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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 struc-
ture, 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 TF-
deficient 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.

Assembly and composition of synaptonemal complexes

Axial elements

Synaptonemal complexes (SCs) are proteinaceous struc-
tures 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 S-
phase 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, follow-
ing 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 recombi-
nation occurs preferentially between chromatids of homo-
logs, 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-

Communicated by R. Benavente

The synaptonemal complex—50 years.

E. de Boer . C. Heyting (*)
Botanical centre, Molecular genetics group,
Wageningen University,
Arboretumlaan 4,
6703 BD Wageningen, The Netherlands
e-mail: Christa.Heyting@wur.nl
Tel.: +31-317-483140
Fax: +31-317-483146



ing cohesins, in recombination manifests itself by the
formation of ultrastructurally recognizable protein com-
plexes (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

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)
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and alignment. Various mechanisms, including recombina-
tional 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 homol-
ogy: 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 (Saccha-
romyces 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 single-
end 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

Table 1 Crossover formation and homolog alignment in TF-deficient mutants of various species

A. Some relevant features of analyzed species
Feature S. cer. D. mel. C. el. M. mus. A. thal.
Homolog alignment and synapsis depend on
recombination (1)

Yes No No Yes Yes

Interfering COs only (1) No Yes Yes Yesa No
B. Phenotypes of TF-deficient mutants
Phenotypic trait zip1 (23°C)

(S. cer.)
zip1 (33°C)
(S. cer.)

c(3)G
(D. mel.b)

syp-1, syp-2
(C. el.c)

sycp1
(M. mus.)

zyp1
(A. thal.)

Initiation of recombination + (2) + (2,3d,4d) Reduced (8) + (10,11) + (12) + (13)
Homolog alignment + (2) + (2,3d) + (9) + (10,11) + (12) ± (13)e

Msh4 foci n.d. Weakd (5) n.d. n.d. + n.d.
Mlh1 foci n.d. n.d. n.d. n.d. − (12) + (13)
Crossing over Reduced (2) −f (2) − (9) − (10,11) − (12) Reduced (13)g

CO interference n.d. −h (6); +i (7) n.a. n.a. n.a. 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
aLess than 10% of the crossovers might belong to a noninterfering class (Baker et al. 1996; de Vries et al. 2005; Housworth and Stahl 2003)
bPhenotype of c(3)G1 and c(3)G68 mutants, which might express short truncated C(3)G protein
cThe phenotype of syp-1 and syp-2 mutants is the same for the traits considered here
dPhenotype at 30°C
eExtensive alignment in less than 1% of the pollen mother cells
fAssayed at DNA level
gPart of the crossovers is nonhomologous
hGenetic analysis at 30°C
iCytological interference between Zip3 foci (30°C)
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formed (Schwacha and Kleckner 1995). dHJs are respon-
sible 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 orMus81 pathway, does not include dHJs, and is
characterized by a dependence of the Mus81–Mms4 endo-
nuclease (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 zip1mutants, 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 recogniz-
able 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 zip1mutants, 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 (pos-
itive 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 (dis-
cussed in Foss et al. 1993), but has also been analyzed
cytologically by the study of chiasma positions (re-
viewed 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 chromo-
some 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 Schizosaccharo-
myces pombe (but see Loidl and Scherthan 2004), and why
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genetic interference is abolished in yeast zip1mutants (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 zip1mutants (Tung and
Roeder 1998) is also consistent with this model. However,

the following observations in yeast undermined the synapsis
model of interference:

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 wild-
type 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 mecha-
nism, 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 zmmmutants (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 interfer-
ence 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

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 interfer-
ence 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 SYCP1-
deficient 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
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of nonnull zip1mutants (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)

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
(4,5)

Positions of MLH1 foci
(6)

Conforms with the
original definition of
interference

+ − − −

Genetic markers
required

+ − − −

Depends on good
cytology

− + + +

Depends on the com-
pletion of meiosis, or
on the production of
viable meiotic
products

+ − − −

Spatial resolution Limited by the size of the
intervals between the ana-
lyzed genetic markers

Limited by the size and morphol-
ogy of the chromosomes in dia-
kinesis or metaphase I

High High

Covers the entire
genome

No; only intervals between
markers are analyzed

Yes; but requires cytological mar-
kers for recognition of
chromosomes

Yes; but requires cy-
tological markers for
recognition of
chromosomes

Yes; but requires cyto-
logical markers for rec-
ognition of
chromosomes

Problems specific to
the method

Misclassification of pheno-
types may erroneously
suggest the occurrence of
two closely spaced
crossovers

Closely spaced chiasmata can be
mistaken for a single chiasma

No guarantee that all
crossovers are
marked by late RNs

No guarantee that all
crossovers are marked
by Mlh1 foci

No guarantee that the chiasma
stays at its original position

No guarantee that all
late RNs will develop
into crossovers

No guarantee all MLH1
foci will develop into
crossovers

Disproportionate local condensa-
tion or stretching of chromatin
may hamper the determination of
chiasma positions (3)

Late RNs may be
missed because of
technical problems,
e.g., variation in
stainability (4)

MLH1 foci may be
missed because of tech-
nical problems (e.g., ac-
cessibility to anti-Mlh1
antibodies)

In some situations, associations of
chromosomes can be mistaken for
chiasmata

In some organisms,
early RNs can be
mistaken for late RNs

Imunofluorescence back-
ground labeling can be
mistaken for MLH1 foci

Perhaps closely spaced chiasmata
involving the same two chroma-
tids 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)

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)
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therefore suggested that there might be more than one
interference mechanism: First, an unknown Zip1-indepen-
dent 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 inter-
ference) 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 speak-
ing, such mutants should have increased rather than wild-
type levels of crossing over, but it is possible that an increase
(if any) is too small to be detected, or that ndj1mutants 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 sgs1mutants, 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 inter-
mediates that have not (yet) committed to crossing over. In
zip1 mutants, the number of AAs (as detected ultrastruc-
turally) (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).

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 centro-
mere coupling is gradually replaced by homologous
centromere associations (Tsubouchi and Roeder 2005),
presumably by extension of synapsis initiated at homolo-
gous 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 contribut-
ing 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.

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

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 recom-
bination-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 interhomo-
log 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 suffi-
ciently 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 be-
tween 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 observa-
tions). This suggests either two interference mechanisms,
or two successive steps in the imposition of interference
between mouse MLH1 foci (and thus, COs): If the CO-
yielding MSH4 foci have already differentiated from other
MSH4 foci in late zygotene, then there are two interfer-
ence 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, andMSH4 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 cytolog-
ical 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 phosphor-
ylates 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 through-
out 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 indis-
pensable 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 TF-
deficient 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 differ-
ences 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 addi-
tional 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 interfer-
ence. 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 indi-
cates 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

228



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 dis-
play interference. If this can be confirmed, and the strength
of chiasma interference in zyp1mutants 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 chro-
mosomes, which represents another hint that TFs might
have a role in the prevention or removal of interchromo-
somal recombinational interactions. Because of the wide-
spread 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 chro-
mosomes 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 inDrosophila 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 TF-
dependent 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 centro-
mere-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 Dro-
sophila 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 homo-
logs (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 DNA-
lesions 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 chromo-
somes 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.
nidulansmakes rudimentary SC fragments, but no recogniz-
able 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. Further-
more, 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 full-
length 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, evolu-
tionary 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 sticki-
ness 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 full-
length homolog association; this is particularly important
for organisms with duplications in their genome (see
discussion above about the zyp1 phenotype of Arabidop-
sis). 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 distribu-
tion 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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