and mouse.
Arabidopsis requires DSBs (Grelon et al. 2001) and
AtMSH4 (the Arabidopsis protein homologous to yeast
Msh4) for homolog alignment, synapsis, and wild-type
levels of COs (Higgins et al. 2004). AtMSH4 possibly
fulfills roles in CO formation similar to those of its
homologues in yeast and mouse, albeit that the timing of
AtMSH4 focus assembly and disassembly suggests additional roles for this protein in early Arabidopsis meiosis
(discussed in Higgins et al. 2004). It is not known whether
AE-associated AtMSH4 foci display cytological interference. AtMSH4 is required for about 85% of the COs in
Arabidopsis (Higgins et al. 2004), and a similar percentage
depends on another ZMM protein, AtMER3 (also known
as RCK) (Chen et al. 2005; Mercier et al. 2005). In
AtMSH4- or AtMER3-deficient Arabidopsis, COs are
randomly distributed among meiotic nuclei, which indicates that the obligate CO mechanism either does not
function or does not influence the COs that still occur.
Because obligate COs and interference are probably two
manifestations of the same regulatory mechanism, it seems
likely that the AtMSH4 and AtMER3 independent COs do
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not display interference; they might correspond to yeast
Class II COs. Because total COs in wild-type Arabidopsis
display interference (Copenhaver et al. 2002), there must
be interference between AtMSH4/AtMER3-dependent
COs, which, therefore, likely correspond to yeast Class I
COs. However, as is explained below, it appears that
AtMSH4- and AtMER3-dependent COs do not depend to
the same extent on TFs as yeast and mouse Class I COs.
Two closely related genes have been identified in
Arabidopsis that encode TF proteins: ZYP1a and ZYP1b.
The zyp1a or zyp1b single mutants have indistinguishable,
mild phenotypes: they complete synapsis, albeit that
meiotic prophase is somewhat delayed, and display about
90% of the weight level of crossing over (chiasmata).
However, in the zyp1a zyp1b double knockout (further
indicated as zyp1), meiotic prophase is severely disturbed.
zyp1 pollen mother cells (PMCs) pass through meiotic
prophase with considerable delay, whereas extensive
alignment of AEs occurs in less than 1% of the PMCs.
Nevertheless, zyp1 PMCs assemble substantial numbers of
AtMLH1 foci (seven to eight per nucleus, compared with
ten in wild type), which yield chiasmata. Apparently,
AtMLH1 foci are less dependent on TF proteins for their
stability than the corresponding foci in yeast and mouse.
Whether TF proteins are important for chiasma formation
in wild-type Arabidopsis is undecided because in zyp1
mutants, chiasmata appear delayed, and therefore arise
possibly via pathways that are not normally used (cf.
Börner et al. 2004). Higgins et al. (2005) reported
preliminarily that chiasmata in zyp1Arabidopsis still display interference. If this can be confirmed, and the strength
of chiasma interference in zyp1 mutants would be similar to
that in wild type, it would virtually rule out the synapsis
model of interference unless two interference mechanisms
with similar ranges of action would act in parallel.
Many chiasmata are nonhomologous in TF-deficient
Arabidopsis
Many chiasmata in zyp1 mutants involve nonhomologous
chromosomes (Higgins et al. 2005). This contrasts
observations in yeast and mouse where TF-deficient
mutants nicely align their homologs and do not show
obvious signs of nonhomologous interactions (see above).
Higgins et al. (2005) propose that ZYP1 is required for the
disruption of interactions between nonhomologous chromosomes, which represents another hint that TFs might
have a role in the prevention or removal of interchromosomal recombinational interactions. Because of the widespread occurrence of genome duplications in plants, the
loss of such a function might affect homologous alignment
more in plant species than in yeast or mouse (discussed in
Higgins et al. 2005). However, removal of recombinational
interactions between nonhomologous or homologous
chromosomes by itself cannot ensure the alignment of
homologs; it must be accompanied by some mechanism
that distinguishes full length from local or regional
homology. Possibly, regions of synapsis are unstable until

they are fastened at both ends. If fastening happens only at
the telomeres, it would automatically favor full-length
synapsis of homologs. Mature COs should form late in
such a scenario.
In short, the TF-deficiency phenotype in Arabidopsis
further undermines the idea that TFs or synapsis have a role
in chiasma interference, and reveals one possible function
of TFs that was less evident in yeast and mouse: the
promotion of full-length homologous apposition of chromosomes at the cost of regional or local homologous or
nonhomologous interhomolog interactions.
Drosophila
In Drosophila, SCs are only formed in female meiosis
(reviewed by Page and Hawley 2004). Homolog synapsis
does not depend on meiotic DSBs or recombination in
Drosophila females (McKim et al. 1998), but on cis-acting
pairing sites (reviewed by McKee et al. 2000), whereas
DSBs are likely induced after completion of synapsis (Jang
et al. 2003).
One Drosophila gene has been identified that encodes a
TF protein, namely, c(3)G (Bogdanov et al. 2002; Gowen
and Gowen 1922; Page and Hawley 2001). Females
homozygous for c(3)G68, which is effectively a null allele,
still display homolog alignment; however, maintenance of
alignment in euchromatic regions and sister chromatid arm
cohesion appear to be affected (Gong et al. 2005; Sherizen
et al. 2005). Furthermore, meiotic DSBs are reduced,
though not eliminated (Jang et al. 2003), and CO formation
is abolished (Page and Hawley 2001, and references
therein). Because all COs in Drosophila depend on TFs and
likely all exert/experience interference (discussed in
Copenhaver et al. 2002; Muller 1916), they probably all
correspond to yeast Class I COs. Because c(3)G68 mutants
yield offspring, the DSBs that should have yielded COs are
eventually repaired without yielding COs in these mutants.
Remarkably, c(3)G68 mutants can produce some COs in a c
(2)M background (Manheim and McKim 2003). C(2)M is
an AE component (Anderson et al. 2005) that is distantly
related to meiotic cohesin Rec8 of other species (Schleiffer
et al. 2003). Possibly, C(2)M forces DSB repair into a TFdependent CO pathway, whereas abnormal ways of CO
formation become available in a c(2)M background. In
hypomorphic mutants that express C(3)G protein lacking
part of the coiled-coil region, synapsis is severely affected
and crossing over is reduced, particularly in the centromere-distal regions (Page and Hawley 2001). In contrast,
interference between the COs that still occur is only
moderately reduced, which further weakens the idea that
synapsis is important for CO interference.
Thus, differently from the species discussed above,
DSBs are likely formed after completion of synapsis in
Drosophila, which would imply that the process of
synapsis cannot influence CO positions. Possibly, the
independence of homolog alignment on DSBs in Drosophila has led to altered regulation of DSB induction
(discussed in Page and Hawley 2001), and this need not
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necessarily include altered roles of TFs. Similar to other
species, TFs appear to create favorable preconditions for
CO formation in Drosophila. Specifically, uninterrupted
synapsis between defined boundaries on Drosophila
chromosomes appear to promote CO formation (Gong et
al. 2005; Sherizen et al. 2005).
Caenorhabditis
Like Drosophila, Caenorhabditis elegans does not require
DSBs for recognition, alignment, and synapsis of homologs (Dernburg et al. 1998). Before meiosis, homologs are
not aligned, but upon entering meiosis they align rapidly
(MacQueen et al. 2002). Caenorhabditis chromosomes
each have one pairing center (McKim et al. 1993), which
probably accounts for initial homolog recognition. In
Caenorhabditis, DSBs are induced before synapsis is
complete; RAD-51 foci start to increase from leptotene/
early zygotene on, peak in late zygotene/early pachytene,
and disappear during late pachytene (Alpi et al. 2003;
Colaiácovo et al. 2003). Two TF proteins have been
identified in Caenorhabditis, SYP-1 (MacQueen et al.
2002) and SYP-2 (Colaiácovo et al. 2003), which are both
short, coiled-coil proteins. syp-1 and syp-2 mutants do not
form SC, but in early meiosis, homologs align at least
locally; however, this initial alignment is largely lost in late
meiotic prophase (MacQueen et al. 2002). In syp-1 and
syp-2 mutants, RAD-51 foci appear on schedule, but they
persist (Colaiácovo et al. 2003). Another feature that
persists abnormally long in syp-1 and syp-2 germ cells is
the clustering of chromatin in a crescent-shaped body in
one half of the nucleus (Colaiácovo et al. 2003). In wild
type, this polarized nuclear organization is normally lost
upon completion of synapsis, whereas it is at least partially
retained in syp-1 and syp-2 germ cells (Colaiácovo et al.
2003; MacQueen et al. 2002). Possibly, synapsis produces
either a mechanical force or a regulatory signal that
promotes redispersal of the chromosomes through the
nucleus (discussed in Colaiácovo et al. 2003; MacQueen et
al. 2002). Such a correlation between TF proteins/synapsis
and chromatin organization might exist in other organisms
as well (e.g., in the tomato) (Havekes 1999).
Most syp-2 germ cells undergo apoptosis in late
pachytene, but some proceed to diakinesis, and these
cells do not display chiasmata but only univalents without
(visible) breaks (Colaiácovo et al. 2003), as has also been
observed in mouse sycp1 mutants (above). Probably, the
persisting RAD-51 foci in syp-2 mutants represent DNAlesions that are eventually repaired on the sister chromatids
(discussed by Colaiácovo et al. 2003). All COs in
Caenorhabditis thus depend on TFs, and probably
correspond to yeast Class I COs. Accordingly, interference
is strong in Caenorhabditis: Wild-type Caenorhabditis has
six pairs of chromosomes, and in almost every meiotic cell
the six bivalents each develop a single CO (reviewed by
Hillers 2004). If two or three Caenorhabditis chromosomes
are fused end-to-end, the bivalent of the fusion products
shows usually only one CO (Hillers and Villeneuve 2003;

discussed by van Veen and Hawley 2003). In heterozygotes
for an end-to-end fusion, the trivalent consisting of the
fusion product and the two homologous unfused chromosomes develop either one or two COs, and if two COs
occur, each unfused chromosome has one. This suggests
that the spreading of an interference effect requires at least
uninterrupted chromosomes or AEs, but does not preclude
that TFs or an intact SC structure contribute to the
spreading of the interference signal.
Species without TFs/SCs
A limited number of eukaryotes, including S. pombe and A.
nidulans, do not form SC during meiosis. S. pombe does not
assemble SC, but makes discontinuous linear elements
(reviewed by Kohli and Bähler 1994), which are related to
AEs (Lorenz et al. 2004; Molnar et al. 1995), whereas A.
nidulans makes rudimentary SC fragments, but no recognizable linear structures (Egel-Mitani et al. 1982). These species
do not display CO interference (Munz 1994; Strickland
1958), and originally, this was considered an argument in
favor of a role of TFs/the SC in interference. However,
because these species do not make continuous AEs, it is also
possible that interference requires uninterrupted AEs.
Moreover, it seems now more likely that at least S. pombe
makes a noninterfering type of CO (see above).
Recently, meiosis has been analyzed in another TF-less
eukaryote, Tetrahymena thermophila, which makes neither
detectable AEs nor SCs, whereas candidate TF genes have
not been identified in the genome (Loidl and Scherthan
2004 and references therein). During meiotic prophase, the
meiotic nuclei of this species elongate to form threadlike
structures, with the telomeres at one end and the remainder
of the chromosomes arranged in parallel to the length axis
of the elongated nucleus, presumably in a bouquet
conformation (i.e., both telomeres at one end of the
nucleus). During this process, homologous loci come into
close proximity and Rad51 foci increase in number, which
suggests that the apposition of homologous loci is
accompanied/followed by recombinational interactions.
Loidl and Scherthan (2004) propose that a prolonged
bouquet conformation, together with extreme nuclear
elongation, replaces SC formation for the initial apposition
of homologs along their length in Tetrahymena. Furthermore, they suggest that in S. pombe a prolonged bouquet
state, together with moderate nuclear elongation and
nuclear movements, might fulfill a similar role to that in
Tetrahymena (reviewed by Yamamoto and Hiraoka 2001).
However, in the organisms considered above, except
Arabidopsis, SC formation was not important for fulllength homolog alignment, even though the meiotic
nucleus did not elongate. Perhaps other mechanisms act
in parallel with synapsis in these species to ensure homolog
alignment. Interestingly, preliminary evidence suggests
that COs interfere in Tetrahymena (Loidl and Scherthan
2004). If confirmed, this would not only cast doubt upon
the role of SCs, but also upon that of AEs in interference.
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To summarize the characterizations of TF-deficient
mutants and species lacking detectable TFs: Evidence is
accumulating that TFs are not involved in CO interference.
Furthermore, whereas several functions were identified that
require TFs in part of the species, it was not possible to
pinpoint a single function for which TFs are essential in all
species.
Evolutionary considerations and speculation
Besides comparisons of mutants of living species, evolutionary considerations might help us to understand what
TFs do, and why nearly all eukaryotes have SCs.
It is usually assumed that meiosis evolved in organisms
that already performed mitosis (Bogdanov 2003; Kleckner
1996; Maguire 1992; Maynard Smith and Szathmáry
1995). Maguire (1992) argues that subsequent steps in the
evolution of meiosis were centromere stickiness, followed
by association of homologs, increased crossing over, and,
finally, chiasma maintenance. TF proteins might have
contributed to centromere stickiness, thanks to their ability
to bind to the basis of chromatin loops and/or kinetochore
proteins at their C terminus, and to other TF molecules at
their N terminus (Fig. 1); therefore, TFs might initially
have evolved separately from crossing over. In some
protozoa, SCs are limited to the centromere region
(reviewed by Bogdanov 2003), which might reflect this
presumed early role of TFs. Zip1-mediated centromere
coupling in yeast (Tsubouchi and Roeder 2005) might also
represent a relict of this role of TFs. However, because TFs
are homology-insensitive, TF-mediated centromere stickiness can at best ensure the gradual loss of chromosomes by
a series of nondisjunctions, and the efficiency of such a
reductional process would be greatly enhanced if homologs
(perhaps originally sister chromosomes) would recognize
each other. DNA-based interactions were available for this
purpose (discussed in Kleckner 1996), but it is conceivable
that other recognition mechanisms have also worked. The
sites of homolog recognition have presumably acquired the
ability (1) to attract TFs, to ensure homolog association
after resolution of the initial DNA (or other recognition)
interactions, and (2) to bring about some change in the
chromosomal region that surrounds them so that further
recombinational interactions in that region are blocked
[this might result in interference (cf. Börner et al. 2004),
e.g., between MSH4 foci in the mouse] and TF binding to
that region is facilitated, in other words, extension of
synapsis from the homology recognition site is enhanced;
see also the discussion above about synapsis initiation sites
in yeast (Agarwal and Roeder 2000; Bogdanov 2003;
Kleckner 1996; Maguire 1992). This would, stepwise,
drive back ectopic interactions and convert strictly local
homology recognition into regional and ultimately fulllength homolog association; this is particularly important
for organisms with duplications in their genome (see
discussion above about the zyp1 phenotype of Arabidopsis). In this view, TFs are not an intrinsic part of the

recombination machinery, although they might stabilize
and then replace recombinational interactions.
The coordination of TF-mediated homology-insensitive
chromosome stickiness with recombination and/or other
homology recognition mechanisms ensures, in principle,
an efficient reductional division, provided that TFs stay in
position until anaphase and are released upon some cell
cycle signal. However, modern “standard” meiosis differs
from this set-up in several respects, and various additional
changes must have occurred (reviewed by Maynard Smith
and Szathmáry 1995). For instance, TFs are now shed from
the chromosomes before metaphase I, and connection of
the homologs during the first meiotic division is now
ensured by chiasmata (and sister chromatid cohesion).
Why and how these changes might have occurred is
beyond the scope of this review. However, they must have
been accompanied/preceded by the development of
efficient mechanisms of CO formation, and controls of
the distribution of COs among and along bivalents. Based
on the evidence available now, it seems likely that TFs
contribute to efficient CO formation, and are less important
for the controls of the number and distribution of COs.
Thus, one of the key questions in meiosis research remains
unanswered: “What determines the number and distribution of COs along bivalents?” Perhaps we will have to wait
until the next jubilee year of the SC to learn more about
this.
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Summary
During the prophase of the first meiotic division, homologous chromosomes (homologs)
recognize each other and form stable pairs (bivalents). Subsequently non-sister chromatids of
homologous chromosomes exchange corresponding parts (crossing over). These events are
accompanied by the formation of a ladder like protein structure, the synaptonemal complex (SC),
between the paired homologs. First, the two sister chromatids of each chromosome form a common
axis, the axial element (AE), and subsequently the AEs of homologous chromosomes are connected
by numerous transverse filaments (TFs), a process called “synapsis”. AEs and TFs together form
the SC.
In addition, protein complexes are formed during meiotic prophase that are involved both in
homologous chromosome pairing and in crossover formation. These protein complexes can be
visualized at the light microscope level as foci by immunofluorescence labeling. Previous research
has shown that the composition of these foci changes during the course of meiotic prophase, which
reflects the order of proteins that are involved in successive steps in meiotic recombination.
Initially, one finds only RAD51/DMC1 foci; subsequently, the recombination proteins RPA and
MSH4 become components of the foci, while RAD51 and DMC1 disappear; finally MLH1 appears,
whereas RPA and MSH4 are lost. In the mouse, foci are initially formed in much greater numbers
per nucleus than the number of crossovers (COs) that is eventually formed. Accordingly, most foci
in early meiotic prophase are not involved in CO formation, but in recombinational interactions that
promote homologous chromosome pairing. However, at the transition from RPA/MSH4 to MLH1
foci, the number of foci per nucleus decreases drastically, so that eventually the number of MLH1
nucleus fits closely with the number of COs per nucleus. Also, the spatial distribution of MLH1 foci
along the bivalents closely corresponds to the spatial distribution of COs along the bivalents.
Early in meiosis, the RAD51/DMC1 foci associate already with the AEs and the SCs that
are being formed, and this association persists in subsequent stages. This elicited various questions
regarding the relation between foci and the SC: do the recombination protein complexes that are
marked by the foci have a role in homologous chromosome pairing and the assembly of the SC,
and/or is the SC involved in meiotic recombination? In this thesis I focused mainly on the second
question: Is the SC involved in meiotic recombination, and if yes, how? Following a primarily
immunocytological approach, I analyzed this question in the mouse, because foci can be analyzed
well in this species, whereas antibodies against most known components of foci and SCs were
already available.
In chapter 1 I summarize the course of meiosis, and provide an overview of the roles of
various recombination proteins and SC components, as far as these were known when I started my
thesis investigation. Although most information has been obtained by research in yeast, it seems
likely that many recombination proteins fulfill similar roles in yeast and mouse meiosis. However,
there are also some differences. For instance, mouse meiocytes form far more MSH4 foci than COs,
while this is not so in yeast. Furthermore, yeast can form two types of meiotic COs, class I and class
II COs, whereas the mouse forms (almost) exclusively class I COs. Class I COs display
interference, i.e., they are more evenly spaced along the bivalents was to be expected if they would
be placed randomly along the bivalents. One important question is, whether SCs have a role in the
formation of COs and the positioning of COs along the bivalents.
In chapter 2 we focus on the role of the TFs. The gene encoding TF protein SYCP1 is disrupted,
and the effects of the mutation on meiotic recombination and chromosome behavior are analyzed.
Mice that are homozygous for the SYCP1 disruption (Sycp1-/- mice) were infertile. Sycp1-/spermatocytes formed morphologically normal axial elements (AEs), and homologous AEs were
properly aligned, but, as expected, no SC was formed. Most Sycp1-/- spermatocytes were blocked in
the pachytene stage of meiotic prophase, and subsequently entered apoptosis. A small proportion,
however, reached a later stage of meiotic prophase, diplotene, or, exceptionally, the metaphase of
the first meiotic division (metaphase I). However, we found almost no chiasmata in these Sycp1-/metaphase I cells. Chiasmata are the cytological manifestations of crossing over. In wild type
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metaphase I cells one finds the same number of chiasmata as the number of COs that is formed. The
absence of chiasmata from Sycp1-/- spermatocytes might indicate that intact SCs are required for CO
formation; alternatively, the SYCP1 protein is involved in CO formation besides its role in the
assembly of TFs and SCs.
To analyze the CO defect in Sycp1-/- metaphase I spermatocytes in more detail, we
performed an imunocytochemical analysis of a series of proteins that are involved in successive
steps in meiotic recombination. Foci of proteins that are involved in early and intermediate steps in
meiotic recombination, such as RAD51 and MSH4 foci, were formed in normal numbers, and were
positioned normally relative to the AEs. However, they persisted much longer than in wild type
spermatocytes, and MLH1 foci were not formed. Apparently, the first steps in meiotic
recombination occur normally in Sycp1-/- spermatocytes, but subsequently the SYCP1 protein is
required for the resolution of the recombination intermediates, either by formation of COs, or in
other ways that do not yield COs.
One of the first markers for the presence of a meiotic recombination intermediate is γH2AX,
a phosphorylated form of histone H2A variant H2AX. Early in meiotic prophase of Sycp1-/spermatocytes, γH2AX appeared throughout the nucleus, as in wild type. However, subsequently
γH2AX disappeared much more slowly from the nuclei of Sycp1-/- spermatocytes than from wild
type spermatocyte nuclei, whereas in later stages of meiotic prophase, a limited number of distinct
γH2AX domains persisted on each bivalent, presumably at sites of unrepaired, blocked
recombination intermediates. The ATR protein, which phosphorylates H2AX to generate γH2AX,
displayed a similar aberrant localization pattern as γH2AX. Notably, the XY bivalent also displayed
a limited number of distinct γH2AX domains, whereas in wild type, γH2AX was present throughout
the XY bivalent from pachytene on. In other respects the XY bivalent also behaved aberrantly in
Sycp1-/- spermatocytes: whereas the XY bivalent in wild type formed a compact, condensed
chromatin domain (the sex vesicle), this did not happen in Sycp1-/- spermatocytes. We suppose that
in wild type, synapsis is accompanied by repair of recombination intermediates, and that ATR
disappears from the synapsed portions of AEs as soon as repair has been completed. The ATR that
has been released from the synapsed portions of AEs might subsequently relocate to the remaining
asynaptic portions of AEs, including those of the XY bivalent, and it might phosphorylate H2AX at
these sites. On the XY bivalent, this might result in the formation of a compact chromatin structure,
the sex vesicle. In Sycp1-/- spermatocytes, there is no synapsis, and most recombination
intermediates are presumably not repaired. Possibly, ATR is sequestered at the sites of unrepaired
DNA, so that insufficient ATR can relocate to the XY bivalent, and no sex vesicle is formed.
In chapter 3 we focus on the spatial distribution of recombination complexes along the
bivalents in wild type and Sycp1-/- spermatocytes and oocytes. While characterizing the Sycp1-/mutant, we noticed that the distinct γH2AX domains, which persisted in Sycp1-/- spermatocytes,
were more evenly spaced along the bivalents than was to be expected if they were placed randomly,
in other words, they displayed (positive) interference. This was remarkable for two reasons: firstly,
interference had only been described for COs, and secondly, particularly in older models for the
interference mechanism, an important role was ascribed to the SCs and/or synapsis. Therefore, we
decided to analyze systematically in wild type and Sycp1-/- spermatocytes when interference is first
detectable, and whether interference manifests itself at a constant level during the course of meiotic
prophase. In pachytene of wild type, we found strong interference among MLH1 foci, which mark
virtually all meiotic COs in the mouse. However, in an earlier stage of meiotic prophase, late
zygotene, interference was already detectable among MSH4 foci, which mark intermediate steps in
the recombination process. RPA foci, which represent slightly earlier steps in recombination than
MSH4 foci, also displayed already interference in late zygotene. Thus, the phenomenon of
interference is not limited to COs. The level of interference among RPA or MSH4 foci was lower
than the level of interference among MLH1 foci. In Sycp1-/- mutants, interference among MSH4 or
RPA foci was as strong as interference among these foci in wild type, which shows that interference
can occur without synapsis and without SC. Because the Sycp1-/- mutant does not make MLH1 foci,
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we could not analyze whether the SYCP1 protein is required for the strong interference among
MLH1 foci.
In chapter 4 we consider the question whether the weak interference among MSH4 foci is
imposed by the same mechanism that causes the strong interference among MLH1foci. In
particular, we wondered which metric applies to the regulation of the distances between foci, and
whether the same metric applies to the regulation of the distances between MSH4 foci (the interMSH4 distances) as to the regulation of the inter-MLH1 distances: are the interfocus distances
regulated in terms of micrometers SC length (µm SC), percentage of the entire SC or chromosome
(% SC), or does another metric apply? We assumed that the average length of the interfocus
distances and the strength of interference among foci (i.e., the evenness of spacing of foci along the
SCs) are regulated by one single mechanism, which we will denote as “the interference
mechanism”. The question was therefore whether the interference mechanisms for MSH4 and
MLH1 foci were the same, or at least employed the same interference metric. From comparisons of
inter-MSH4 distances on long chromosomes with those on short chromosomes we inferred that
within spermatocytes, the proportion of “µm SC length” to the interference metric for MSH4 foci
was constant, whereas this did not hold true for the proportion of “% SC length” to the interference
metric MSH4 foci; within oocytes we found the same. “%SC” was therefore not the interference
metric for MSH4 foci. Furthermore, we concluded, based on comparisons of inter-MSH4 distances
in spermatocytes with those in oocytes, that the proportion of “µm SC length” and the interference
metric for MSH4 foci in spermatocytes differs from the corresponding proportion in oocytes.
Therefore, “µm SC” also dropped out as possible interference metric for MSH4 foci. We argue that
the number of chromatin loops between adjacent MSH4 foci could be the interference metric for
MSH4 foci.
We followed the same approach to learn more about the interference metric for MLH1 foci.
We found that within oocytes and within spermatocytes, the proportion of “% SC” to the
interference metric for MLH1 foci was fixed, whereas this did not hold true for the proportion of
“µm SC” to the interference metric for MLH1 foci. Apparently, “µm SC” is not the interference
metric for MLH1 foci, and in addition, the interference metric for MLH1 differs from that for
MSH4 foci. That would imply that the interference mechanism for MLH1 foci differs from that for
MSH4 foci.
In chapter 5 we analyze whether intact SCs and/or intact AEs are required for the strong
interference among MLH1 foci. For this purpose we used the mouse Sycp3-/- mutant, which lacks a
protein component of the axial element (AE), SYCP3. We performed the analysis in Sycp3-/oocytes, because spermatocytes of this mutant enter apoptosis, presumably before the stage of
meiotic prophase when MLH1 foci are assembled. During meiotic prophase of Sycp3-/- mutants, the
two sister chromatids of each chromosome form a common axial structure, which lacks besides
SYCP3 another AE protein, SYCP2. Like the AEs in wildtype, the axial structures in Sycp3-/mutants contain the proteins that keep the sister chromatids together: the cohesins. Therefore we
denote the axial structures in Sycp3-/- meiocytes as “cohesin axes”. In spread preparations of Sycp3-/spermatocytes or oocytes, the cohesin axes, as visualized by immunofluorescence labeling of
cohesins, had a stretched and fragmented appearance. The cohesin axes in Sycp3-/- mutants
displayed synapsis, albeit incomplete and discontinuous.
Sycp3-/- oocytes formed MLH1 foci in slightly smaller numbers than wildtype oocytes; the
MLH1 foci usually occurred at sites where the two cohesin axes were connected by synapsis, but in
some instances also at sites where two cohesin axes converged, but were not connected by synapsis.
Interference among MLH1 foci was as strong in Sycp3-/- oocytes as it was in wild type, so intact
AEs are not required for wildtype levels of interference among MLH1 foci. Furthermore,
interference among MLH1 foci that were separated by stretches of asynapsis or discontinuous
synapsis of the cohesin axes was as strong as interference among MLH1 foci that were separated by
stretches of continuous synapsis of the cohesin axes, so intact SCs and continuous synapsis are not
required either for wildtype levels of interference among MLH1 foci.

- 115 -

- Summary -

In chapter 6 we provide an overview of the possible functions of transverse filaments (TFs)
of SCs. Evidence is accumulating that TFs and SCs have no role in CO interference, and the work
described in this thesis indicates the same. However, TFs appear to enhance the formation of class I
COs, and appear to be important for homologous pairing of chromosomes along their entire length.
Perhaps, TFs were originally important for the formation of stable chromosome pairs during
meiosis I. Later in evolution, homologous recombination might have become more important for
the recognition of homologous chromosomes and the formation of stable bivalents; the function of
TFs might then have been reduced to a supporting role in these processes.
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Samenvatting
Tijdens de profase van de eerste meiotische deling zoeken homologe chromosomen (homologen)
elkaar op en vormen paren (bivalenten). Vervolgens wisselen niet-zuster chromatiden van
homologe chromosomen overeenkomstige stukken uit (crossing over). Deze gebeurtenissen gaan
gepaard met de vorming van een ladder-achtige eiwit structuur, het synaptonemale complex (SC),
tussen de gepaarde homologen. Eerst vormen de beide zusterchromatiden van elk chromosoom een
gemeenschappelijke as, het axiale element (AE), en vervolgens worden de axiale elementen van
homologe chromosomen verbonden door talrijke transversale filamenten (TFs). AEs en TFs vormen
samen het SC.
Bovendien worden tijdens de meiotische profase complexen gevormd van recombinatieeiwitten die zowel bij de homologe chromosoom paring als bij crossing over zijn betrokken. Deze
eiwitcomplexen zijn d.m.v. immuunfluorescentielabeling lichtmicroscopisch zichtbaar te maken als
foci. Bij eerder onderzoek is gebleken dat de samenstelling van de foci verandert in de loop van de
meiotische profase, wat verband houdt met de opeenvolging van eiwitten die bij successieve
stappen van de meiotische recombinatie zijn betrokken. Aanvankelijk ziet men alleen RAD51 foci;
later gaan ook de recombinatie-eiwitten RPA en MSH4 deel uitmaken van de foci, terwijl RAD51
uit de foci verdwijnt; ten slotte verschijnt MLH1, en verdwijnen RPA en MSH4 uit de foci. Bij de
muis verschijnen de foci aanvankelijk in veel grotere aantallen per kern dan het aantal crossovers
dat uiteindelijk gevormd wordt. De meeste foci die men vroeg in de meiotische profase ziet zijn dan
ook niet bij crossovervorming betrokken, maar waarschijnlijk bij recombinatie-interacties die de
paring van de homologe chromosomen bewerkstelligen. Het aantal foci per kern neemt echter
drastisch af bij de overgang van RPA/MSH4 naar MLH1 foci, waardoor uiteindelijk het aantal
MLH1 foci per kern nauwkeurig overeenkomt met het aantal crossovers per kern. Ook de manier
waarop de MLH1 foci over de bivalenten zijn verdeeld komt sterk overeen met de manier waarop
crossovers over de bivalenten zijn verdeeld.
Al in een vroeg stadium van de meiotische profase associëren de RAD51 foci met AEs en
met de zich vormende SCs, en deze associatie van foci met SCs blijft vervolgens gehandhaafd. Dat
riep verschillende vragen op met betrekking tot de relatie tussen de foci en het SC: vervullen de
door foci gemarkeerde recombinatie-eiwitcomplexen een rol bij de homologe chromosoomparing
en de vorming van het SC, en/of vervult het SC een rol bij de meiotische recombinatie? In dit
proefschrift heb ik mij vooral op de tweede vraag geconcentreerd: heeft het SC een rol in de
meiotische recombinatie, en zo ja welke? Ik heb deze vraag d.m.v. een vnl. immuuncytologische
benadering bestudeerd bij de muis, omdat foci in deze soort goed te bestuderen zijn, en omdat tegen
de meeste bekende componenten van foci en SCs al antilichamen beschikbaar waren.
In hoofdstuk 1 vat ik het verloop van de meiose samen, en geef ik een overzicht van de rol
van diverse recombinatie-eiwitten en componenten van SCs, voor zover die bekend was bij de
aanvang van mijn onderzoek. De meeste kennis is verkregen door onderzoek aan gist, maar
waarschijnlijk komt de rol van veel recombinatie-eiwitten in de meiose bij gist in grote lijnen
overeen met de rol die ze vervullen in de meiose bij de muis. In detail zijn er wel verschillen: Zo
worden er bij de muis veel meer MSH4 foci gevormd dan er uiteindelijk COs ontstaan, terwijl dat
bij gist niet het geval is. Verder kan gist tijdens de meiose twee typen COs vormen, class I en class
II COs, terwijl de muis vrijwel uitsluitend class I COs gevormd worden. Class I COs vertonen
interferentie, dat wil zeggen, ze zijn gelijkmatiger langs de chromosomen verdeeld dan te
verwachten zou zijn als ze op willekeurige plaatsen lang het chromosoom zouden zijn ontstaan. De
vraag is, of SCs een rol spelen bij de vorming van COs en de plaatsing van COs langs de
chromosomen.
In hoofdstuk 2 wordt de rol van de transversale filamenten (TFs) onder de loep genomen.
Het gen van de muis dat codeert voor TF eiwit SYCP1 wordt uitgeschakeld, en de effecten daarvan
op de recombinatie en het gedrag van chromosomen tijdens de meiose wordt onderzocht. Muizen
die homozygoot waren voor de uitschakeling van het SYCP1 gen waren infertiel. Sycp1-/spermatocyten vormden normale axiale elementen (AEs), en homologe AEs kwamen zij aan zij te
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liggen, maar, zoals verwacht, er werd geen SC gevormd. De meeste Sycp1-/- spermatocyten bleven
steken in het pachyteen stadium van de meiotische profase, en ondergingen vervolgens apoptose.
Een klein deel bereikte echter een later stadium van de meiotische profase, diploteen, of, zeer
zelden, de metafase van de eerste meiotische deling (metafase I). Er waren echter vrijwel geen
chiasmata te zien in deze Sycp1-/- metafase I cellen. Chiasmata zijn de cytologische manifestaties
van crossing over. In wildtype metafase I cellen vindt men evenveel chiasmata als er crossovers
gevormd worden. Het feit dat chiasmata ontbraken in Sycp1-/- metafase I spermatocyten zou kunnen
betekenen dat TFs of intacte SCs nodig zijn voor CO vorming, maar het is ook mogelijk dat het
SYCP1 eiwit een rol vervult in de CO vorming naast de vorming van TFs en SCs.
Om het crossover defect in Sycp1-/- spermatocyten nader te onderzoeken, hebben we een
immuuncytochemische analyse uitgevoerd van een serie eiwitten die bij opeenvolgende stappen in
de meiotische profase zijn betrokken. Foci van eiwitten die bij vroege en intermediaire stappen in
de chromosoomparing en recombinatie waren betrokken, zoals RAD51 en MSH4 foci, werden in
normale aantallen gevormd, en vertoonden een normale lokalisatie ten opzichte van de AEs. Ze
bleven echter veel langer aanwezig dan in wildtype spermatocyten, en MLH1 foci werden niet
gevormd. Kennelijk worden de eerste stappen in de meiotische recombinatie normaal uitgevoerd in
Sycp1-/- spermatocyten, en is het SYCP1 eiwit vervolgens nodig om de recombinatie-intermediairen
op te lossen, door de vorming van COs, of op andere manieren die geen CO opleveren.
Een van de eerste indicatoren van de aanwezigheid van een meiotische DSB is γH2AX, een
gefosforyleerde vorm van Histon 2A variant H2AX. In de vroege meiotische profase verscheen
γH2AX door de hele kern heen, net als bij wildtype. Vervolgens verdween γH2AX echter veel
langzamer uit de spermatocytenkernen dan in wildtype het geval was, en in latere stadia van de
meiotische profase van Sycp1-/- spermatocyten bleef een beperkt aantal scherp afgegrensde γH2AX
domeinen op elk bivalent aanwezig, vermoedelijk op plaatsen waar het herstel van recombinatie
intermediairen was blijven steken. Het ATR eiwit, dat H2AX fosforyleert tot γH2AX, vertoonde
een vergelijkbare afwijkende lokalisatie als γH2AX. Opvallend was, dat het XY bivalent ook een
beperkt aantal afgegrensde γH2AX en ATR domeinen vertoonde, terwijl in wildtype γH2AX vanaf
het pachyteen stadium over het gehele XY bivalent aanwezig blijft. Ook in andere opzichten
gedroeg het XY-bivalent zich afwijkend in Sycp1-/- spermatocyten: terwijl het XY bivalent in
wildtype een compacte gecondenseerde chromatinestructuur vormt (het sex vesicle), gebeurde dat
niet in Sycp1-/- spermatocyten. Wij vermoeden dat in wildtype synapsis gepaard gaat met volledig
herstel van de recombinatie-intermediairen, en dat ATR verdwijnt zodra het herstel voltooid is. Het
ATR dat verdwenen is van de synaptische stukken van AEs zou zich dan kunnen verplaatsen naar
de resterende asynaptische stukken (inclusief de ongepaarde stukken van het XY bivalent), en daar
H2AX kunnen fosforyleren. Op het XY bivalent zou dit o.a. kunnen leiden tot de compacte
chromatinestructuur die wij kennen als het sex vesicle. In de Sycp1-/- spermatocyten vindt geen
synapsis plaats, en wordt een groot deel van de recombinatie-intermediairen niet hersteld. Het ATR
zou daardoor vastgehouden kunnen worden op de plaatsen van nog niet gerepareerd DNA,
waardoor te weinig ATR op het XY bivalent terecht komt, en geen sex vesicle gevormd kan
worden.
In Hoofdstuk 3 gaan we in op de verdeling van recombinatie-complexen langs de
bivalenten in wildtype en Sycp1-/- spermatocyten en oöcyten. Bij de karakterisering van de Sycp1-/mutant was ons opgevallen dat de scherp afgegrensde γH2AX domeinen die in de Sycp1-/spermatocyten aanwezig bleven, gelijkmatiger langs de bivalenten verdeeld waren dan wanneer ze
willekeurig geplaatst zouden zijn, m.a.w., ze vertoonden interferentie. Dat was om twee redenen
opmerkelijk: ten eerste was interferentie alleen beschreven voor crossovers, en ten tweede werd
vooral in oude modellen voor het interferentie-mechanisme een belangrijke rol aan het SC en/of aan
synapsis toegekend. Daarom besloten we om in wildtype en Sycp1-/- spermatocyten en oöcyten
systematisch uit te zoeken wanneer interferentie voor het eerst ontstaat, en of het niveau van
interferentie constant is bij het vorderen van de meiotische profase. In wildtype vonden we in het
pachyteen stadium sterke interferentie tussen de MLH1 foci, die bij de muis alle CO posities
markeren. Echter, al in een eerder stadium, laat zygoteen, was interferentie detecteerbaar tussen
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MSH4 foci, die intermediaire stappen in het recombinatieproces markeren. Ook RPA foci, die een
iets eerder stadium in de recombinatie markeren dan MSH4 foci, vertoonden al interferentie in laat
zygoteen. Interferentie is dus geen verschijnsel dat beperkt is tot COs. Het niveau van interferentie
tussen MSH4 of RPA foci was lager dan het niveau van interferentie tussen MLH1 foci. In Sycp1-/mutanten vonden we even sterke interferentie tussen MSH4 of RPA foci als in wildtype, wat laat
zien dat interferentie kan optreden zonder synapsis en zonder SC. Omdat de Sycp1-/- mutant geen
MLH1 foci maakt konden we niet analyseren of het SYCP1 eiwit nodig is voor de sterke
interferentie tussen MLH1 foci.
In Hoofdstuk 4 buigen we ons over de vraag of de zwakke interferentie tussen MSH4 foci
door hetzelfde mechanisme wordt veroorzaakt als de sterke interferentie tussen MLH1 foci. In het
bijzonder vroegen we ons af, welke maatstaf wordt gehanteerd bij de regulatie van de afstanden
tussen foci, en of dezelfde maatstaf wordt gehanteerd bij de regulatie van de afstanden tussen
MSH4 foci (de tussen-MSH4 afstanden) als bij de regulatie van de tussen-MLH1 afstanden: wordt
de afstand tussen foci geregeld in termen van micrometers SC lengte (μm SC), percentage van het
gehele SC of het gehele chromosoom (% SC) of wordt een andere maatstaf gehanteerd? We
veronderstelden dat de gemiddelde grootte van de interfocus afstanden en de sterkte van de
interferentie tussen foci door één en hetzelfde mechanisme wordt geregeld, dat we verder aanduiden
als “het interferentiemechanisme”. De vraag was dus of het interferentiemechanisme voor MSH4
foci hetzelfde is, of althans dezelfde maatstaf hanteert, als het interferentiemechanisme voor MLH1
foci. Uit vergelijkingen van tussen-MSH4 afstanden op lange chromosomen met die op korte
chromosomen leidden we af dat binnen spermatocyten de verhouding tussen “μm SC lengte” en de
interferentie-maatstaf voor MSH4 foci vaststond, terwijl dat niet gold voor de verhouding tussen “%
SC” en de interferentie-maatstaf voor MSH4 foci; hetzelfde gold binnen oöcyten. “% SC” kon dus
niet de interferentie-maatstaf voor MSH4 foci zijn. Verder concludeerden we op basis van de
vergelijking van tussen-MSH4 afstanden in spermatocyten met die in oöcyten dat de verhouding
tussen “μm SC lengte” en de interferentie-maatstaf voor MSH4 foci in spermatocyten verschilt van
de overeenkomstige verhouding in oöcyten. “μm SC” kon dus ook niet de interferentie-maatstaf
voor MSH4 foci zijn. We beargumenteren dat het aantal chromatine loops tussen naburige MSH4
foci wel eens de interferentie-maatstaf voor MSH4 foci zou kunnen zijn.
We volgden dezelfde benadering met betrekking tot de interferentie-maatstaf voor MLH1
foci. Het bleek dat binnen oöcyten en binnen spermatocyten de verhouding tussen “% SC” en de
interferentie-maatstaf voor MLH1 foci vaststond, terwijl dat niet gold voor de verhouding tussen
“μm SC” en de interferentie-maatstaf voor MLH1 foci. Kennelijk is “μm SC” niet de interferentiemaatstaf voor MLH1 foci, en verschilt de interferentie-maatstaf voor MLH1 foci van die voor
MSH4 foci. Dat zou inhouden dat het interferentie-mechanisme voor MLH1 foci verschilt van het
interferentie-mechanisme voor MSH4 foci.
In Hoofdstuk 5 onderzoeken we of een intact SC en/of intacte AEs nodig zijn voor de sterke
interferentie tussen MLH1 foci. Daarbij maken we gebruik van de Sycp3-/- mutant van de muis, die
een eiwit mist van het axiale element (AE), SYCP3. Het onderzoek werd uitgevoerd in Sycp3-/oöcyten, omdat de spermatocyten van deze mutant afsterven door apoptose, vermoedelijk vóór het
stadium waarin MLH1 foci gemaakt worden. In de meiotische profase van Sycp3-/- mutanten
vormen de beide zuster chromatiden van elk chromosoom één gemeenschappelijke axiale structuur,
die behalve SYCP3 nog een andere eiwitcomponent van het AE mist, SYCP2. Evenals de AEs in
wildtype bevatten de axiale structuren in Sycp3-/- mutanten wel de eiwitten die de zusterchromatiden
bijeenhouden: de cohesines. We duiden de axiale structuren in Sycp3-/- meiocyten daarom aan als
“cohesine assen”. In spreidpreparaten van Sycp3-/- spermatocyten of oöcyten zagen deze cohesine
assen er na immuunfluorescentielabeling van cohesines opgerekt en gefragmenteerd uit. De
cohesine-assen in Sycp3-/- mutanten vertoonden synapsis, zij het incompleet en discontinu.
Sycp3-/- oöcyten vormden MLH1 foci in iets kleinere aantallen dan wildtype oöcyten; de
MLH1 foci werden meestal aangetroffen op plaatsen waar de beide cohesine assen verbonden
waren door synapsis, maar soms ook op plaatsen waar twee cohesine assen convergeerden, maar
niet door synapsis verbonden waren. De MLH1 foci vertoonden in Sycp3-/- oöcyten een even sterke
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interferentie als in wildtype oöcyten, dus intacte AEs zijn niet nodig voor het wildtype niveau van
interferentie tussen MLH1 foci. Verder was de interferentie tussen MLH1 foci die gescheiden
waren door een gebied met volledige synapsis even sterk als de interferentie tussen MLH1 foci die
gescheiden waren door een gebied zonder synapsis of met onvolledige synapsis, dus intacte SCs en
continue synapsis zijn niet vereist voor het wildtype niveau van interferentie tussen MLH1 foci.
In Hoofdstuk 6 geven we een overzicht van mogelijke functies van de transversale
filamenten (TFs) van SCs. De aanwijzingen stapelen zich op dat TFs en SCs geen rol spelen bij de
CO interferentie, en het werk beschreven in dit proefschrift wijst in dezelfde richting. Wel lijken
TFs de vorming van class I crossovers te bevorderen, en lijken ze belangrijk te zijn voor het paren
van homologe chromosomen langs hun gehele lengte. Misschien zijn TFs ooit belangrijk geweest
voor het herkennen en bijeenhouden van homologe chromosomen tijdens de meiose I. Later is
homologe recombinatie en CO vorming mogelijk belangrijker geworden voor de
chromosoomerkenning en de stabiliteit van bivalenten, en werd de rol van de TFs gereduceerd tot
een ondersteunende rol in deze processen.

Dankwoord
Dit proefschrift was er niet geweest zonder de bijdrage van heel veel verschillende mensen, die ik
allemaal veel dank verschuldigd ben. Hoewel het moeilijk is mijn dankbaarheid in woorden om te
zetten (het zijn er altijd te weinig), doe ik toch maar een poging:
Als eerste wil ik mijn promotor, Christa Heyting bedanken voor de kans die zij mij heeft geboden.
Christa, bedankt voor je vertrouwen, je steun, je enthousiasme en je wijsheid. Ik ga onze discussies
erg missen, de tijd vloog elke keer voorbij als wij wat aan het bespreken waren.
Ook de labgenoten Hildo, Franck en Edu wil ik bedanken: voor de interessante discussies, de
computerhulp, de gezelligheid en het 4-jarige dieet van muffins met cappuccino. Hildo, bedankt
voor al je tips, adviezen en de moleculaire hulp (en nee, ik zal niet nog’s met rekje en al PCR-en).
Merci Franck (Vive Charles Le Poule!), thanks for the cytological advice and the culinary
conversations. There were many times I went home really hungry because of all the tasty things we
discussed. Edu, bedankt voor de gezelligheid tijdens de regelmatige keren dat we “frisse lucht”
gingen halen en voor het soepel laten draaien van het lab; steeds als ik op het punt stond water,
puntjes, oplossingen e.d. aan te vullen, had jij daar al geruisloos voor gezorgd. Ook Jojanneke wil ik
bedanken voor de goede organisatie van het lab.
Ex-collega /-leermeesteres Maureen: bedankt voor je hulp, je intensieve cytologische begeleiding
gedurende mijn eerste tijd in Wageningen, de gezelligheid en jouw nog steeds voortdurende
belangstelling. Axel: bedankt voor de hulp bij de vrouwelijke meiose, het was altijd een plezier om
naar Amsterdam te gaan.
Piet Stam wil ik heel graag bedanken voor de hulp met betrekking tot de statistiek, zonder zijn
adviezen had ik de gebruikte aanpak waarschijnlijk niet aangedurfd.
Dit proefschrift was er ook niet geweest zonder de hulp van alle CKP mensen bij het verzorgen van
de proefdieren en het maken van antilichamen. Bert, Wilma en Rene: hartelijk bedankt voor de hulp
bij de muizen en natuurlijk voor de goede zorgen; Frits: dank voor je bereidheid oude protocollen
uit je archieven op te diepen om mij de metafase-spreidingen te leren.
Rolf Jessberger, thank you for your hospitality during my stay in Dresden and your stimulating
enthusiasm. Ik wil Albert Pastink, Femke de Vries en Willy Baarends bedanken voor de plezierige
samenwerking. Christer Höög, thank you for the pleasant collaboration.
Boudewijn van Veen wil ik graag bedanken voor zijn hulp bij de microscoop, Agnes Vink voor de
prive-cursus electronenmicroscopie en Willem van Raamsdonk voor de prive-cursus cryostaat
snijden.
Aafke en Corrie wil ik bedanken voor de secretariële ondersteuning, Anita voor de glaswerktechnische ondersteuning en Jan van Kreel voor zijn handigheid en precisie en natuurlijk voor de
kletspraat en de dropjes. Verder wil ik de bewoners van het botanisch centrum bedanken voor de
gezellige koffie-pauzes, met name Corrie H. en mede-aio’s Penka, Joost en Judith.
Hans v/d Straaten (en Tom) wil ik graag bedanken voor de snelle hulp bij posterpaniek.
De mede-zilverknutseldames Martine, Dike en Vike wil ik bedanken voor hun belangstelling en de
gezelligheid, maar vooral voor hun begrip en geduld als ik weer eens niet op kwam dagen omdat ik
nog in Wageningen op het lab zat.
Mam, bedankt voor je steun, adviezen en relativering
Tenslotte, Jeroen, mijn rots, dank.
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Curriculum Vitae
De schrijfster van dit proefschrift werd op 20 augustus 1973 geboren te Hemelum (gem.
Hemelumer Oldeferd, Friesland). Na het doorlopen van de havo en het vwo, beiden te Woerden,
begon zij in 1993 aan haar studie Biologie aan de Rijksuniversiteit Utrecht. De doctoraalfase
omvatte twee stages. De eerste stage, in de embryologie, werd uitgevoerd bij de sectie
Experimentele Embryologie (Prof. dr. J.A.M. van den Biggelaar) van de vakgroep Experimentele
Dierkunde aan de Rijksuniversiteit Utrecht. De tweede stage, in de moleculaire biologie, werd
uitgevoerd aan de afdeling Celbiologie (Dr. E. Roos) van het Nederlands Kanker Instituut. In
november 1998 studeerde zij af. Meteen hierop volgde een tweejarige aanstelling als OIO bij de
vakgroep Moleculaire Virologie, afdeling Medische Microbiologie van het Leids Universitair
Medisch Centrum te Leiden, onder leiding van Prof. dr. W. Spaan. Hier deed zij onderzoek naar de
rol van het 3’ UTR van het Hepatitis C Virale genoom bij de initiatie van IRES-gemedieerde
translatie. Na afloop van deze periode was zij gedurende twee jaar werkzaam bij Danka Nederland
B.V., waar zij zich bezighield met de ISO certificering.
In juni 2002 begon zij aan haar promotie-onderzoek bij de vakgroep Moleculaire Genetica,
Departement Plantenwetenschap aan de Universiteit Wageningen, onder begeleiding van Prof. dr.
C. Heyting. De resultaten hiervan zijn weergegeven in dit proefschrift.
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