()
(&)
c
Q2
O
w
)
o
“—
(@)
E
[
—
>
(@)
S

Research Article

1017

Initiation and resolution of interhomolog connections:
crossover and non-crossover sites along mouse

synaptonemal complexes

Peter B. Moens*, Edyta Marcon, Joel S. Shore, Nazafarin Kochakpour and Barbara Spyropoulos

Department of Biology, York University, Toronto, Ontario, M3J 1P3, Canada

*Author for correspondence (e-mail: moens @yorku.ca)

Accepted 8 January 2007
Journal of Cell Science 120, 1017-1027 Published by The Company of Biologists 2007
doi:10.1242/jcs.03394

Summary

Programmed double-strand breaks at prophase of meiosis
acquire immunologically detectable RAD51-DMCT1 foci or
early nodules (ENs) that are associated with developing
chromosome core segments; each focus is surrounded by a
yH2AX-modified chromosome domain. The 250-300 ENs
per nucleus decline in numbers during the development of
full-length cores and the remaining foci are relatively
evenly distributed along the mature cores (gamma
distribution of v=2.97). The ENs become transformed
nodules (TNs) by the acquisition of RPA, BLM, MSH4 and
topoisomerases that function in repair and Holliday
junction resolution. At the leptotene-zygotene transition,
TNs orient to positions between the aligned cores where
they initiate structural interhomolog contacts prior to
synaptonemal complex (SC) formation, possibly future
crossover sites. Subsequently, TNs are associated with SC
extension at the synaptic forks. Dephosphorylation of TN-
associated histone YH2AX chromatin suggests annealing of
single strands or repair of double-strand breaks DSBs at

this time. Some 200 TNs per pachytene nucleus are
distributed proportional to SC length and are evenly
distributed along the SCs (v=~4). At this stage, YH2AX-
modified chromatin domains are associated with
transcriptionally silenced sex chromosomes and autosomal
sites. Immunogold electron microscope evidence shows that
one or two TNs of the 10-15 TNs per SC acquire MLH1
protein, the hallmark of reciprocal recombination, whereas
the TNs that do not acquire MLH1 protein relocate from
their positions along the midline of the SCs to the periphery
of the SCs. Relocation of TNs may be associated with the
conversion of potential crossovers into non-crossovers.

Supplementary material available online at
http://jcs.biologists.org/cgi/content/full/120/6/1017/DC1
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Introduction

During prophase of meiosis, homologous chromosomes
undergo synapsis, genetic exchange (recombination/crossing-
over) and gene conversion. Many of these activities are
associated with the cores of meiotic chromosomes and with
synaptonemal complexes when present.

Prominent among the tools for the recognition of in situ
mouse meiotic prophase chromosome events are antibodies to
meiotic chromosome core components SYCP3, to cohesins
SMCI1B, SMC3 and STAG3 and RECS, to transverse filaments
SYCP1 (Dobson et al., 1994; Revenkova and Jessberger, 2005),
and to chromatin modifications by phosphorylation of histone
H2AX (Fernandez-Capetillo et al., 2004; Turner et al., 2005).
Recombination events have been tracked with antibodies against
RADS51 and DMC1 (homologs of E. coli RecA) (Tarsounas et
al., 1999), to single-strand binding protein RPA, to the RecQ
helicase chromosome-stability protein BLM, to the MSH4
homolog of E. coli MutS, and to the crossover-associated
proteins MLH1 and MLH3, homologs of E. coli DNA-repair
protein MutL. We have used these tools to show that most of the
chromosome-core-associated early RAD51-DMC1 complexes —
termed early nodules (ENs) — acquire RPA, BLM and MSH4
protein, whereas the RADS1-DMC1 component is lost from
such transformed nodules (TNs; Fig. 1) (Moens et al., 2002).

Here, we consider the functional implications of EN and TN
localization, time course and dynamics in relation to reciprocal
recombination — MLH1-defined recombination nodules (RNs) —
and to non-crossovers. RNs correlate in number and position
with reciprocal genetic recombination in Drosophila
melanogaster (Carpenter, 1975; Carpenter, 1979a; Carpenter,
1979b) and they mark the positions of chiasmata along mouse
pachytene synaptonemal complexes (SCs) (Marcon and Moens,
2003). Using fluorescence in situ hybridization (FISH) painting
of individual mouse chromosomes at meiotic prophase, the
positions of MLH1-defined RNs have been enumerated for each
chromosome in a large sample of meiotic prophase nuclei
(Froenicke et al., 2002). The technique takes its strength from
its simplicity and positional accuracy. Furthermore, this
methodology is independent of inheritance constrains such as the
viability of germ cells, gametes or zygotes.

Our results on the elimination of excess potential crossovers
share features of the interference models of Egel (Egel, 1978;
Egel, 1995), King and Mortimer (King and Mortimer, 1990)
and Gilbertson and Stahl (Gilbertson and Stahl, 1996). Our
observations on the initiation and resolution of recombinational
events may account for the early prophase regulation of
crossovers and non-crossovers in Arabidopsis thaliana
(Higgins et al., 2005) and in mice (de Boer et al., 2006).
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Fig. 1. Development of meiotic chromosome core-associated
recombination protein complexes in mouse spermatocytes [adapted
from Moens et al. (Moens et al., 2002)]. About 250 to 300 ENs
(green), become associated with the chromosome cores (blue) prior
to synapsis. They are spherical structures, about 100 nm in diameter,
and are identified by antibodies to RAD51 and DMC1 protein
(green). They are the sites of programmed, double-strand DNA
breaks at meiotic prophase and they are associated with
phosphorylated histone H2AX (yellow; this report). The ENs are
transformed into ~200 synaptonemal complex (SC)-associated, RPA-
defined TNs (SCs, parallel blue lines; TN, red) by the acquisition of
several proteins — RPA, BLM, MSH4, MSHS5 and topoisomerases —
while they loose the RAD51-DMC1 and yYH2AX components. In the
mouse spermatocyte nucleus, about 25 of the TNs acquire MLH1
protein (blue) that mark the sites of chiasmata. The remaining TNs
are resolved as non-crossovers and they relocate to the outside the
SCs (this report).

Results

Initiation of RAD51-DMC1 EN sites

Numbers and distribution of double-strand breaks (DSBs), as
revealed by RADS51-DMC1 ENs, are regulated such that there
are maximally between 250 to 300 foci per mouse
spermatocyte nucleus. The first appearance of ENs (Fig. 2A,
100 red foci) is associated with chromatin modification by
phosphorylation of histone H2AX (Fig. 2A, diffuse red areas)
and by the formation of short chromosome core segments (Fig.
2A, short green structures). Most of the ENs (Fig. 2A, red foci)
are connected to short core segments and the excess of core
segments over ENs suggests that the segments form in advance
of ENs. yH2AX chromatin domains and ENs appear to
coincide, suggesting that they develop simultaneously. At a
somewhat later leptotene stage, the yYH2AX chromatin
domains are organized in EN-associated flares (Fig. 2B) and,
when core formation is extensive, the ENs and yH2AX
domains become aligned (Fig. 2C).

Since ENs are the precursors of RPA-defined TNs (RPA-
TNs), we examined the distribution of ENs along cores prior
to pairing to determine the correlation between EN and TN
distribution. In zygotene nuclei, chromosomes are only
partially synapsed (Fig. 2D,E). We measured distances
between 100 ENs along unpaired cores of three zygotene
nuclei. The shape of the gamma distribution (v=2.97) suggests
that the foci are relatively evenly rather than randomly
distributed along the unpaired cores (supplementary material
Fig. S1A,B). We conducted a simulation to explore the effect
of synapsis for two homologous cores each with 500 foci and
a shape parameter v=2.97. We then estimated the resulting
shape for the 1,000 data points along the SC formed by the

Fig. 2. Development of nodules from leptotene into zygotene. (A) An
early leptotene spermatocyte nucleus with the stage defined by the
earliest formation of SYCP3 chromosome-core segments (FITC,
green). By the internal clock of the progression from zero to 250-
plus RAD51-DMCI foci (Rhodamine, red foci), this nucleus with
100 foci is still developing RADS51-DMCT sites. The foci are usually
connected to a core segment and they are the centres of diffuse
YH2AX domains (Rhodamine, red). (B) Reorganization of YH2AX
domains (FITC, green). At a slightly later leptotene stage, the
spherical domains rearrange into flare-shaped domains.

(C) Alignment of 230 foci and associated yYH2AX flares (FITC,
green). (D,E) Zygotene chromosome cores. Foci of the unpaired
cores and recently paired cores (green) are associated with YH2AX
(Rhodamine, red domains) but the foci of fully synapsed cores have
no, or strongly reduced, YH2AX domains. Presumably annealing
and/or repair has been completed.

synapsed cores as v=1.65+0.33 (+ s.e.m.), different from a
random gamma distribution with shape v=1 (Ggp=131.5,
P<0.001) (supplementary material Fig. S1C,D). Thus
theoretically, synapsis reduces the level of even distribution
from 2.97 to 1.65.

To test the possibility that yH2AX is involved in regulation
of the numbers and distribution of ENs, we measured distances
between TNs in H2ax™~ pachytene spermatocytes. The gamma
distribution of distances (v=2.3+0.27; supplementary material
Fig. S4) suggests that in the absence of chromatin
modification, TN spacing is still fairly even but low numbers
of foci and synaptic defects limit the interpretation of the
results.



()
(&)
c
Q2
O
w
©
o
“—
(@)
©
[
—
>
(@)
S

Mouse meiosis interhomolog interactions 1019

Initial contacts between aligned cores have RPA-defined
TNs

Initiation of close connections between aligned chromosome
cores is shown in Fig. 3 with immunofluorescence of the
chromosome cores and centromeres (core, cen; FITC, green),
TN foci (RPA-TNs; Rhodamine, red) and SCs (anti-transverse
filament protein SYCP1; Rhodamine, red, or yellow-to-orange
where the fluorochromes FITC and Rhodamine overlap). The
spermatocyte nucleus shown in Fig. 3 is in transition from a
late leptotene to early zygotene stage with broadly aligned
chromosome cores, a few closely aligned segments, and
sporadic SC segments. These features are common to the 40
digitally recorded fluorescent images of spermatocyte nuclei at
the transition from leptotene to the zygotene stage of meiotic
prophase nuclei.

At early meiotic prophase, RPA-defined TNs are associated
with the chromosome cores (Fig. 3, carets). Bivalent #2 in Fig.
3 demonstrates the critical event: that the initial point of close
contact between aligned cores is associated with an RPA-TN.
The same position of the RPA-TN between the closely aligned
cores is evident in bivalent #1. Bivalent #1 furthermore
demonstrates that a core-associated RPA-TN (¥) can establish
an interhomolog connection at a distance, as witnessed by the
inflection (i) in the opposite chromosome core.

There is no SC formation in bivalents #1, 2 or 3 judging by
the absence of SYCPI (transverse filament) staining. Thus, the
initial close contacts between aligned cores appear to involve

Fig. 3. An early prophase spermatocyte nucleus where inter-homolog
connections are established in the context of RPA-TN foci prior to
SC formation [RPA-TN foci, red; SCYP1 cores and centromeres
(cen), FITC, green]. Bivalent #2 has broadly aligned cores with one
RPA-TN focus at the site of close alignment prior to SC formation.
Other TN are associated with the unpaired cores (caret). Bivalent #1
has two TNis at the distal, closely aligned cores and an additional
RPA-TN interhomolog connection at the inflection (i, asterisk).
Bivalent #3 has RPA-TN foci along and at both ends of a long
closely aligned segment. Close alignment is extensive in bivalent #4
and SC formation (SC) has been initiated in the distal segment.

the RADS51-DMCI-RPA complex and appear to precede
central-element formation. Apparently, even fairly extensive
close alignment in bivalent #3 precedes SC formation. This
phenomenon is also seen in most of #4 but it has initiated distal
SC formation. Close alignment of cores without SYCP1
protein was not anticipated. The RPA-TN foci at the inflections
of bivalents #1, 2 and 3 appear to be the brightest foci, possibly
indicating the most abundant protein complexes.

Initial distal RPA-TN interhomolog contacts correlate
with MLH1 positions

At the leptotene-zygotene transition, RPA-TN-mediated close
alignment of cores initiate preferentially at the distal parts of
the cores (Fig. 3, pair #1 and #2) and, at late zygotene, the
proximal segments (centromeres) tend to be the last to synapse
(Fig. 4A). In general, we observed distal preference in 21
nuclei at the onset of close alignment, in 11 nuclei with

TN LE

Fig. 4. Progression of SC formation (SC; red). (A) Synaptic forks at
the points of synaptic progress are associated with TNs (green foci,
arrows). The inflections (i) suggest a structural connection between
the two homologs at the site of the TN. At later prophase, the
chromosomes are completely synapsed and the SCs can have 10 or
more TNs each (SC #1). The centromeres (cen; red) are frequently
the last to pair. (B) Immunogold-defined positions of TNs at
zygotene. The synaptic fork has two TN labelled with 5-nm gold
particles. The lateral elements (LEs) are labelled with 10-nm gold
particles. (C) A mature pachytene SC with lateral elements and
medially located TNs (10-nm gold). The width of the SC is
approximately 250 nm.



()
(&)
c
Q2
O
w
©
o
“—
(@)
©
[
—
>
(@)
S

1020 Journal of Cell Science 120 (6)

Table 1. MLH1 positions relative to SC ends

Cell Distance measured

number Cento MLHI  MLHI to end X SCs
01 200 95 36 18
02 112 48 26 13
09 146 56 40 16
11 176 65 52 16
16 211 56 90 12
17 117 61 18 13
Total 662 381 262 88

Total x? (1:1)=3.3 df=1 P<0.005

Cen, centromere; d.f., degrees of freedom.

synapsis in progress, and in 10 nuclei near the completion of
synapsis. Eventually, TNs are distributed along the length of
the bivalent (Fig. 3, Fig. 4, Fig. 5A) but crossover-related
MLHI1 foci tend to occur distally (Froenicke et al., 2002; de
Boer et al., 2006). If initial distal RPA-TN close contacts are
related to MLH1 foci, it can be expected that the positions of
the two types of foci will be correlated. To verify that, in our
samples, the initial distal TN positions correlate with distal
MLHI1 foci, we measured the positions of MLH]1 foci relative
to either end of the SC in six nuclei (Table 1). As expected, the
MLHI foci are, on average, significantly closer to the distal
end than to the proximal ends of autosomal SCs with a single
MLHI1 focus (P<0.005). Thus, the distal positions of initial TN
contacts correlate with the distal RN positions, and, conversely,
the positions of the proximal TNs correlate only weakly with
RN positions. In the context of early crossover versus non-
crossover decisions, the proximal TNs have a low probability
of becoming crossovers.

Synaptonemal complex extension

At zygotene, the synaptic stage of meiotic prophase, transverse
filaments (SYCP1) bring the cores into a continuous parallel
alignment in a zipper-like manner. The zygotene nucleus in

Fig. 4A (SCs, red; TNs, green) presents evidence that TNs are
regularly associated with the progression of synapsis. At each
of five synaptic forks in Fig. 4A, there is a TN at the synaptic
fork (long arrows). It is evident from the inflection of the cores
at ‘i’ that the RPA-TN between the cores is connected to both
cores, indicative of a structural inter-homolog interaction. Fig.
4A further demonstrates that, at late zygotene, the proximal
centromeric ends (cen) are often the last to synapse. When the
cores are fully synapsed, there is a fairly dense array of TN
foci along the entire SC (Fig. 4A, SC #1; Fig. 5A). During
subsequent development, the numbers of TNs decline (Fig.
5B).

Positions of TNs can be identified at electron microscopic
resolution with immunogold labelling (Fig. 4B,C). There is one
TN (5-nm gold) at the synaptic fork and one next to it where
the cores/lateral elements (10-nm gold) are in close alignment
(Fig. 4B). The width between the cores suggests that no central
element has formed as yet. The TNs of the mature SC in Fig.
4C (TN, 10 nm gold) are positioned along the midline of the
SC between the lateral elements.

There are a limited number of TNs along each of the SCs
(Fig. 4A) and it would therefore seem that the TNs mediate
interhomolog connections in an intermittent pattern as in the
manner of a garment closure by buttons. Subsequently,
transverse filament-mediated zippering establishes the
continuous parallel alignment of the lateral elements. The
numbers of TN ‘buttons’ along each SC is greater by an order
of magnitude than the eventual numbers of reciprocal
crossovers and it follows that most of these interactions will
not give rise to reciprocal crossovers.

MLH1 foci without SCs

Fig. 3 demonstrates that RPA-TN foci can be present between
closely aligned cores in the absence of an SC structure as
defined by SYCPI1 transverse filaments. In Sycp3~~ oocytes,
SC formation is incomplete (Yuan et al., 2000) but the cores
and SC-like structures in oocytes have their normal allotment
of TNs, some 250 core-associated foci (Fig. 6A, red foci) and

Fig. 5. Number and distribution of TNs. (A) A mid-pachytene nucleus with 140 RPA-TN foci (Rhodamine, red, but yellow on a green
background) positioned fairly evenly along the SCs (green) (see supplementary material Fig. S4, cell 02). The number of TNs in this nucleus
has declined from the original 250+ foci at zygotene. (B) At late pachytene, there remain few TNs — 33 in this nucleus (see supplementary
material Fig. S5, cell 09). Uneven loss of TNs leaves an uneven distribution along the SCs and some SCs have no TNs. MLHI1 foci (blue) have

developed by this stage.
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150 SC-associated foci (Fig. 6A, yellow foci), a total of 400
foci in Fig. 6A [oocytes have more foci than spermatocytes
(Kolas et al., 2005)]. Because SC formation is incomplete,
many of the TNs remain associated with unpaired cores and
will not form an SC. If a non-SC, RPA-TN interhomolog
connection develops into an MLHI1-defined RN, it can be
expected to appear independent of SYCP1 at a later prophase
stage. The three cells in Fig. 6B-D are from a single ovary of
a 17.5 days post coitus Sycp3~~ foetus. They are all in mid to
late pachytene, judging by the foetal age and the numerous
MLHI1 foci that first appear at mid pachytene (Kolas et al.,
2005). The different lengths of the SC segments (anti-SYCP1,
bright red, Rhodamine) reflect levels of defective synapsis,
most severe in Fig. 6B, intermediate in Fig. 6C and minimal
in Fig. 6D. The arrows mark some of the MLH1 foci (FITC,
green) that are associated with cores (anti-SMC3, weak
Rhodamine staining) but not with SYCPI1-defined SCs. In
oocytes of the type shown in Fig. 7B, 30% of the MLH1 foci

are SYCP1 independent (n=50); in oocytes of the type
illustrated in Fig. 6C, that number is 16% (n=55); in oocytes
of the type appearing in Fig. 7D, it is 3% (n=114); and in two
oocytes with long SCs, there were no SYCPI-independent
MLH1 foci. These observations indicate that SYCPI1
transverse filaments are not a necessary requirement for the
development of MLH1-defined RNs.

Distribution of RPA-TN foci

For early- to mid-pachytene nuclei with between 200 and 150
SC-associated TNs, the number of RPA-TNs per unit length
of SC is relatively constant for different length SCs: about 1
TN per 1 pm SC (Fig. 5A). Statistical analysis of measured
distances between 215 autosomal TNs fitted to a gamma
distribution yields a shape parameter of 4.2 with confidence
intervals of 2.6 to 6.1, indicating that the shape differs from 1
and implies a non-random distribution (supplementary
material Fig. S2 for cell 08). The same analysis of the more

Fig. 6. TNs and MLHI foci in Sycp3™~ oocytes. (A) An early prophase nucleus from a 15.5-day old foetus with 150 TNs (yellow) associated
with SC-like structures (bright green) and 250 TNs (red) associated with unpaired cores (weak green). Immunostaining of RPA-TNs: core
components SMC3, SYCP1, Rhodamine, red; centromeres, FITC, green. (B-D) Three pachytene oocytes nuclei from one ovary of a 17.5-day
old foetus with different levels of synaptic defects. Chromosome cores were immunostained with rabbit anti-SMC3 (Rhodamine, weak red) and
SC central elements with rabbit anti-SYCP1 (Rhodamine, bright red). The MLH1 foci are visualized by mouse anti-MLH1 and FITC-
conjugated secondary antibody (green). (B) An oocyte nucleus with severe synaptic defects. Arrows mark some of the MLH1 foci that are not
associated with brightly stained SYCP1 segments. (C) An oocyte nucleus with intermediate synaptic defects. There are more and longer
SYCPI segments and fewer free MLH1 foci (arrows). (D) A near-normal looking oocyte nucleus with well-developed SYCP1-defined SCs, few

unsynapsed cores, and no free MLH1 foci.
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advanced cell 02 with 140 inter-TN distances has a shape
parameter of 3.8 (supplementary material Fig. S3). When
there are fewer TN foci at later prophase (Fig. 5B, cell 09, 33
foci), the distances between foci are more irregular, resulting
in a shape parameter of the distances between TNs of 1.2 with
95% confidence intervals of 0.5 and 1.9 that suggest no
significant deviation from a random distribution
(supplementary material Fig. S5, cell 09). A combination of
five nuclei with between 43 and 27 foci similarly fits a gamma

distribution with a shape of 1 (supplementary material Fig. S5)
indicative of a random distribution. Apparently, the removal
of TNs does not follow a predictable pattern. Thus, the non-
random distribution of TNs at early pachytene is no longer
evident at late pachytene.

High resolution of TN distribution along the SCs can be
assessed by enumeration of sequential 1-pm SC segments that
contained zero, one, or more immunogold-defined RPA foci in
42,000X magnification electron micrographs of full-length
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Fig. 7. RPA-TN and MLH1 dynamics. (A) A full-length pachytene SC with eight
RPA-TN foci (TN, carets) and one recombination nodule (RN, elliptical bullet).
(B) High resolution of the bracketed segment in A. The 10-nm gold grains mark the
positions of RPA protein and the 5-nm particles that of the MLH]1 protein.
Colocation of 10-nm and 5-nm gold grains at the RN suggests that the RN is
derived from a TN. Other TNs have relocated from their positions between the
lateral elements of the SC to the periphery of the lateral elements. (C) Same as B
but the twist in the SC shows that the RN is on the surface of the SC. (D) Okadaic
acid treatment of spermatocytes causes premature separation of the lateral elements
(FITC, green). The TNs are no longer between the cores but are associated with the
cores. Inset: RNs (green foci), by contrast, remain between the separated lateral
elements (red) at the positions of the chiasmata. (E) Summary of RPA-TN and
MLH1-RN dynamics for 12 mouse spermatocyte nuclei. MLH1 foci appear when
the number of TNs has been reduced to about 100 foci per nucleus. Image in A and
data for Table 2 were derived from SCs in the bracketed portion of the graph.

SCs. Data from four full-length SCs in one
nucleus and six SCs in a second nucleus that are
in the early stages of RN formation (late
pachytene, few foci, bracketed segment in Fig.
7E) are shown in Table 2. Asterisks mark the SCs
that have an RN containing RPA and MLHI
antigen. A sample SC with eight TNs and one
MLHI1 focus is shown in Fig. 7A. The
comparison of observed and expected
distribution of TNs, in Table 2, does not show
significant deviation from a random Poisson
distribution (P=0.5). Apparently, as shown above
for the nucleus in Fig. 5B, when few TNs remain
at late pachytene, they tend to have a random
distribution along the SCs (supplementary
material Fig. S5). The loss of TNs is not in
concert among the SCs — some have lost all TNs
whereas others still have several TNs (Fig. 5B).

Do TNs become RNs?

Approximately 200 RPA-containing
recombination complexes are associated with
the full-length SCs of pachytene nuclei prior to
the appearance of MLH1 foci (Fig. 5SA, Fig. 7E).
The numbers decline to zero at the end of
meiotic prophase. MLH1 foci appear when the
number of TNs has declined to about 100 (Fig.
7E). As the TNs decline in number, the number
of MLHI1 foci increases to about 25 per nucleus.
If a subset of RPA-TNs gives rise to RNs, we
expect to find that MLH1 protein becomes
associated with RPA-defined TNs. To test that
assumption, we focus on the narrow window
(Fig. 7E, bracket) where TN are still relatively
abundant at the time when MLHI1 foci are just
appearing (Fig. 7E) as judged by the fact that not
all SCs of a given nucleus have as yet acquired
an MLHI focus. Fig. 7B,C illustrates that the
RPA protein (10-nm gold particles) is present in
the RN as defined by the 5-nm gold particles that
recognize MLHI1 protein. In Fig. 7B, the RN has
five 5-nm gold grains (MLH1) and four 10-nm
gold grains (RPA). In Fig. 7C, the ratio is 12:6.
The same colocation of MLH1 and RPA was
observed in the seven SCs with an RN (Table 2).
Because both RPA and MLH1 are present in the
newly formed RN, it would appear that RNs are
a subset of the preceding RPA-containing TNs.
It is a specific subset in the sense that, in the
male, there are commonly only one or two RN-
MLHI1 sites per SC versus the 10 to 15 TN sites
per SC.
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Table 2. Random positions of late TNs along individual

SCs

Numbers of TNs per segment No.of -pum  No.
SC 0 1 2 3 4 samples of foci
1 1 2 2 0 0 5 6
2% 7 3 0 0 1 11 7
3% 5 2 1 0 0 8 4
4% 1 3 1 0 0 5 5
5 4 1 2 0 0 7 5
6* 3 3 2 0 0 8 7
7* 6 2 0 0 0 8 2
8 6 3 0 1 0 10 6
9* 7 2 2 0 0 11 6
10%* 5 2 3 1 0 11 11
Obs 45 23 13 2 1 84 59
Exp 41.6 29.2 10.3 2.4 0.4
x> 0.28 1.32 0.70 0.10 0.90

Total x>=3.3 d.f=3 P=0.37

* SCs having an RN; Obs, observed; Exp, expected; d.f., degrees of
freedom.

Resolution of TN interhomolog interactions

Immunofluorescence and electron microscope immunogold
examinations of TN dynamics suggest a possible mechanism
of TN elimination. While close contacts and SCs develop, the
TN are located between the lateral elements (Figs 3, 4). Later,
during the pachytene stage, the TNs that do not acquire MLH1
protein relocate from the central element to the outer edges of
the lateral elements (Fig. 7A-C). The TN relocation in Fig.
7B,C is in a late prophase nucleus where one or more SCs have
acquired MLH1-defined RNs while there are still RPA foci
(Fig. 7E, bracketed region). TN relocation from the central
element of the SC to the lateral elements can be further

detected by culturing spermatocytes briefly (1-2 hours) in the
presence of the phosphatase inhibitor okadaic acid that
prematurely separates the lateral elements. Evidence from
treated cells indicates that at advanced prophase, the TNs (Fig.
7D, anti-RPA, Rhodamine, red) are physically associated with
the lateral elements (anti-SYCP3, FITC, green) rather than
with the region between the lateral elements. The inset in Fig.
7D shows that, under these same conditions, RNs (anti-MLH]1,
FITC, green) remain associated with a chiasma between the
lateral elements (anti-SYCP3, Rhodamine, red) (Marcon and
Moens, 2003). In summary, TNs that are first associated with
cores, relocate to between the lateral elements and display
interhomolog connections. Subsequently, some acquire MLH1
protein; the rest relocate from the medial region of the SC to
the lateral elements and are eliminated (Fig. 1).

vyH2AX chromatin modification at ENs and TNs

Histone H2AX of large chromatin domains (2+ megabases) at
the sites of DSBs becomes phosphorylated (Fernandez-
Capetillo et al., 2004). At meiosis, the sites of DSBs can be
detected by immunocytology of RADS51 and DMCI1 proteins,
components of ENs and the associated histone YH2AX (Fig.
2). Phosphorylation takes place at early leptotene (Fig. 2A,B)
before the ENs/TNs become aligned (Fig. 2C). It is expected
that phosphorylation levels decline as annealing of single
strands and repair take place at the sites of DSBs. Fig. 2D.E
and Fig. 8A illustrate the presence of yH2AX at ENs/TNs
along the unpaired cores of a partially synapsed bivalent while
the synapsed part of the same bivalent has little or no YH2AX
associated with the TNs. The nearby bivalents have completed
synapsis and the ENs/TNs are no longer associated with
vYH2AX domains. It is concluded that DSB are no longer
detected as breaks by the cell when synapsis takes place.

At a later stage (Fig. 8B,C), the X-Y
chromatin is the major YH2AX domain in the
nucleus. YH2AX has been reported to function
in the transcriptional silencing of the X and Y
chromatin (Turner et al., 2005). We observe that,
in addition, there are autosomal yH2AX

Fig. 8. yH2AX is associated with DSB of ENs and
transcriptional silencing. (A) YH2AX domains (red)
are associated with the foci (yellow) before synapsis
and, when the cores synapse to form an SC (green),
the YH2AX domains are minimal, which is possibly
an indication that DSBs are no longer detectable.
(B) At pachytene, histone H2AX of the X-Y sex
chromatin is transcriptionally silenced by
phosphorylation (FITC, green). As well, there are
autosomal YH2AX domains (FITC, green) that do
not appear to be associated with TNs (red foci) and
may represent transcriptional silencing of autosomal
loci. (C) yH2AX chromatin modification of the sex
body and laggards (L). A further indication that
pachytene chromatin modification (yellow) may be
unrelated to DSBs. Typically, cores (red) that fail to
synapse (laggards, L), acquire YH2AX domains in
association with ATR and TOPBP1 on the unpaired
cores. (D) In prematurely separated lateral elements
(green) caused by okadaic acid treatment, some of
the YH2AX domains (yellow) are paired (matched
arrows), suggesting silencing of autosomal sites.
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domains (Fig. 8B) that are not necessarily located at TNs and
those may be sites of autosomal transcriptional silencing rather
than sites of unrepaired breaks. TN-independent yYH2AX
domains can also be seen at stretches of synaptic failures (Fig.
8C; L, laggard). At the laggards, YH2AX chromatin is
associated with ATR (ataxia telangiectasia- and RAD3-related)
and TOPBPI1 (topoisomerase binding protein) at the cores
rather than at the TNs.

If late YH2AX chromatin is involved in silencing, then both
alleles of a given gene should be silenced. With the
phosphatase inhibitor, okadaic acid, the cores of an SC can be
separated prematurely and, in such preparations, paired
vYH2AX sites are fairly common (Fig. 8D, arrows) suggesting
that indeed silencing of autosomal foci rather than DSB repair
may account for autosomal YH2AX chromatin domains at later
pachytene stages. In these preparations, the removal of TN-
associated YH2AX is restricted due to the presence of the
phosphatase inhibitor.

The effect of YH2AX chromatin modification on DSB and
TN distribution was assessed in spermatocytes deficient for
histone H2AX (Celeste et al., 2002). There appeared to be
fewer TNs but the 140 measured inter-TN distances showed an
even distribution (gamma 2.3) (supplementary material Fig.
S4).

Discussion

The numbers and positions of RAD51-DMC1 recombination
complexes as indicators of programmed double-strand breaks
(DSB) at prophase of meiosis (Shinohara et al., 2000; Blat et
al., 2002) occur in a highly regulated pattern. The wild-type
yeast genome acquires some 64 breaks (Bishop, 1994); the
mouse genome has 250-300 DSBs in the male and about 500
in the female (Ashley et al., 1995; Moens et al., 1997; Moens
et al., 2002; Kolas et al., 2005); and the Easter lily genome
collects some 2,000 DSBs (Anderson et al., 1997). In yeast and
mouse, recombination-related immunofluorescent foci are
distributed proportionally to synaptonemal complexes lengths
(Fig. 6A, supplementary material Fig. S2C,D) (Fung et al.,
2004; de Boer et al.,, 2006). Some of the foci become
crossovers with the classic pattern of genetic interference such
that the probability of a second crossover is a function of the
distance from the first site (Jones, 1984; Jones, 1987,
Froenicke et al., 2002). In spite of the large differences in
species-specific numbers of recombination-related foci, the
final numbers of crossovers are quite similar, between 20 and
50 for mouse and lily. By observing the development and
demise of recombination complexes in wild-type and mutant
mouse spermatocytes, we expect to gain insight into the
manner by which numbers and distribution are regulated.

RAD51-DMC1 foci, numbers and distribution

The first RAD51-DMC1 immunofluorescent foci to appear
(ENs, Fig. 2, red foci) are associated with short chromosome
core segments (Fig. 2A, green cores) and phosphorylated
histone H2AX domains (Fig. 2A, red chromatin) that are
indicative of DNA breaks (Fernandez-Capetillo et al., 2004).
The developmental progression from zero to 250+ foci during
leptotene (Moens et al., 2002) places the nucleus in Fig. 2A,
which has 100 foci, at an early leptotene stage. The excess of
core segments over RAD51-DMCI foci indicates that core
formation precedes the development of ENs. That RADS51-

DMCI foci are preferentially associated with core segments
suggests that EN development may have a functional
interaction with core components. If spermatocyte cores are the
fusion product of short initial core segments (Fig. 2A), it would
limit the number of ENs per core to the available initial
segments. These ENs have a fairly even distribution along the
cores (v=2.97, supplementary material Fig. S1A,B). When we
simulate synapsis between such cores, the gamma shape is
reduced to v=1.65 (supplementary material Fig. S1C,D). In
other words, there is a loss in regulated spacing of foci.
However, no such loss is observed along the completed SC at
early pachytene (supplementary material Figs S2, S3; v is ~4).
Reduction of ENs at this time may be regulated to restore an
even distribution after synapsis.

For the establishment of ENs, there is no absolute
requirement either for yH2AX chromatin (supplementary
material, Fig. S4), for the recombinase DMC1 (Pittman et al.,
1998), the mismatch repair homolog MSH4 (Kneitz et al.,
2000), or for the core component SYCP3 (Wang and Hoog,
2006). However, in the cases where these components are
disrupted, the numbers, distribution, or turnover of ENs may
be affected. Core cohesin protein SMC3, ENs and yH2AX
chromatin are exclusively colocated in the restricted synaptic
segments of chromosome cores in Stethophyma grossum
spermatocytes (Calvente et al., 2005). A requirement for
SMCI1, STAG3 or RECS in the establishment of ENs has not
been reported.

Numbers of ENs decline while cells are still in the leptotene
stage (Fig. 2C has 210 foci) and by the time the cores are full
length, the fewer ENs are fairly evenly spaced along the
unpaired cores (Fig. 2D,E; supplementary material Fig. S1).
H2AX-null spermatocytes have fewer foci than wild type but
the foci are reasonably well spaced (supplementary material
Fig. S4). This can be interpreted to mean that YH2AX is not a
major factor for generating ENs (Celeste et al., 2002; Celeste
et al., 2003) or for generating an even distribution. The role of
vYH2AX in DNA-damage detection and repair (Fernandez-
Capetillo et al., 2004) led us to expect more pronounced effects
in YH2AX-null spermatocytes. Possibly losses of defective
prophase spermatocytes confound the tally of EN numbers and
positions.

Crossover-non-crossover differentiation

The SC has been invoked as the supra molecular structure to
explain the interference pattern of crossovers that are separated
at the molecular level by mega up to giga numbers of bases
(reviewed by Roeder, 1997). Holliday (Holliday, 1977)
proposed that a limited supply of DNA-binding protein
required for stabilization of a crossover is located within the
SC where it is depleted at the site of, and in the vicinity of, a
crossover. King and Mortimer (King and Mortimer, 1990)
suggest that ENs bind randomly to the SC and that central-
element-associated polymerization reactions prevent additional
ENs from binding to the SC or eject ENs that have not started
a polymerization reaction. ENs that initiate polymerization
reactions are thought to become the recombination nodules.
Egel (Egel, 1978; Egel, 1995) echoes this concept: “Positive
crossover interference is attributed to the prevention of
crossing-over by the growing synaptonemal complex”. Egel
(Egel, 1995) based his arguments, among other things, on the
evidence that interference is lacking in Schizosaccharomyces
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pombe and Apergillus nidulans that have reciprocal
recombination but no SCs. He concludes that the central region
of the SC is required for the mediation of crossover
interference. Our observation can provide a physical basis for
these conjectures.

Recent evidence from Arabidopsis and yeast meiosis has
generated considerations of mechanisms where the regulation
of crossing over is independent of the synaptonemal complex.
Cytogenetic analysis of central element transverse filament
protein ZYP1-deficient Arabidopsis led Higgins et al. (Higgins
et al., 2005) and Osman et al. (Osman et al., 2006) to conclude
that SC formation is not required for the imposition of
crossover interference. These observations, and those of
meiotic mutants in Saccharomyces cerevisiae, indicate that the
crossover-non-crossover decision is made prior to SC
formation (Storlazzi et al., 1996; Fung et al., 2004; Borner et
al., 2004; Bishop and Zickler, 2004). Several of our
observations can also be interpreted in terms of early functional
differentiation. We show that in the mouse at the leptotene-to-
zygotene transition, the chromosome cores are fully formed
and they are mostly aligned while synapsis is still limited (Fig.
3). At this time, it is evident that some of the RPA-TNs form
interhomolog structural connections before SC formation.
Slightly later, the RPA-TNs are at the synaptic forks of SC
progression (Fig. 4). The two types of interhomolog contacts,
without and with SCs, could create two classes of interactions
(Anderson et al., 2001; Brown et al., 2005). Given that MLH1-
containing recombination complexes, RNs, are the sites of
chiasmata (crossovers) (Baker et al., 1996; Froenicke et al.,
2002; Marcon and Moens, 2003), the MLH1-defined RNs in
SC-defective Sycp3~~ oocytes (Fig. 6) (Wang and Hoog, 2006)
indicate that TNs can acquire MLH]1 protein independently of
an SC-like structure. Thus, it is feasible that initial-contact TNs
without SCs (Fig. 2) are the TNs that are destined to become
RNs in mutant and wild-type spermatocytes. That initial
contact is the source of SC formations and crossing over has
been reported for crossing over and SC formation in an
inversion loop in maize (Maguire and Reiss, 1994).

Because there is a tenfold excess of TNs over RNs, most of
the TNs are eliminated from the crossover pathway. Few of the
proximal TNs and none of the unpaired X chromosome-
associated TNs will give rise to reciprocal recombinants. At
this level of discrimination, it is apparent that numerous TNs
are predestined to be non-crossovers at early meiotic prophase.

At early pachytene when synapsis is just completed, TNs are
more evenly spaced than would be expected from a random
placement along the SCs as calculated by the gamma
distribution (de Boer, 2006) (supplementary material Figs S2,
S3: cells 08 and 02). As TN are lost, spacing takes on a more
random distribution (supplementary material Fig. S5, cell 09;
Fig. 5B; Table 2). Apparently, the removal of TNs (Fig. 5B,
Fig. 7) does not follow a systematic pattern that preserves the
even distribution of TNs in early prophase.

YH2AX at meiotic prophase

Mouse ENs contain recombinases RADS51 and DMCI1 and
they are associated with the sites of programmed double-strand
DNA breaks where they function in homology search and
strand exchange (reviewed by Bannister and Schimenti, 2004;
Page and Hawley, 2004). Whole-mount spreads of early
leptotene stages show that the modified chromatin domains are

centred around ENs, and spaces between well-separated ENs
do not have yH2AX (Fig. 2). It is, therefore, likely that the
DSBs at the ENs are the source of chromatin modification.

Considering the large size of the YH2AX domains, it might
be possible that the domain would prevent an additional DSB
nearby and thereby be a factor in the regulation of DSB
spacing. To test that hypothesis, the inter-TN distances were
measured in spermatocytes deficient for histone H2AX
(supplementary material Fig. S4). It appears that the
distribution of 140 TNs is relatively even (gamma shape 2.3)
and no case can be made for a strong effect of H2AX absence
on TN distribution.

Bouquet et al. (Bouquet et al., 2006) reported that DSB
repair is coincident with the disappearance of the yH2AX
signal after ionizing radiation was used to induce low levels of
DSBs in DNA repair-proficient cells. Dephosphorylation of
vYH2AX by protein phosphatase 2A is required for DSB repair
(Chowdhury et al., 2005). We observe that the loss of extensive
vH2AX domains is coincident with synapsis (Fig. 2D,E, Fig.
8A). It can be seen that the TNs along the unpaired cores are
associated with YH2AX domains whereas the TNs of nearby
chromosomes that have completed synapsis have little or no
vYH2AX chromatin. Therefore, it seems probable that the
components of the ENs (RAD51-DMC1) and TNs (BLM-
RPA-MSH4-topoisomerase) have acted so that the SPOI11-
induced breaks are concealed by repair or joint molecule
formation at the zygotene-to-pachytene transition.

A different class of yYH2AX domains develops in association
with transcriptional silencing of X-Y chromatin at mid to late
pachytene (Fig. 8B-D) (Fernandez-Capetillo et al., 2003;
Turner et al., 2005). The YH2AX domains are associated with
ATR (ataxia telangiectasia- and RAD3-related) and TOPBPI
(topoisomerase binding protein) chromatin of unpaired X and
Y cores and with cores of autosomes that have failed to
complete synapsis at mid to late pachytene (Fig. 8C) (Moens
etal., 1999; Perera et al., 2004). Since YH2AX domains decline
at zygotene, we consider the possibility that large domains at
mid to late pachytene represent silenced chromatin not only of
the X-Y chromatin and the laggards, but also of silenced
autosomal loci (Fig. 8B). If indeed silencing of autosomal foci
occurs, then YH2AX domains at mid to late pachytene should
be in matched pairs. To visualize the positions of YH2AX
domains along the pachytene bivalents, we treated
spermatocytes with the phosphatase inhibitor okadaic acid that
prematurely separates homologs (Fig. 8D) (Cobb et al., 1999;
Tarsounas et al.,, 1999; Marcon and Moens, 2003). It was
possible to detect a number of matched YH2AX domains that
might support the concept of autosomal silencing. The high
density of YH2AX domains in Fig. 8D is the result of inhibition
of dephosphorylation of EN- and TN-associated yH2AX
domains.

Do TNs become RNs?

A third type of SC-associated nodule is the electron-dense
recombination nodules (RN) (Fig. 7B,C) that appears at late
prophase in low numbers — one or two per mouse spermatocyte
SC. The correlation between RNs and genetic recombination
was established in Drosophila by Carpenter (Carpenter, 1975;
Carpenter, 1979a; Carpenter, 1979b) and confirmed in the
mouse by Anderson et al. (Anderson et al., 1999) and by
Froenicke et al. (Froenicke et al., 2002). RNs are
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imunocytologically detected by the presence of MLH1 protein
foci, a homolog of E. coli DNA-repair MutL protein (Fig.
7B,C) (Baker et al., 1996; Froenicke et al., 2002). RN/MLH1
foci were shown to be associated with chiasmata in mouse
spermatocytes (Fig. 7D inset) (Marcon and Moens, 2003).
There is uncertainty about the origin of RNs. Do they
originate independently of TNs or are they derived from a
subset of TNs and, if so, which subset? We assume that protein
composition of TNs and RNs can provide evidence for
structural continuity from TN to RN. Relative amounts of
different antigens can be resolved accurately by
immunoelectron microscopy through quantitative assessment
of gold grains. We observe that in nuclei where RNs are
starting to develop (Fig. 7E), the RNs contain both RPA and
MLHI antigen (Fig. 7B,C) supporting the concept that RNs
develop from TNs. The resolution of immunogold further
distinguishes the precise localization of foci relative to SC
components, central element and lateral elements.

Are most TNs resolved as non-crossovers?

Following the induction of programmed DNA double-strand
breaks and resection (Bishop and Zickler, 2004), the single-
strand overhangs become associated with RAD51/DMCl1
protein complexes that function in homology search and strand
exchange. Eventually, the ENs/TNs mark the sites of joint
molecules (see Page and Hawley, 2004). Resolution of these
joint molecules requires DNA synthesis to fill in the gaps from
DSB induction and resection (Gilbertson and Stahl, 1996). If
the repair synthesis can be detected, one would expect there to
be several such sites along each autosomal SC. In vitro
exposure of mouse pachytene spermatocytes to 1 hour of
[*H]thymidine results in several groups of silver grains along
each autosomal SCs and one group at the PAR region of the
X-Y cores (Moses et al., 1984). Because most of the SCs have
only one crossover, the majority of the joint molecules that
have undergone repair synthesis and possibly gene conversion
seem to be resolved as non-crossovers.

Resolution of joint molecules as non-crossovers can be
accomplished either by movement of the Holliday junction into
unligated strands or by the concerted action of helicases and
topoisomerases (Gibertson and Stahl, 1996; Plank et al., 20006).

At the cytological level, we observe that, at late prophase,
the TNs are displaced from the medial region of the SCs to the
outside of the lateral elements (Fig. 7B,C). One possible
interpretation is that the lateral displacement induces
directional stress-activated activity of the topoisomerase-
resolving joint molecules that are associated with the TNs.

Materials and Methods
Spermatocytes for immunocytology were obtained from adult wild-type CD-1 mice
and Sycp3~~ mice (Yuan et al., 2000) kindly donated by C. Hoog, Karolinska
Institute, Sweden, and H2AX-null mice that were kindly given to us by A.
Nussenzweig, NIH [characterized by Celeste et al. (Celeste et al., 2002)]. We used
antibodies raised in rabbits and mice against hamster 30 kDa chromosome core
protein, COR1 and 110 kDa central-element transverse filaments, SYN1 (Dobson
et al., 1994), named thus to differentiate it from the rat SC components SCP3 and
SCP1 (Heyting et al., 1987). The designations COR1 and SYN1 are widely used
by investigators who use our antibodies. Later, the 30-33 kDa cores were renamed
SYCP3 and transverse filaments SYCP1 (Sage et al., 1999; Botelho et al., 2001),
and for conformity we use the terminology anti-SYCP3 and anti-SYCP1 for our
anti-COR1 and anti-SYN1 antibodies.

Spermatocytes were prepared for fluorescence or electron microscope
immunocytology as reported previously (Dobson et al., 1994). Chromosome cores
and synaptonemal complexes were visualized with hamster anti-SYCP3 and anti-

SYCPI. SC- and core-associated proteins that are involved in recombination
processes were visualized with antibodies to trimeric RPA (replication protein A)
(He et al., 1995), MLH1 (MutL homolog; Pharmingen) and cohesins SMC3 and
STAG 3 (a gift from R. Jessberger, Dresden, Germany). Our treatment of short-term
spermatocyte cultures with the phosphatase inhibitor, okadaic acid, was reported
previously (Marcon and Moens, 2003). The distribution of ENs/TNs was measured
by distances between fluorescent ENs and TN or recorded on electron micrographs
of full-length SCs with immunogold TNs. We used the method of maximum
likelihood to fit the gamma distribution to the observed interfocus distance (m)
data for SCs of cells at various stages of prophase I. We also did the analyses using
data that were standardized so that the length of each SC was first scaled to 100.
The shape (v) and rate (\) parameters of the gamma distribution were both estimated
as were their standard errors and/or their 95% confidence intervals. We also
conducted the estimation of rate (\) assuming the shape v=1.0 (implying no
interference) (de Boer, 2006) and conducted a log likelihood ratio test (using the G-
statistic with 1 degree of freedom) (Zar, 1999) to determine whether v differed
significantly from 1.0. Maximum likelihood estimation was performed using the R
statistical programming language (R Development Core Team, 2004; Ricci, 2005).
We also assessed the goodness of fit (using the x> goodness of fit statistic) of the
gamma distribution by binning the observed data into a number of distance classes,
and calculated the expected frequencies obtained from the gamma distribution,
given the maximum likelihood estimates of the shape and rate parameters. We
pooled the larger-distance classes when the expected numbers were less than
approximately five. The degrees of freedom were calculated as the number of
classes minus three (as two parameters were estimated from the data).
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and a Graduate Scholarship to E.M.
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