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Recombination is a prominent feature of meiosis in which it plays an important role in
increasing genetic diversity during inheritance. Additionally, in most organisms, recombi-
nation also plays mechanical roles in chromosomal processes, most notably to mediate
pairing of homologous chromosomes during prophase and, ultimately, to ensure regular
segregation of homologous chromosomes when they separate at the first meiotic division.
Recombinational interactions are also subject to important spatial patterning at both early
and late stages. Recombination-mediated processes occur in physical and functional linkage
with meiotic axial chromosome structure, with interplay in both directions, before, during,
and after formation and dissolution of the synaptonemal complex (SC), a highly conserved
meiosis-specific structure that links homolog axes along their lengths. These diverse process-
es also are integrated with recombination-independent interactions between homologous
chromosomes, nonhomology-based chromosome couplings/clusterings, and diverse types
of chromosome movement. This review provides an overview of these diverse processes and

their interrelationships.

he role of the meiotic program is to generate
Tgametes having half the chromosome com-
plement of the original progenitor cell. This task
is accomplished by occurrence of a single round
of DNA replication followed by two successive
rounds of chromosome segregation. Homologs
segregate to opposite poles at meiosis I, then
sisters separate to opposite poles in meiosis II,
analogously to mitosis (Fig. 1A).

During meiosis, a central role of recombi-
nation is to increase genetic diversity. However,
recombination is also essential for two funda-
mental features unique to meiotic chromosome
mechanics: pairing and segregation of homol-

ogous chromosomes (“homologs”). Pairing is
mediated by the totality of programmed inter-
homolog recombinational interactions in asso-
ciation with chromosome structural axes (see
below). Segregation is mediated specifically by
the carefully chosen subset of those interactions
that mature into crossover (CO) products. Dur-
ing segregation of homologs, just as for segre-
gation of sister chromatids, the separating enti-
ties must be connected to one another such that
regular bipolar alignment on the spindle results
in tension on centromere/kinetochore com-
plexes. When all segregating pairs are properly
aligned and under tension, anaphase is trig-
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Figure 1. General features of meiosis. (A) At meiosis I, homologs segregate; at meiosis II, sisters segregate. At
metaphase I (left), maternal (red) and paternal (black) chromosomes are held together by a chiasma comprising
a reciprocal crossover (CO) plus connections along sister arms, which are released during segregation. (B)
Monochiasmate bivalent of Locusta after bromodeoxyuridine (BrdU) incorporation. Differential staining of
the sister chromatids confirms that exchange has occurred, for example, between red and purple chromatids in
corresponding drawings. (From Jones 1987; reprinted, with permission, from Academic Press © 1987.) (C)
Diplotene bivalent of grasshopper with three chiasmata (arrows) and corresponding drawing. (From Jones and
Franklin 2006; reprinted, with permission, from Elsevier © 2006.) (D) Top: Meiotic prophase in rye micro-
sporocytes; chromosomes are stained by hematoxylin ( pictures by D.Z.). Bottom: corresponding timing of the
recombination steps from double-strand breaks (DSBs) to COs; timing of intermediates as in budding yeast
(Hunter 2007). SEI, Single-end invasion; dH]J, double Holliday junction; SDSA, synthesis-dependent strand

annealing; NCO, noncrossover.

gered. Segregation of sisters is ensured by con-
nections between sister centromere/kineto-
chore regions. Segregation of homologs is en-
sured by connections along chromosome arms
that are provided by the combined effects of an
interhomolog CO plus links between sisters
(Fig. 1A). These connections can be seen cyto-
logically as chiasmata (Fig. 1B,C). In organisms
in which meiosis occurs without recombina-
tion, other features have evolved that hold ho-
mologs together to ensure regular segregation
(Zickler and Kleckner 1998, 1999; reviewed in
Stewart and Dawson 2008; Tsai and McKee
2011; Lake and Hawley 2012; Obeso et al. 2014).

THE CANONICAL MEIOTIC PROGRAM

In most organisms (e.g., plants, mammals, bud-
ding yeast, and filamentous fungi), recombina-

tion mediates an ordered program of interac-
tions between homologs that plays out during
an extended postreplicative prophase period.
Recombination initiates by programmed dou-
ble-strand breaks (DSBs). A subset of these
breaks proceeds to CO products, which emerge
at the end of the “pachytene” stage (reviewed in
Hunter 2007; de Massy 2013). All of these events
are integrated with the broader program of mei-
otic chromosome dynamics. At the whole chro-
mosome level, homologs become intimately
associated by what appears to be a smooth pro-
gressive process (Fig. 1D). However, three dis-
tinct aspects can be distinguished.

1. Programmed DSBs occur during G,/lepto-
tene (Padmore et al. 1991) and result in link-
age of the two individual interacting DNA
segments. However, these interactions also
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mediate the spatial coalignment of whole
homologous chromosomes. This process,
which we will refer to as “pairing,” is con-
comitant with development of individual-
ized, organized chromosomes.

2. Following coalignment, homologs become
much more closely associated. This associa-
tion, referred to as “synapsis,” corresponds to
installation of a robust structure, the synap-
tonemal complex (SC), between the homo-
log axes all along their lengths. The period
when SC is forming defines “zygotene”;
presence of complete SC defines “pachy-
tene.” SC formation is usually nucleated at
the sites of recombinational pairing interac-
tions (see below). The latter steps of recom-
bination occur in the context of the SC. After
COs appear at the end of pachytene, the SC
disassembles and homologs become more
compact and separate along their lengths,
except at the sites of COs (chiasmata), thus
defining the stage of “diplotene.”

3. Asaprelude and/or complement to coalign-
ment/pairing and synapsis, other types of
interchromosomal interactions (e.g., cluster-
ing of centromeres and/or telomeres) occur.
These effects include both homology-depen-
dent and homology-independent interac-
tions.

ALTERNATIVE PROGRAMS

In some organisms, the program of prophase
events is somewhat different. In fission yeast
(Schizosaccharomyces pombe) and filamentous
tungus Aspergillus nidulans, recombination-in-
dependent and recombination-mediated pair-
ing occurs but SC is absent (Egel-Mitani et al.
1982; Béhler et al. 1993). In female Drosophila
and Caenorhabditis elegans, pairing and synapsis
occur independently of recombination, which
then occurs later in the context of the SC (re-
viewed in Lake and Hawley 2012; Liu and Co-
laiacovo 2013; Rog and Dernburg 2013). Finally,
in male Drosophila, the entire meiotic program
occurs in the absence of recombination, with
recombination-independent homologous pair-
ing and specialized connections substituting for

Recombination, Pairing, and Synapsis of Homologs

chiasmata to ensure homolog disjunction (re-
viewed in Tsai and McKee 2011).

In C. elegans, recombination-independent
pairing occurs via specific regions near chromo-
some ends (“pairing centers” or PCs) (reviewed
in Tsai and McKee 2011; Rog and Dernburg
2013). In Drosophila, in both male and female
meiosis, chromosome pairing occurs by signifi-
cantly modulated versions of the somatic pair-
ing characteristic of that organism (reviewed in
McKee 2004; 2009; Tsai and McKee 2011; Ca-
hoon and Hawley 2013; see below). Interesting-
ly, however, in a certain mutant of C. elegans, SC
formation is now dependent on recombination
(Smolikov et al. 2008); and in Drosophila, some
SCinitiation sites colocalize with recombination
sites (Tanneti et al. 2011). Moreover, conversely,
in the canonical program, recombination-inde-
pendent homologous interactions likely make a
significant contribution to pairing. Thus, the
canonical and alternative programs overlap to
some degree.

RECOMBINATION-MEDIATED HOMOLOG
PAIRING

In accord with the central role of recombination
in the canonical homolog pairing and synapsis
program, DSBs are essential for both processes
(reviewed in Kleckner et al. 2012; Baudat et al.
2013). Correspondingly, in Sordaria, budding
yeast and mouse, analysis of mutants showing
that varying numbers of DSBs reveal direct re-
lationships between the number of DSBs and
the extents of presynaptic coalignment and/or
SC formation (Tessé et al. 2003; Henderson
and Keeney 2004; Kauppi et al. 2013; Rockmill
et al. 2013).

Spo11-Mediated DSBs

In all organisms studied so far, meiotic DSBs are
catalyzed by the topoisomerase-like protein
Spoll. The Spoll protein per se is not strictly
required. Irradiation-induced DSBs can rescue
pairing and SC formation in the absence of
Spoll. However, both processes are less robust
than in normal meiosis, at least in part because
some nuclei get too few breaks (e.g., Dernburg
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et al. 1998; Storlazzi et al. 2003; Tessé et al. 2003;
Yokoo et al. 2012).

The number of Spoll-induced DSBs per
genome is regulated on a species basis (reviewed
in de Massy 2013). As a general rule, in organ-
isms with the canonical program, DSB numbers
tend to be higher in organisms with longer chro-
mosomes, in accord with their role for pairing.
Moreover, DSBs are less frequent in organisms
where they are not required for pairing. Thus,
DSBs per meiotic nucleus are ~200—300 per
cell in mouse and about 12 and 14 in Drosophila
and C. elegans, respectively (reviewed in Lichten
and de Massy 2011; de Massy 2013). In contrast,
in nearly all organisms, the number of COs/
chiasmata is relatively few, with one to several
per homolog pair, even in cases with large ge-
nome sizes and long chromosomes. Corre-
spondingly, only one among 30 DSBs mature
into a CO in Arabidopsis, whereas half are ulti-
mately matured to COsin C. elegans (Serrentino
and Borde 2012). Most DSBs that do not mature
into COs are matured into interhomolog events
not accompanied by crossing over (i.e., non-
crossovers [NCOs]) plus some intersister re-
combination (Hunter 2007).

Recombination Occurs in the Context
of Chromosome Structural Axes
(and the SC)

Meiotic chromosomes are highly organized.
Electron microscope (EM) analysis of spread
preparations and whole sectioned nuclei (Zick-
ler and Kleckner 1999) along with immuno-EM
and fluorescence imaging indicate that syn-
apsed pachytene bivalents are organized in
the following way (Fig. 2A,B). (1) Each chro-
matid is organized into a linear array of loops,
the bases of which comprise a structural axis,
delineated in EM by the “axial element” (AE).
(2) Homolog axes are linked along their entire
lengths via transverse filaments, which link
AEs to form the SC (e.g., Schmekel and Da-
neholt 1995; Page and Hawley 2004). At this
stage, the AEs are now called the lateral ele-
ments (LEs) of the SC. (3) Sister-chromatid
axes are tightly conjoined and their loops em-
anate outward from the SC.

Interestingly, the spacing of loops along
pachytene axes is evolutionarily conserved
(~20 per micrometer) (Kleckner 2006). Con-
served loop spacing can be manifested in mu-
tants, in which axis length and loop size show
opposite and compensatory changes. For exam-
ple, in mutants altered for the mammalian mei-
otic-specific cohesin Smc1B and the SC lateral
component Sycp3, longer and shorter chromo-
some axes are accompanied by shorter and
longer loops (Revenkova and Jessberger 2006;
Novak et al. 2008; Kauppi et al. 2011). Also, dif-
ferent organisms show different genome sizes,
and these differences are accommodated by var-
iations in loop size and axis length rather than
loop spacing (reviewed in Zickler and Kleckner
1999; Page and Hawley 2004; Kleckner 2006).

Chromosome structural axes develop dur-
ing prophase, concomitant with developing
organization (Zickler and Kleckner 1999). Axes
comprise a complex meshwork of protein/DNA
interactions and likely include a significant
amount of DNA (Fig. 2E) (Kleckner 2006;
Zhang et al. 2014c). How these axes develop is
not known. Interestingly, however, while pre-
ferred DNA sequence regions may be involved
in axis formation (e.g., a queue of locally AT-
rich regions in budding yeast) (Blat et al. 2002),
when a chromosome from one organism is in-
troduced into another organism, it assumes the
axis/loop organization of its host (Loidl et al.
1995) showing that sequence features are im-
portant but are not, per se, determinative of
loop size. Mitotic prophase chromosome orga-
nization may turn out to be the same as that of
meiotic prophase chromosomes (Kleckner et al.
2012).

Molecular studies of pachytene chro-
mosomes have identified several types of axis
components: mitotic structural proteins like
topoisomerase I, condensins, cohesins, and co-
hesin-associated proteins, including meiosis-
specific versions of some of these proteins; mei-
osis-specific axis components; and structural
components of the SC, which are also unique
to meiosis (Moens and Earnshaw 1989; Page and
Hawley 2004; Revenkova and Jessberger 2006;
Wojtasz et al. 2009; Wood et al. 2010, and refer-
ences therein; Liu and Colaiacovo 2013). In
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Figure 2. Chromosome axes and synaptonemal complex. (A) Electronic microscope (EM) longitudinal section
of Blaps cribrosa synaptonemal complex (SC) with distinct central region transverse filaments. (From Schmekel
et al. 1993; reprinted, with permission, from Springer © 1993.) (B) Co-oriented sister linear loop arrays
cojoined by meshwork of structural proteins (green; see text). (C) SC with recombination nodule; reconstruc-
tion from serial section through Drosophila female SC. (From Carpenter 1975; with permission from the
National Academy of Sciences (©) 1975.) (D) Sordaria bivalent at pachytene by immunofluorescence microscopy
(top) and by EM (bottom). Top: Crossover (CO) sites marked by the E3 ligase Heil0-mCherry and chromosome
axes visualized by cohesin-associated Spo76-GFP (arrows point to HeilO foci). Bottom: Sordaria SC with late
recombination nodule (RN) (both from D.Z.). Scale bars, 2 pwm (top); 100 nm (bottom). (E) Sordaria bouquet
stage stained by axis component Spo76/Pds5-GFP (left) and by DAPI (right). Note that axis width comprises a
significant fraction of the total DAPI width, suggesting that, albeit with limitations of imaging resolution, the
axis meshwork may include a significant fraction of the DNA. DAPI staining indicates that chromatin bridges
join the two homologs (magnification right) (from D.Z.). (F) COSA-1 foci mark sites of COs in C. elegans. SC
marked by ZHP3 staining. (From Yokoo et al. 2012; reprinted, courtesy of a PMC Open Access license.) (G)
Recombination complexes are indirectly tethered to underlying chromosome axes (see discussion in Blat et al.
2002). (H) Coordinate variation in axis/SC length and CO frequency can be explained by development of axis-
associated pre-double-strand break (DSB) recombination complexes at constant spacing along axes followed by
identical probabilities of DSB formation per complex and identical CO-designation/interference (Adapted
from Kleckner et al. 2003). ch, Chromatin; le, lateral element; ce, central element.

many organisms (including budding and fission
yeast, mammals, Arabidopsis, rice, Drosophila,
and C. elegans), prominent meiotic axis compo-
nents include one or more HORMA-domain
proteins. These molecules and associated part-
ner proteins occur at the nexus of axis structure
and recombination and are also intimately in-

volved in regulatory surveillance responses to
defects in synapsis and/or recombination (e.g.,
Hollingsworth and Byers 1989; Molnar et al.
2003; Couteau and Zetka 2005; Nonomura et al.
2006; Carballo et al. 2008; Sanchez-Moran et
al. 2008; Wojtasz et al. 2009, 2012; Roig et al.
2010; Daniel et al. 2011; MacQueen and Hoch-
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wagen 2011; reviewed in Liu and Colaiacovo
2013).

The biochemical complexes that carry out
recombination are intimately associated with
chromosome structural axes, both physically
and functionally, at all stages. This association
was first revealed by the discovery of CO-corre-
lated “nodules” along the SC (Fig. 2C,D,F) (Car-
penter 1975, 1987; von Wettstein et al. 1984).
This association is set up during development
of pre-DSB recombination complexes (e.g., Blat
et al. 2002; Peoples et al. 2002; Storlazzi et al.
2010; Panizza et al. 2011). Molecular studies
show that recombination complexes form in
sequences that are not, per se, axis ssociated,
implying indirect tethering to axes in “teth-
ered-loop axis complexes” (Fig. 2G) (Blat et al.
2002; Miyoshi et al. 2013). Recombinosome/
axis-SC association persists through the pairing
process and, for CO-fated recombination com-
plexes, until the end of the pachytene and some-
times beyond. NCO-fated complexes appear to
be released from axes at earlier stages (see dis-
cussion in Terasawa et al. 2007). Axis-associa-
tion of recombination complexes is one of the
central hallmarks of meiosis. It is present in non-
canonical prophase programs as well as the ca-
nonical program (e.g., Martinez-Perez et al.
2005; Mehrotra and McKim 2006; Mets and
Meyer 2009; Libuda et al. 2013; Miyoshi et al.
2013) and likely has many roles (e.g., Blat et al.
2002; Panizza et al. 2011; see below).

DSB/Partner Interactions Mediate
Coalignment via Interaxis Bridges

DSBs mediate homolog pairing. This process
culminates in a discrete state at which homologs
are coaligned at a distance of ~400 nm (vs. the
~100 nm of the SC) (Figs. 2E, 3A,D,EG). No-
tably, axial chromosome organization, with the
chromatin of the two sister chromatids emanat-
ing from the same side of the axis (see above),
makes possible close juxtaposition of homolog
axes in a way that would not be possible if chro-
matin surrounded each axis.

Cytologically, coalignment can be seen to
comprise the linkage of homolog axes via a se-
ries of “bridges” (Fig. 3D) (e.g., Albini and Jones

1987). Each bridge corresponds to the site of a
DSB-mediated interhomolog interaction. Cor-
respondingly, coalignment is absent in mutants
lacking DSB transesterase Spol1 or the relevant
RecA homolog strand exchange protein (com-
pare Fig. 3B and 3A) (Storlazzi et al. 2003) and is
reduced in relation to lowered DSB levels (e.g.,
Tessé et al. 2003). Moreover, these bridges com-
prise recombinational interactions as marked by
RecA homologs (e.g., in mouse) (Fig. 3G) (Tar-
sounas et al. 1999), RPA in human spermato-
cytes (Fig. 3F) (Oliver-Bonet et al. 2007), and
matched pairs of Mer3 helicase complexes in
Sordaria (Fig. 3H) (Storlazzi et al. 2010).

To a first approximation, the recombina-
tional interactions responsible for coalignment
bridges represent the totality of DSB-mediated
interhomolog contacts. Given the stage at which
they occur, each bridge can be inferred to rep-
resent a DSB-mediated interaction in which a
“leading” DSB end has made a nascent D-loop
with a homolog partner chromatid, whereas the
“lagging” DSB end remains associated with the
original donor chromosome (Fig. 3E). Thus,
meiotic DSBs and their ensuing identification
of homolog partner chromatids in DNA/DNA
interactions provide the informational basis for
recognition of homologs. However, juxtaposi-
tion of local chromatin/DNA segments will not
per se propagate over significant distances as
required to affect homolog pairing at the level
of whole chromosomes. Association of recom-
bination complexes with chromosome axes is
therefore critical, because it permits local DNA
interactions to mediate overall chromosome
juxtaposition.

The inferences that (1) DSB complexes oc-
cur in tethered loop/axis complexes, and (2)
initial DSB/partner interactions involve only
one DSB end, lead to the hypothesis that one
end of a DSB is released from its axis to create a
genome-scaled “tentacle” that can search chro-
mosomal space (Kim et al. 2010; Panizza et al.
2011). This situation would seem to contrast
with the case for sister-directed mitotic DSB
repair where the two DSB ends appear to re-
main together, at least for much of the process
(reviewed in Jasin and Rothstein 2013). In the
context of the tentacle hypothesis, a homology-
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Figure 3. Interhomolog recombination-dependent interactions. (A—C) Sordaria leptotene. (A) In wild type
(WT), homologs align at a 300- to 400-nm distance all along their lengths. (B,C) In the absence of Spol1, axes
do not align (asynapsis; B) except C in a few meiocytes when one chromosome pair (light and dark green;
indicated by white arrows) is seen aligned. Chromosomes are stained by Spo76-GFP in A and B. (A from
Storlazzi et al. 2010; reprinted, with permission, from the authors; B and C from Storlazzi et al. 2003; reprinted,
with permission, from the authors.) C is a reconstruction from serial sections of a spoll mutant. (D) Axis
association of early recombination nodules and interhomolog bridges from early leptotene (left) through
pachytene (right). (From Albini and Jones 1987; reprinted, with permission, from Springer © 1987, except
for the image on the left, which is from Stack and Anderson 1986; reprinted, with permission, from JSTOR, Early
Journal Content © 1986.) (E) Presumptive recombination intermediate at the interaxis coalignment bridge
stage. Double-strand break (DSB) engages a homolog partner chromatid and directs juxtaposition of associated
donor and partner chromosome axes to a distance of ~400 nm (as in panels D and F-H ). (F) Replication
protein A (RPA) staining in human cells at leptotene/zygotene identifies interaxis bridges and configurations
showing approaching and completed synapsis (insets, compare with panel D). (From Oliver-Bonet et al. 2007;
reprinted, with permission, from Oxford University Press © 2007.) (G) RecA homologs Rad51 and Dmcl
decorate interaxis bridges in mouse. (From Tarsounas et al. 1999; reprinted, with permission, from Rockefeller
University Press under a Creative Commons Attribution-Noncommercial-Share Alike 3.0 Unported license.)
(H ) Mer3 foci face each other on coaligned late leptotene homologs. Scale bar, 2 wm. (From Storlazzi et al. 2010;
reprinted, with permission, from the authors.) SC, Synaptonemal complex.
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searching DSB might usually identify its partner
sequence in a chromatin loop. This new inter-
action might then become associated to its un-
derlying axis either actively (by “reeling-in”) or
passively (by fortuitous collision stabilized by
protein/protein interactions), thus creating a
bridge (see cartoon in Kim et al. 2010; Storlazzi
et al. 2010).

Homolog Bias

A basic feature of meiosis is that DSB-medi-
ated interactions/repair occurs differentially be-
tween homologous nonsister chromatids, rather
than between sisters as in mitotic DSB repair.
This “homolog bias” is critical for all of the
functions of recombination for meiosis: recom-
bination-mediated homolog pairing; the ap-
propriate genetic outcome (an interhomolog
CO); and the corresponding interhomolog con-
nections (chiasmata) that ensure regular homo-
log disjunction. Accordingly, homolog bias is
established early in the recombination reaction,
as a DSB first identifies its partner. However,
this bias must also be actively maintained at a
later stage, as the lagging DSB end becomes en-
gaged in the reaction to form a double Holliday
junction intermediate for CO recombination
(Kim et al. 2010).

In budding yeast, meiotic and mitotic RecA
homologs (Dmcl and Rad51) and the meiotic
axis complex Red1/Hop1/Mekl1 all play active
roles in this process, reflecting the central role of
recombinosome/axis association for recombi-
nation and pairing (Callender and Hollings-
worth 2010; Hong et al. 2013; Lao et al. 2013).
A central role of the axis complex is to switch
recombination from a mitotic-like mode (in
which Rad51 carries out strand exchange and
meiotic components are not involved) to the
meiotic mode. Recent findings further suggest
that partner choice shows an unexpected basic
logic (Hong et al. 2013). In the absence of all
meiotic functions, and of meiotic cohesin Rec8,
homolog bias is still established. Restoration of
cohesin alone then results in intersister bias.
And restoration of both cohesin and meiotic
functions then fully restores homolog bias.
Thus, homolog bias could be the intrinsic de-

fault option for mitotic recombination, even in
the S/ G, stages of the cell cycle, perhaps because
a genome-wide homology search is required for
DSB repair in Go/G;. When a sister is present,
cohesin would channel the process so that the
sister is used, in meiosis and mitotic G,. And for
meiosis, where recombination occurs after rep-
lication, meiotic functions would then act to
overcome or eliminate this channeling effect
of cohesin to restore genome-wide searching
and homolog bias.

RECOMBINATION-INDEPENDENT
HOMOLOGOUS PAIRING

A prominent, but still mysterious, feature of
chromosome biology is the ability of homolo-
gous chromosomes, or chromosomal regions, to
specifically recognize and pair with one another
in the apparent absence of DNA lesions (DSBs)
or recombination. The paradigmatic example is
Drosophila somatic pairing (e.g., Joyce et al.
2013). Genome-wide somatic pairing also oc-
curs in budding yeast (Weiner and Kleckner
1994; Keeney and Kleckner 1996; Burgess et al.
1999; Burgess and Kleckner 1999; Cha et al.
2000; Dekker et al. 2002), and in stabilized
S. pombe diploids (Scherthan et al. 1994), includ-
ing telomere pairing in both organisms (Klein
et al. 1992; Molnar and Kleckner 2008). Pairing
in somatic cells also occurs locally, for example,
in cases of monoallelic expression in mam-
malian cells (e.g., X-chromosome inactivation,
V(D)]J recombination and imprinting; referenc-
es in Joyce et al. 2013; Barakat et al. 2014).

Recombination-independent pairing also
plays prominent roles for premeiotic and mei-
otic programs, where it is defined as pairing that
occurs before and/or without Spol1-mediated
DSBs.

Examples
RIP/MIP

One prominent example is provided by RIP and
MIP in the filamentous fungi Neurospora crassa
and Ascobolus immersus, respectively (reviewed
in Selker 1990). In haploid nuclei preparing for
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karyogamy and onset of meiotic prophase, all
repeated sequences (except the rDNA) undergo
methylation (MIP) or methylase-directed point
mutation (RIP), independent of Spo11 or Rad51
(Gladyshev and Kleckner 2014).

Drosophila Meiosis

In Drosophila female meiosis, pairing and SC
formation precede and are independent of re-
combination with DSBs then occurring in the
context of the SC (Lake and Hawley 2012). It
was long thought that meiotic DSB-indepen-
dent pairing was a simply continuation and en-
hancement of somatic pairing. However, recent
studies show that germline stem cells do not
have somatic pairing, genome wide or specifi-
cally in centromere regions. Pairing reestab-
lished five mitotic divisions before the onset of
meiosis (Cahoon and Hawley 2013; Christo-
phorou et al. 2013; Joyce et al. 2013). Interest-
ingly, homologous heterochromatic regions
remain paired after prophase, permitting regu-
lar segregation of homologs that have failed to
acquire a CO/chiasma (Dernburg et al. 1996).

In Drosophila male meiosis, DSB-indepen-
dent pairing occurs genome wide and permits
formation of persistent interhomolog links that
take the place of chiasmata to ensure segregation
(McKee 2009; McKee et al. 2012). Additionally,
a specific pairing site in the rDNA effects pair-
ing of the X and Y chromosomes (reviewed in
McKee 2009; Tsai and McKee 2011; McKee et al.
2012).

Budding Yeast

Somatic pairing in yeast persists through the
G;/Gy period that immediately precedes mei-
otic S phase, is diminished during S phase as in
cycling cells, and is then restored, dependent on
Spoll protein but independent of its role in
DSBs (Weiner and Kleckner 1994; Cha et al.
2000). DSB-independent pairing interactions,
before and during meiosis, may underlie ob-
served trans effects of the homolog on DSB
formation (Xu and Kleckner 1995; Rocco and
Nicolas 1996; Zhang et al. 2011).

Recombination, Pairing, and Synapsis of Homologs

Sordaria

Spoll-independent homolog pairing can occur
in this filamentous fungus, as shown by parallel
axis coalignment in spolIA (Fig. 3C) (Storlazzi
et al. 2003).

Mouse

Global DSB-independent pairing is seen very
early in mouse meiosis (Boateng et al. 2013;
Ishiguro et al. 2014). As for yeast, this pairing
is dependent on the Spo11 protein but indepen-
dent of its role in DSBs (Boateng et al. 2013).
Pairing is also dependent on meiotic cohesin
Rec8 (Ishiguro et al. 2014).

C. elegans

Homology-dependent recombination-indepen-
dent interactions occur between specific PCs lo-
cated near one end of each C. elegans chro-
mosome (reviewed in Tsai and McKee 2011; Liu
and Colaiacovo 2013; Rog and Dernburg 2013).
PCs comprise complex arrays of DNA repeat
sequences with interspersed binding sites for
zinc-finger (ZnF) proteins. ZnF proteins are
necessary for pairing but not sufficient for ho-
mology discrimination, implying roles for se-
quences within PCs or in adjacent regions.
PCs have diverse additional roles including sta-
bilization of homologous interactions and nu-
cleation of SC formation. Binding sites for ZnF
proteins also occur along chromosome arms
(Phillips et al. 2009) and DSB-independent in-
teractions can likely occur along the lengths of
chromosomes as seen when Spoll and the SC
are both absent (Smolikov et al. 2008).

S. pombe

Recent S. pombe studies reveal robust locus-spe-
cific Spoll-independent pairing that is depen-
dent on both a locus-specific binding protein
and a long noncoding RNA (Ding et al. 2012).
Elimination of this locus has no discernible ef-
fect on overall chromosome pairing leading
to the speculation that analogous RNA-mediat-
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ed pairing might be occurring, undetected, ge-
nome wide (Ding et al. 2012, 2013).

DSB-Independent Pairing at Centromeres
and Telomeres

Many organisms show local homologous pair-
ing, early in meiosis, between centromeres (re-
viewed in Christophorou et al. 2013; Zhang et
al. 2013b) or telomeres (Armstrong et al. 2001;
Armstrong and Jones 2003; Boateng et al. 2013).
In many, possibly all, of these cases, pairing is
not directly mediated by DSBs but rather by
direct local homology-dependent associations.

Mechanism(s)

The informational basis by which homologous
chromosomes recognize one another in the ab-
sence of recombination is unclear. The most
straightforward possibility is recognition of ho-
mology at the DNA level, by direct DNA/DNA
interactions. This is favorable a priori for RIP
and MIP because they involve repeat-induced
DNA modifications that can be triggered by
any repeat, regardless of origin, sequence or ge-
netic activity (Kleckner and Weiner 1993). This
possibility has recently been supported directly
by the demonstration that RIP involves direct
interaction of coaligned, intact DNA duplexes
via triplet contacts (Gladyshev and Kleckner
2014). More generally, direct homology-depen-
dent pairing between intact B-DNA duplexes, in
the absence of supercoiling, has been observed
experimentally in vitro in the absence of aggre-
gation-promoting divalent metal ions, proteins
and crowding agents (Danilowicz et al. 2009).
However, other models for DSB-independent
homology recognition include protein/protein
interactions guided by underlying DNA /pro-
tein binding sequences and simple sequence
“bar codes.” In cases in which RNA is required
for pairing, notably X-chromosome inactiva-
tion and recently identified pairing in S. pombe,
the involved RNA may be the direct mediator
via RNA/RNA/DNA pairing and /or could play
an indirect role as a modulator of chromatin
structure (e.g., Ding et al. 2013).

Roles of Early Homologous Pairing
and Nonhomologous Clustering

DSB-independent pairing, either global or lo-
cal, at centromeres or telomeres, as well as ho-
mology-independent clustering, will promote
DSB-mediated pairing in two ways. First, a ten-
dency for colocalization will increase the prox-
imity of a DSB and its cognate partner sequence
while concomitantly reducing the complexity of
irrelevant sequences that must be scanned and
rejected (e.g., Goldman and Lichten 2000). Sec-
ond, such pairing will tend to place homolo-
gous chromosomes in topologically acceptable
joint domains, thus reducing the likelihood that
creation of many DSB-mediated connections
between different homologs will create a tangled
mess (Kleckner and Weiner 1993; Klutstein and
Cooper 2014).

DYNAMICS OF DSB-MEDIATED
HOMOLOG PAIRING

Interplay between homologous chromosomes
during meiosis is, by its nature, a dynamic pro-
cess. The nature of the forces behind these dy-
namics, which are likely of diverse origins, are
only partially understood.

DSB-Mediated Partner Identification

DNA /chromatin/chromosome movement is
required for a DSB to identify the homologous
sequence on the partner chromosome. In vitro,
a RecA filament formed on a short oligonucle-
otide can find an appropriate partner extremely
rapidly, suggesting that molecular scanning for
homology, per se, is not time limiting for the
pairing process (Yancey-Wrona and Camerini-
Otero 1995). For a meiotic DSB, however, the
challenge is greater because the searching region
is part of a whole chromosome. In principle,
homologous regions might find one another
because of “stirring forces” and/or because a
DSB end (e.g., as an elongated “tentacle”; see
above) can search through chromosome space
irrespective of whole chromosome movement.
Stirring forces might be provided by thermal
motion, chromatin remodeling, DNA/RNA
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metabolism, assembly of prophase chromosome
structure, and/or the ongoing process of DSB-
mediated homolog recognition and juxtaposi-
tion itself. Yeast studies identify rapid move-
ments of a fluorescently tagged locus that appear
to be involved in primary DSB/partner recogni-
tion (Lee et al. 2012). These movements require
association of telomeres with the nuclear pe-
riphery and begin around the time of DSB for-
mation. Also, in vegetatively growing yeast cells,
a DSB triggers increased global chromatin mo-
bility, presumably allowing the DSB to explore a
larger fraction of the genome (Miné-Hattab and
Rothstein 2013); perhaps meiosis has an analo-
gous response.

Other unique features of meiosis could be
important for the dynamics of homology
searching in as-yet mysterious ways. A dramatic
increase in nuclear volume is observed almost
universally at premeiotic G; (e.g., Zickler 1977),
perhaps to facilitate chromosome movement?
Also, DSBs occur in the context of local chro-
mosome axis ensembles, implying that search-
ing may involve partially organized, compact
chromosomes or chromosomal regions. A pre-
diction of this condition is that local pairing at
one position will automatically be propagated
for a significant distance along the chromo-
somes.

Preventing Chromosome Entanglements
from Arising

If DSB-mediated pairing interactions occurred
randomly and simultaneously throughout the
genome, without any prior relationship be-
tween homologs, the result would be massive
entanglement. Pre-DSB disposition of homo-
logs via global pairing or local pairing, coupling
or clustering (see above) will clearly help to min-
imize irregular relationships. However, the exis-
tence of an additional effect is suggested in Sor-
daria by identification of a mutant, which shows
both dramatically interwoven chromosomes
and delayed homolog coalignment (Fig. 4D)
(Storlazzi et al. 2010). It was proposed that, dur-
ing normal coalignment, rapid DSB-triggered
juxtaposition at one position would draw adja-
cent regions into the same space, thereby in-
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creasing the probability that subsequent DSBs
at nearby positions will find a partner efficiently
and without creating an entanglement. If juxta-
position were delayed or inefficient, this simpli-
tying process would be absent and interwoven
chromosomes would result.

Dynamic Telomere-Led Chromosome
Movements, the “Bouquet”
Configuration and Entanglement
Resolution

One prominent feature of meiotic prophase is
chromosome spatial organization at the “bou-
quet stage.” Telomeres associate with the nuclear
envelope during leptotene coalignment and
then tend to cluster, more or less tightly, in a
restricted area of the nuclear envelope (Fig. 4A,
right). Usually, this cluster faces the microtubule
organizing center (MTOC; centrosome or spin-
dle pole body); however, the bouquet also forms
in plants where no defined MTOC is present
(reviewed in Bahler et al. 1993; Zickler and
Kleckner 1998; Scherthan 2001; Ding et al.
2004; Zickler 2006). Importantly, the bouquet
is not a static configuration. Instead, it occurs as
part of a program of dramatic back-and-forth
chromosome movements mediated by interac-
tion with telomere regions, through the nuclear
envelope, to proximal cytoskeletal components.
These motions were first discovered in S. pombe
(reviewed in Ding et al. 2004; Chikashige et al.
2006; Hiraoka and Dernburg 2009) and are also
seen in budding yeast (Scherthan et al. 2007;
Conrad et al. 2008; Koszul et al. 2008). Also,
mouse nuclei show both coordinate rotational
motions of chromosomes and individual move-
ments of telomeres (Parvinen and Soderstrom
1976; Shibuya et al. 2013).

Given the conservation of the bouquet stage
and the involved proteins among plants, mam-
mals and fungi, this feature of meiosis is quite
likely universal among organisms that carry out
the “canonical” program. Also, in C. elegans, in
which pairing and SC formation precede initi-
ation of recombination, chromosomes show
analogous movements, led by their chromo-
some-terminal PCs (reviewed in Rog and Dern-
burg 2013).
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Figure 4. Rabl/Bouquet and Interlockings. (A) Left: Cartoon of anaphase of mitotic division; chromosomes
segregate with their centromeres facing the spindle pole (and corresponding microtubule organizing center
[MTOC], in blue) plus telomeres at arm-size latitude and remain in this “Rabl” disposition. Right: During
meiotic prophase, telomeres turn position and now cluster facing the MTOC with centromeres more or less
dispersed in the nucleus (Sordaria image from D.Z.). (B) Interlockings. Left: Interlocking of one bivalent (green)
in a half-synapsed second bivalent (red) from spread zygotene chromosomes of the silkworm. (From Rasmussen
1986; reprinted, with permission, from Elsevier © 1982.) Right: Interlocking of Sordaria in which the lower
bivalent shows one open end (no synaptonemal complex [SC], in gray), thus allowing easy resolution by sliding
of the entrapped bivalent (from D.Z.). (C) Interlocking (arrow) during the bouquet stage (left) and corre-
sponding drawing; right entanglements (arrow) start at late leptotene during coalignment. Scale bar, 2 pm.
(From Storlazzi et al. 2010; reprinted, with permission, from the authors.) (D) An example of interwoven
chromosomes in Sordaria mer3 null mutant with corresponding drawing. (From Storlazzi et al. 2010; with

permission, from the authors.) RN, Recombination nodule; nu, nucleus.

For organisms that carry out the canonical
meiotic program, long-standing dogma has held
that the role of the bouquet is to bring homologs
together in a simplified spatial arrangement that
facilitates their efficient and topologically regu-
lar pairing (e.g., Scherthan 2001). However, re-
cent observations suggest that initial homolog
juxtaposition may not be the major role of this
configuration. Homologs are brought together
much earlier via global pairing and/or local
pairing, coupling and general clustering pro-
cesses (see above), after which DSB-mediated
coalignment occurs, during leptotene. Only
then do the “bouquet stage” and associated
movements occur, during zygotene, contempo-
raneous with SC formation. Thus, in plants and
filamentous fungi like Sordaria and Neurospora,
coalignment is almost complete before telomere

clustering into the bouquet (reviewed in Zickler
2006); in human male meiosis, synapsis initiates
before any bouquet is present (Tankimanova
et al. 2004); and in budding yeast, both the
bouquet and the associated dynamic chro-
mosome movements occur only at zygotene
and pachytene, and thus after the main job of
pairing has been substantially accomplished
(Scherthan et al. 2007; Koszul et al. 2008). Cor-
respondingly, earlier “rapid prophase move-
ments” that promote pairing in yeast (see above)
are not only earlier than but are not function-
ally related to occurrence of the bouquet (Lee
et al. 2012).

What, then, is the role of the bouquet con-
figuration and, more generally, the mid-pro-
phase telomere movements that, in the classical
program, create this state? Once the pairing pro-
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cess is underway, telomere-led motion could
help to move chromosomes out of the way of
one another to permit full-length pairing. An-
other attractive possibility is that these motions
promote resolution of entanglements (Zickler
2006; Koszul et al. 2008; Storlazzi et al. 2010;
Kleckner et al. 2012; Klutstein and Cooper
2014). Whole-chromosome entanglements,
known as “interlocks,” occur during the lepto-
tene pairing process and during synapsis but are
absent (and thus must be actively resolved) by
the end of pachytene (reviewed in von Wettstein
et al. 1984; Zickler and Kleckner 1999; Storlazzi
et al. 2010). In interlock configurations, either
one chromosome or a pair of chromosomes
is entrapped between two aligned homologs
held in place by SC formation to either side
(Fig. 4B,C). One model proposes resolution by
DNA topoisomerase II-mediated passage of the
trapped chromosome through the encircling
one (von Wettstein et al. 1984). Another model
proposes telomere-led motion promoting the
movement of an interlocked chromosome out
the ends of the entrapping pair of homologs
(Kleckner and Weiner 1993; Storlazzi et al.
2010).

Topological resolution of chromosome in-
terlockings will also require resolution of con-
straining DNA connections resulting from re-
combination intermediates already formed in
the synapsed regions flanking the entrapped
chromosome or bivalent. Recombination pro-
tein Mlh1, which has been found to be required
for interlocking resolution in Sordaria, could
play such a role (Storlazzi et al. 2010). The re-
combination complex might sense the presence
of constraining DNA connections and trigger
their Mlh1-mediated dissolution. This role for
Mlh1 might be related to its general ability to
trigger the disassembly of recombination com-
plexes whose interacting duplexes contain DNA
mismatches (e.g., Hunter 2007). Active chro-
mosome movement should similarly facilitate
elimination of unwanted DNA links of other
types, for example, ectopic recombinational in-
teractions between homologous regions located
on different chromosomes (Goldman and
Lichten 2000; reviewed in Ding et al. 2004; Davis
and Smith 2006; Conrad et al. 2008; Koszul and
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Kleckner 2009; further discussion in Klutstein
and Cooper 2014).

This view of the canonical program is sup-
ported by findings in other programs. In C. el-
egans, PC-directed movement not only helps to
bring homologous chromosomes into contact,
but acts as a stringency factor to eliminate un-
wanted contacts, for example, between PCs on
nonhomologous chromosomes that share com-
mon ZnF proteins (reviewed in Liu and Colaia-
covo 2013; Rog and Dernburg 2013). Similarly,
in S. pombe, movement disfavors ectopic inter-
actions as well as promoting homologous inter-
actions (Ding et al. 2004; Davis and Smith
2006).

THE SYNAPTONEMAL COMPLEX
Structure

The structure of the SC is as evolutionarily con-
served as meiosis itself. Correspondingly, its
components share a common underlying struc-
tural organization but the level of their primary
amino acid sequence homology is very low, re-
flecting the fact that these molecules play pri-
marily structural roles, rather than catalytic
roles (Page and Hawley 2004; Mercier and Gre-
lon 2008; Wojtasz et al. 2009; Yang and Wang
2009; Schild-Priifert et al. 2011; Fraune et al.
2012). Also, as this structural role depends
heavily on contacts with other molecules, with-
in a given organism, evolution of these mole-
cules must be constrained by their need to in-
teract with one another, rather than by the need
to conserve specific catalytic elements of the
molecules individually. For example, dimers of
the large coiled-coil protein Zipl/SCP1/
SYCP1/C(3)G/SYP-1/ZEP1/Z1P1 form the
transverse filaments of the SC central region in
all organisms (e.g., Higgins et al. 2005; Hawley
2011; Miao et al. 2013). They were previously
thought to be the sole SC central element com-
ponents, but they are in fact associated with
additional proteins different in number, locali-
zation, and perhaps function from one organ-
ism to the other: SYCE1, SYCE2, SYCE3, and
Tex12 in mammals; Cona in Drosophila, SYP-2,
SYP-3, SYP-4 in worm; and Ecm11, Gmc2 in
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budding yeast (reviewed in Bolcun-Filas et al.
2007; Hawley 2011; Schild-Priifert et al. 2011;
Davies et al. 2012; Fraune et al. 2012; Gomez
et al. 2013; Humphryes et al. 2013). However,
despite the identification of several new AE and
central region components in recent years, we
are only beginning to understand how they in-
teract precisely to form the SC (Davies et al.
2012), how they are regulated, and, more im-
portantly, what is/are the function(s) of the SC.
Several lines of evidence suggest that the
small ubiquitin-like modifier (SUMO) is in-
volved in the regulation of SC formation. First,
sumoylation of budding yeast E2, Ubc9 enzyme
is required for SC formation (Klug et al. 2013;
reviewed in Watts and Hoffmann 2011). Mam-
malian UBC9, the SUMO E2-conjugating en-
zyme, associates with the SC and interacts with
several SC proteins (Kovalenko et al. 1996; Tar-
sounas et al. 1997). Also, SC central-component
Zip1 colocalizes with SUMO both along the SC
and in polycomplexes (Cheng et al. 2006; Hook-
er and Roeder 2006; Voelkel-Meiman et al.
2013). Second, SUMO-1, one of the four mem-
bers of SUMO family, colocalizes with the SC
only at synapsed regions; moreover, both lateral
and central components are SUMOylated in hu-
man cells (Brown et al. 2008). Third, Ecm11, a
member of the SC central region of budding
yeast, is SUMOylated, and this modification is
important for the assembly of the Zip1 traverse
filaments along homologs but is dispensable for
their assembly into polycomplexes, suggesting a
specific role in promoting chromosome-associ-
ated SC polymerization (Zavec et al. 2008; Hum-
phryes et al. 2013). However, the precise role of
SUMO for SC formation remains to be defined
(see discussion in Watts and Hoffmann 2011).
Interestingly, the complexes that mediate re-
combination are physically first associated with
chromosome axes and, after SC nucleation, with
the SC central components (e.g., Moens et al.
2002; Storlazzi et al. 2010). Such association was
revealed initially from EM studies identifying
CO-correlated “nodules” localized in the SC
central region (Carpenter 1975, 1987) and con-
firmed since by immunolocalization of several
recombination proteins (e.g., Moens et al. 2002;
Higgins et al. 2004; Anderson and Stack 2005;

de Boer et al. 2006; Oliver-Bonet et al. 2007).
The SC central components are required for re-
organization of the recombination complexes
(Rad51, Mer3, and Msh4) from an on-axis po-
sition to a between-axis (thus, on the SC central
region) position concomitant with SC installa-
tion (e.g., Espagne etal. 2011). Thus, whereas in
most organisms, DSB-initiated recombination-
al interactions directly mediate both homology
searching and presynaptic homolog coalign-
ment, the SC is required, through its central
components, for the maintenance and/or turn-
over of the recombination proteins required for
maturation of the DSBs into crossovers (e.g.,
Borner et al. 2004; Storlazzi et al. 2010; Espagne
et al. 2011; Qiao et al. 2012; Yokoo et al. 2012;
Reynolds et al. 2013; De Muyt et al. 2014).

Installation: Nucleation and Limited
Extension Followed by Nonhomologous
Synapsis

In wild-type meiosis, SC installation is specifi-
cally nucleated at particular sites, rather than
initiating randomly along the chromosomes.
In the canonical program, SC nucleations occur
at multiple sites throughout the genome (e.g.,
Zickler 1977; von Wettstein et al. 1984; Albini
and Jones 1987; Zickler and Kleckner 1999;
Tankimanova et al. 2004; Henderson and Kee-
ney 2005; Tsubouchi and Roeder 2005). These
nucleations occur at sites of DSB-mediated
coaligment pairing contacts as seen cytological-
ly (Albini and Jones 1987; Oliver-Bonet et al.
2007) and as inferred from association of SC
nucleation sites with recombination ensembles
(Zickler et al. 1992; Fung et al. 2004; N Hunter,
pers. comm.).

Following coalignment, the totality of re-
combination-mediated interhomolog interac-
tions ultimately gives rise to a much smaller
number of COs/chiasmata, which are spatially
patterned in the phenomenon of “CO interfer-
ence” (see further discussion below). In bud-
ding yeast, Sordaria, and human, CO interfer-
ence is imposed during the leptotene/zygotene
transition as shown by appearance of CO nod-
ules or CO-correlated protein foci at that stage
(Bojko 1985; Zickler et al. 1992; Fung et al. 2004;
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Zhang et al. 2014b). In budding yeast, SC nu-
cleation occurs specifically at sites of CO-fated
interactions, apparently with a 1:1 relationship
between the two (Fung et al. 2004). In Sordaria,
SC nucleations occur at CO-fated sites and a
subset of other recombination interaction pre-
cursor sites. Observed patterns point to a single
interference-mediated process that gives evenly
spaced SC nucleations within, which are em-
bedded the CO-fated sites that show classical
CO interference (Zhang et al. 2014b). In other
organisms, precise timing of CO interference
is not established, but the number of SC nucle-
ations is always greater than the number of COs,
dramatically so in higher plants with very long
chromosomes and very few COs. However, CO
recombination complexes presumably occur in
a special structural context, as compared with
complexes that mature to other fates. Thus, it is
attractive to believe that, in many organisms, as
in yeast and Sordaria, SC is preferentially nucle-
ated at CO-designated sites.

SC formation is also specifically nucleated
in organisms in which SC forms before and in-
dependent of DSBs. In C. elegans, SC nucleates
preferentially at the PCs located near chromo-
some ends (Rog and Dernburg 2013). In Dro-
sophila, SC first appears at centromeres and
then initiates internally (Takeo et al. 2011; Tan-
neti et al. 2011).

Interestingly, in hypomorphic spoll and
ski8 mutants of Sordaria and budding yeast,
which show reduced numbers of DSBs, only
partial SC formation is observed (Tessé et al.
2003; Henderson and Keeney 2004; Rockmill
et al. 2013). Thus, nucleation of SC formation
at a single or few sites is not sufficient to permit
spreading of SC all along the length of a chro-
mosome. What is preventing the SC from poly-
merizing indefinitely once it has been nucleat-
ed? A link to spreading “interference” signals
has been suggested (Borner et al. 2004; Zhang
et al. 2014b). Interestingly, also, a minimum
DSB number is required for normal timing of
SC initiation and for efficient synapsis of the
smaller chromosomes in mouse (Kauppi et al.
2013) and yeast (Lee et al. 2012).

SC normally forms specifically between
coaligned homologs. However, when a chromo-
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some or chromosome region lacks a homolog
partner, SC can form between nonhomologous
chromosomes, or between adjacent regions
along a single chromosome in a “hairpin” struc-
ture (e.g., in haploid meiosis) (reviewed in
Zickler and Kleckner 1999; Gong et al. 2011).
Nonhomologous synapsis usually occurs late in
the pachytene stage (reviewed in von Wettstein
et al. 1984; Zickler and Kleckner 1999), high-
lighting the fact homologous synapsis is specif-
ically dependent on nucleation.

In certain unusual situations, SCs can form
between two “single” AEs, provided either by
sisters (e.g., in the cohesin rec8 mutant) or by
unreplicated homologs (Pukkila et al. 1995; Xu
etal. 2005). Specific features must preclude such
events in normal meiosis. SC can also assemble
along chromosomes in the absence of key axis
components (Pelttari et al. 2001). Moreover, SC
components have a tendency to self-assemble
outside of chromosomes leading to the forma-
tion of aggregates called polycomplexes, partic-
ularly in situations in which normal synapsis is
perturbed (Sym and Roeder 1995; Zickler and
Kleckner 1999; Ollinger et al. 2005), reflecting
a balance between normal installation and ag-
gregation.

Roles: Recombination and Beyond

The SC likely has both global roles for chromo-
somes and local roles at sites of recombination
(see also, e.g., de Boer and Heyting 2006; Yang
and Wang 2009; Fraune et al. 2012; Lake and
Hawley 2012; Qiao et al. 2012; Liu and Colaia-
covo 2013).

The most obvious global role of the SCis to
provide order within the nucleus during late
prophase. At early stages, homologs are linked
along their lengths by the large number of co-
alignment linkages that represent total DSB-
mediated recombinational interactions. How-
ever, at ensuing stages, after CO/NCO differen-
tiation, NCO-fated DSBs lose their link to the
homolog partner at the DNA level (Hunter
2007) and also are likely released from the SC
(see discussion in Terasawa et al. 2007). After
this point, because COs are very few, the SC is
essential for holding homologs together during
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CO maturation and until onset of diplotene
(Zickler and Kleckner 1999; Qiao et al. 2012).

Diverse local SC roles have been identified
or proposed:

1. The SC may stabilize chromosome structure
around sites of COs. CO-designation can
lead to remodeling of chromosome axes (e.g.,
Martinez-Perez et al. 2008; Storlazzi et al.
2008). In addition, crossing-over at the DNA
level requires some accompanying structural
axis modification (“axis exchange”) (Blat
et al. 2002; Storlazzi et al. 2008). Thus, a
role of the SC could be to stabilize chromo-
some structure against this local turbulence.
Indeed, in mouse, retention of SC coincides
with axis exchange, consistent with a role for
the SC in guiding that process while diplo-
tene chiasmata are forming (Qiao et al.
2012). SC may also prevent aberrant axis re-
modeling as shown by occurrence of telo-
meric fusions in mouse sycpl mutants
(Qiao et al. 2012).

2. SC plays direct positive roles in recombina-
tion. Mutations in SC components univer-
sally confer recombination defects, particu-
larly for CO recombination. In yeast, SC
component Zipl is required specifically for
progression of CO-fated events just after the
point of CO/NCO differentiation, concom-
itant with SC nucleation, thus reflecting lo-
cal roles of SC components (e.g., Borner
et al. 2004; Shinohara et al. 2008). Subse-
quently, fully formed SC may help constrain
the resolution of double Holliday junctions,
specifically into CO products versus NCO
products (De Muyt et al. 2012; Zakharyevich
et al. 2012), among other possible roles.

3. COs show interesting spatial patterning
along chromosomes (CO interference; see
below). Neither the SC nor SC components
nor continuous SC is required for this pro-
cess in budding yeast (Fung et al. 2004; Shi-
nohara et al. 2008; Zhang et al. 2014c¢). In
mouse, and also in Drosophila, in which in-
terference is imposed after SC formation,
continuous SC is not required (Page and
Hawley 2001; de Boer et al. 2007). However,

in C. elegans, in which interference also oc-
curs after SC formation, partial depletion of
an SC central region component confers de-
fects in the CO-designation/interference
process (Libuda et al. 2013) and complete
SC seems to be required (reviewed in Liu
and Colaiacovo 2013). Presumably, CO in-
terference requires axial chromosome struc-
ture, either homolog axes alone or axes
linked by SC, according to the details of the
particular chromosomal program involved.

. The SC might be used for monitoring of

interhomolog interactions, with its forma-
tion signaling that homologs are properly
interacting along their lengths. This could
be part of the mechanism used to sense the
presence of aberrantly entangled chromo-
somes (Storlazzi et al. 2010). Analysis of mu-
tants in the mice HORMAD genes (Wojtasz
et al. 2009; Daniel et al. 2011) and of Arabi-
dopsis mutants lacking SC central region
(Higgins et al. 2005) suggests that SC could
be centrally important in regulatory surveil-
lance of recombination.

. Recent studies also suggest that SC forma-

tion or some related /preceding event is im-
portant for shutting off recombination ini-
tiation in cis. In mouse spoll hypomorphic
mutants, chromosome axes that fail to syn-
apse show continued DSB formation. The
investigators suggest that these extra DSBs,
specifically targeted to asynapsed regions, re-
flect a “feedback process” that helps ensure
that the smallest chromosomes find their ho-
mologs (Kauppi etal. 2013). Inhibitory feed-
back between homolog engagement and
DSB formation also occurs in budding yeast
(Lee et al. 2012; Lao et al. 2013; Thacker et al.
2014).

. The SC sometimes plays a direct role in mei-

osis I homolog segregation per se. In some
organisms that do not show recombination
and thus do not form chiasmata, but do nev-
ertheless build SCs, modified SC structures
remain between bivalents, providing the
connection that ensures homolog segrega-
tion (e.g., female silkworm) (Rasmussen
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1977; for other examples, see Zickler and
Kleckner 1999). Similarly, in yeast, SC at cen-
tromeres promotes segregation of occasional
achiasmate chromosomes (Newnham et al.
2010; reviewed in Obeso et al. 2014). In bud-
ding yeast and mouse, as a regular feature of
meiosis, transient retention of SCs at centro-
meres after pachytene is proposed to pro-
mote biorientation of sister kinetochores
(Bisig et al. 2012; Qiao et al. 2012; Obeso
et al. 2014).

7. SC components can be important for cen-
tromere couplings and/or clusterings early
in, or even before, meiosis, for example, in
yeast, Drosophila, and maize (Tsubouchi and
Roeder 2005; Takeo et al. 2011; Tanneti et al.
2011; Lake and Hawley 2012; Zhang et al.
2013a,b; reviewed in Obeso et al. 2014).

CO Frequency and SC Length
Are Correlated Independently
of Genome Size
In a number of organisms, the same (genetic)
chromosome can, in different situations, show
higher versus lower CO frequencies, which are
correlated with longer versus shorter axis/SC
lengths. These relationships are seen in female
versus male in mouse and human (Bojko 1985;
Lynn et al. 2002; Tease and Hultén 2004; Hou et
al. 2013) and similarly in Arabidopsis (Drouaud
et al. 2007; Giraut et al. 2011). Such effects are
also seen in budding yeast, between different
strain backgrounds and in a condensin mutant
(Zhang et al. 2014a,c). These relationships have
sometimes been attributed to variations in CO
interference. However, this is not correct. The
metric of CO interference is physical distance
along the chromosome (see below). By this cri-
terion, the strength of interference is the same
along a particular chromosome regardless of
total SC length. Instead, these cases can all be
explained as reflecting only one variable; the
way chromosome axes and chromatin loops
arise during leptotene (Kleckner et al. 2003) as
follows.

As discussed above, meiotic chromosomes
are organized in loops anchored along a pro-
teinaceous axis, with variations in axis length

Recombination, Pairing, and Synapsis of Homologs

correlating with variations in chromatin loop
size. Because pre-DSB recombination complex-
es form in chromatin loop sequences, but in
association with chromosome axes, longer axes
with shorter loops would imply more axis-asso-
ciated complexes and thus more DSBs, but with
the same probability of DSBs per axis length in
all cases. Further, the metric for CO interference
is physical distance along the chromosome
(Drouaud et al. 2007; Petkov et al. 2007; Hou
et al. 2013; Zhang et al. 2014a). If the same ge-
nome complement is organized into longer ver-
sus shorter chromosomes with a constant den-
sity of interaxis interactions per unit length, and
CO interference is then imposed, the result will
be a higher versus lower frequency of COs with
no alteration in interference distances (Fig. 2H)
(Kleckner et al. 2003).

In accord with this suggestion: (1) analysis
of mice hypomorphic spoll mutants suggests
that DSBs are distributed among chromosomes
proportionately to axis length (Kauppi et al.
2013); (2) evidence of a direct, mechanistic re-
lationship between axis length per se and DSB
number and distribution is provided by analysis
of mutants of C. elegans condensin I complex;
its absence leads to increased axis length, which
is correlated with both increased DSB numbers
and altered localization (Mets and Meyer 2009);
(3) links between loop sizes and DSB formation
are evidenced in the mice PAR regions of the X
and Y sex chromosomes; per DNA kilobase,
DSBs occur at a 10- to 20-fold higher rate than
on autosomes, chromatin loops are fivefold
shorter in the PAR, and the axis length relative
to DNA content is 10-fold longer in the PAR
relative to the autosomes (Kauppi et al. 2011);
and (4) most strikingly, male and female human
chromosomes show all of the predicted differ-
ences: longer loops, shorter axes, fewer DSBs
(Rad51 foci) and fewer COs in male versus
shorter loops, longer axes, more Rad51 foci
and more COs in female (Gruhn et al. 2013).

SPATIAL PATTERNING DURING
RECOMBINATION

One of the most interesting features of meiotic
recombination is the fact that both DSBs and

Cite this article as Cold Spring Harb Perspect Biol 2015;7:a016626 17


http://cshperspectives.cshlp.org/

Downloaded from http://cshperspectives.cshlp.org/ on September 2, 2024 - Published by Cold Spring Harbor Laboratory Press

fco;ﬁ?% Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voo™

www.cshperspectives.org

D. Zickler and N. Kleckner

COs tend to be evenly spaced along the chro-
mosomes by mechanisms that remain to be dis-
covered.

CO Interference

COs occur stochastically, at different positions
along the chromosomes in different meiotic nu-
clei. Nonetheless, along any given chromosome
in any given nucleus, COs tend to be evenly
spaced. This feature was discovered during the
genetic elucidation of recombination in Dro-
sophila as the classical phenomenon of “CO in-
terference” (Sturtevant 1915; Muller 1916; re-
viewed in Berchowitz and Copenhaver 2010). If
a CO has occurred at one position along a chro-
mosome, there is a reduced probability that an-
other CO will occur nearby; moreover, the
strength of this interference decreases with in-
creasing distance between the two positions.
This patterning process is interesting because
itimplies the existence of communication along
the chromosomes, the basis for which is un-
known.

Models for CO Interference

Models for CO patterning can be considered
either on the basis of their mechanism or their
underlying logic. In all models, a CO-designa-
tion process operates on an array of “precursor”
interactions that correspond to DSB-mediated
interhomolog interactions (e.g., bridges, see
above). In the first detailed model by King
and Mortimer (1990), a CO designation at a
given precursor site triggered a polymerization
signal that then spread outward until it ran into
another polymerization signal triggered by a
CO designation occurring elsewhere. In this
model, the final outcome is determined by the
kinetics of CO designation and signal spread-
ing. A second model by Stahl and colleagues
(Lande and Stahl 1993), proposed that a mech-
anism began at one end of a chromosome and
“counted” precursor interactions, with CO-des-
ignation occurring after a specific (nearly) fixed
number of precursors. Arguing against this
model is the finding that the length of CO in-

terference does not change if the density of pre-
cursors is decreased (Martini et al. 2006). A
third model emerged from the idea that com-
munication for CO interference might occur via
redistribution of mechanical stress (the “beam-
film model”) (Kleckner et al. 2004; Zhang et al.
2014a). However, this model also implies a gen-
eral logic for the process. In essence, CO-desig-
nations occur sequentially along a chromo-
some, with each designation event triggering
an interference signal that decreases exponen-
tially with distance away from the nucleating
site. The latter feature contrasts with the logic
of the King and Mortimer model or the count-
ing model. In a mechanical mechanism, all pre-
cursors come under mechanical stress; CO-des-
ignation is promoted when that stress reaches a
critical level and, consequently, results in local
relief of stress; finally, interference results from
redistribution of that stress relief outward from
the nucleation site. Importantly, however, the
basic logic of the beam-film model, and a spe-
cific mathematical formulation developed in a
mechanical context, can apply to any type of
mechanism for communication including a dis-
sipating molecular signal without any role for a
mechanical effect or a reaction, diffusion mech-
anism (e.g., Vecchiarelli et al. 2014). Applica-
tion of beam-film analysis suggests that this log-
ic can very accurately explain CO patterningin a
wide variety of organisms and mutant situa-
tions (Zhang et al. 2014a,c). Another way of
modeling CO patterning is to ask whether ob-
served patterns are explained by any particular
mathematical distribution pattern. Consider-
able attention has been given to modeling by
the vy distribution, (often used to analyze CO
patterns) of which the “counting model” is a
special case (e.g., McPeek and Speed 1995; Fal-
que et al. 2007). This approach only describes
the final outcome of the process, without regard
to any other features. Finally, the possibility has
been raised that the final CO interference pat-
tern might arise in two stages (de Boer et al.
2006; Yokoo et al. 2012). Such a model appears
unlikely in Sordaria and some other organisms
(De Muyt et al. 2014; Zhang et al. 2014b) but
remains to be further assessed (further discus-
sion below).
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The Obligatory CO and the Precursor
Distribution

To a first approximation, regular segregation
of a pair of homologs requires at least one CO
(chiasma). This biological requirement is man-
ifested in the fact that, in most systems, the fre-
quency of zero-CO chromosomes is extremely
low. Indeed, in a number of cases, a particular
pair of homologs (or, in C. elegans, all pairs of
homologs), always acquires one and only one
CO. Given the biological imperative, this is
sometimes said to imply the existence of a first
“obligatory CO” (Jones and Franklin 2006). In
the King and Mortimer model, precursors were
assumed to be distributed randomly along and
among chromosomes. As a result, some chro-
mosomes would fail to acquire even one precur-
sor and thus would also fail to acquire even one
CO. To address this possibility, the model envi-
sioned that the interference signal triggered re-
lease and recycling of precursors to regions in
which interference had not yet had an effect,
thus ensuring that eventually all chromosomes
would get at least one CO. The y model (and the
counting model) also both assume a random
distribution of precursors. However, experi-
mental evidence suggests that this assumption
is wrong. This is particularly obvious in Sorda-
ria,inwhich DSB-mediated interactions are very
evenly spaced along the chromosomes, likely
also with similar numbers per chromosome
among all nuclei (Storlazzi et al. 2010; D Zickler
and N Kleckner, unpubl.). These same tenden-
cies are likely present in other organisms (e.g.,
Zhang et al. 2014a). Furthermore, the implica-
tion of the King and Mortimer model is that CO
interference would be required for ensuring a
low level of zero-CO chromosomes (the obliga-
tory CO). In contrast, in the logic of the beam-
film model, interference is irrelevant to the
obligatory CO, which is ensured instead by an
appropriate constellation of effects including pre-
cursor distribution and the “strength” of the CO-
designation process (Zhang et al. 2014a). In ac-
cord with such a model, in budding yeast, a sig-
nificant reduction in interference can occur
without any discernible effect on the frequency
of zero-CO chromosomes (Zhang et al. 2014c).

Recombination, Pairing, and Synapsis of Homologs

CO Homeostasis

When the density of precursors (i.e., DSBs) is
decreased, there is a less than proportionate de-
crease in the number of COs (Martini et al.
2006). This “homeostatic” effect results from
the fact that, for a given precursor, its probabil-
ity of being subjected to interference (and thus
its probability of giving a CO) will decrease
if there are fewer precursors (Zhang et al.
2014a,c). Analysis of several mutants showed
that Topoll is required for both interference
and homeostasis, suggesting a common under-
lying process, supporting the direct relationship
originally proposed (Martini et al. 2006). The
beam-film model can quantitatively explain the
link between CO and homeostasis in budding
yeast and Drosophila (Zhang et al. 2014a,c).

Mechanism of CO Interference

There is relatively little information about the
mechanism of CO patterning. However, it is
clear that chromosome continuity is required
for transmission of interference in C. elegans
(Hillers and Villeneuve 2003) and that the
“metric” for interference is physical distance
along the chromosomes (micrometers) rather
than “genomic distance” (Mb) (see above). It
is also clear that the structural axes of the chro-
mosomes are required, in accord with the fact
that all aspects of recombination occur in asso-
ciation with these axes. In most organisms, CO
interference does not require any, or continuous
SC. However, the SC is required in C. elegans,
presumably because, in this organism, it is an
integral component of the structural axes at the
relevant time (see above). A number of mutants
defective in CO patterning have been described
and are, operationally, defective in interference
as defined by classical genetic tests (e.g., Cris-
mani et al. 2012). It is often difficult to know
whether the mutant defect actually reflects an
alteration in the patterning process per se or
some more general aberration in the recombi-
nation process. One recent study has identified
a pathway of events that appears to be directly
important for the interference process in bud-
ding yeast. This pathway involves the catalytic
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activity of Topoisomerase II plus Ubc9-mediat-
ed SUMOylation and SIx5/8-mediated STUbL
(SUMO-targeted ubiquitin ligase) activity
(Zhang et al. 2014c).

DSB Patterning

The nonrandom distribution of CO precursors
along and among chromosomes (see above) im-
plies the existence of process(es) that act at an
early stage to determine the patterning of DSBs
and/or DSB-initiated interhomolog interac-
tions. Correspondingly, in yeast, occurrence of
a DSB at one position is accompanied by a de-
creased probability that another DSB will occur
nearby (Wu and Lichten 1994). The nature of
this communication process, which could po-
tentially be linked to concomitantly occurring
chromosome axis development, remains to be
determined.

SUMMARY

During meiosis, DNA events of recombination
are directly integrated with structural features of
chromosomes and complex global whole chro-
mosome behaviors at all stages of the program,
with functional interplay in both directions.
Interestingly, these processes follow a general
principle of progressive stability. During the
meiotic interhomolog interaction process, ini-
tial interactions are unstable, thus permitting
rapid reversible sampling subject to correction,
but become more molecularly robust as the pro-
cess proceeds. DSB-independent pairing, DSB-
mediated homology searching, nascent DSB/
partner interactions and interaxis bridges, pre-
double Holliday junction intermediates, and
double Holliday junctions in the context of the
SC occur in succession, each involving more
stable interactions than the stages before, until
finally a molecularly irreversible CO product
arises (Weiner and Kleckner 1994; Boateng et
al. 2013).

These fascinating events, which underlie the
fundamental process of sexual reproduction,
provide fertile ground for future explorations.
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