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Abstract

Meiotic recombination has two key functions: the faithful assortment of chromosomes into
gametes and the creation of genetic diversity. Both processes require that meiotic recombination
occurs between homologous chromosomes, rather than sister chromatids. Accordingly, a host of
regulatory factors are activated during meiosis to distinguish sisters from homologues, suppress
recombination between sister chromatids and promote the chromatids of the homologous
chromosome as the preferred recombination partners. Here, we discuss the recent advances in our
understanding of the mechanistic basis of meiotic recombination template choice, focusing
primarily on developments in the budding yeast, Saccharomyces cerevisiae, where the regulation
is currently best understood.

Meiosis
Sexually reproducing organisms are faced with the challenge of promoting genetic diversity
in offspring whilst maintaining genome stability. The controlled reshuffling of genetic
information is achieved by meiosis, a specialized cell division program that generates
haploid gametes from a diploid progenitor. The unique division pattern of meiosis features
one round of DNA replication followed by two successive nuclear divisions. The first
division segregates homologous chromosomes inherited from different parents, whereas the
second division separates sister chromatids. Prior to homologue disjunction in meiosis I,
self-inflicted DNA double-strand breaks (DSBs) trigger recombination between homologous
chromosomes. In addition to providing a source of sequence diversity in offspring, the
immediate purpose of this genetic exchange is to create physical links between homologues
in the form of crossovers (Figure 1A). These links resist the pulling force of the meiosis |
spindle and help properly orient homologous chromosome pairs in the division plane,
thereby ensuring accurate homologue segregation. Errors in in this process, in particular
failure to form a crossover and inappropriate placement of crossovers, are a major cause of
infertility and birth defects, such as trisomy 21 (Down Syndrome) [1]. As a result, there is
constant regulatory pressure throughout meiotic recombination to reach a suitable crossover
outcome.
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The Mechanism of Meiotic Recombination

Meiotic recombination occurs through highly controlled DSB repair. DSBs are created by
the Spol11 endonuclease and form predominantly at DSB hotspots. Following breakage,
DSB ends get rapidly resected to produce 3’ single-stranded tails, which become coated with
replication protein A and stimulate a DNA damage signaling cascade related to the DNA
damage response in mitotic cells. DSB repair in meiosis occurs exclusively by homologous
recombination (HR), which requires a homologous DNA sequence (the homologous
chromosome or the sister chromatid) to act as a template molecule for repair-associated
DNA synthesis. Locating the correct repair template is aided by a variety of pairing
mechanisms and relies on sequence- or chromosome-structure-related homology [2].
Individual 3’ single-stranded tails, coated with recombinase enzymes, are thought to be the
primary effectors of sequence-dependent homology search, and have been suggested to act
as a “homology-searching tentacle’ extending into the nucleus [3]. Strand invasion occurs by
insertion of the resected end into the template duplex, followed by limited synthesis-
dependent extension of the invading end and displacement of the non-template strand. If
stabilized, this structure matures into a single-end invasion (SEI) intermediate [4]. The other
resected end is then incorporated into this structure, forming a stable double Holliday
junction (dHJ), a major recombination intermediate in many organisms [5]. Under normal
circumstances, dHJs are almost exclusively resolved as crossovers, leading to the reciprocal
exchange of DNA sequences between homologues. If the invading strand fails to be
stabilized, it is expunged and processed by synthesis-dependent strand annealing (SDSA) to
form a non-crossover product. Unlike crossovers, non-crossovers do not contribute to
accurate homologue segregation (Figure 1A & B).

Distinguishing Repair Templates

To ensure productive crossover linkage, meiotic recombination is strongly biased toward the
homologous chromosome, rather than the sister chromatid, which is the preferred repair
template of DNA damage in mitotic cells. The need to differentiate between sister
chromatids and homologous (non-sister) chromatids represents an intriguing mechanistic
problem, as there is no intrinsic difference at the DNA level that reliably distinguishes the
two. Although homologous chromosomes often encode abundant sequence polymorphisms
(in particular in outcrossing populations), repair template bias is also observed in isogenic
laboratory organisms, whose homologous chromosome pairs are for all intents and purposes
identical at the sequence level. Any mechanisms controlling repair template choice must
therefore be acting at the level of epigenetics, chromosome structure or spatial arrangement
of chromosomes in the nucleus. Available evidence suggests that the mitotic cells’ inter-
sister (IS) repair bias results to a large extent from the spatial proximity of sister chromatids.
This proximity is an inherent consequence of DNA replication and is stabilized by
deposition of cohesin complexes, and cohesin-independent associations including sister
chromatid intertwining [3, 6], making the sister chromatids more readily available for repair
interactions. Meiotic cells must overcome this inherent sister bias to promote inter-
homologue (IH) recombination. In recent years, a number of molecular mechanisms,
involving specialized recombinase pathways and profound modifications of chromosome
structure, have been uncovered that play fundamental roles in mediating meiotic repair
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template choice. Here, we give a brief overview of the molecular assays of template choice
and then describe our current understanding of the molecular mechanisms driving repair
template bias in meiosis.

Experimental Determination of Template Choice

The quantitative measurement of recombination partner choice is technically challenging
because of the difficulty in measuring recombination between sister chromatids. IH
recombination often can be readily detected by the genetic transfer of sequence information
between parental homologues. The occurrence of such ‘molecular scars’ of recombination
has been used successfully in S. cerevisiae to capture the majority of crossover and non-
crossover events genome-wide and obtain a global view of IH recombination [7-9]. By
contrast, sister chromatids are genetically identical, rendering observation of IS
recombination outcome impossible. As a result, IS recombination is frequently inferred
indirectly by comparing IH recombination outcome to the levels of DSB formation in the
corresponding genomic region [10, 11]. Regions that exhibit high DSB formation, but low
IH recombination are then assumed to be repaired by IS recombination. For example, IS
recombination was inferred to be increased near centromeres based on the observation that
DSB formation was repressed 2-fold in centromere-proximal regions compared to the
genome average [12], whereas IH recombination was shown to be 6-fold less [7]. This type
of inference can also be made by comparing DSB levels to binding of known markers of 1H-
crossovers, for example Zip3 in S. cerevisiae [13] or COSA-1 in C. elegans [14], but is
inherently limited by the lack of direct evidence of IS recombination.

Direct analysis of IS recombination is possible as long as the two recombining chromatids
are in physical contact during repair, because the recombination intermediates form
branched DNA species that can be analyzed using 2D gel separation and Southern blotting
(Figure 1B & C). If the two homologous chromosomes carry restriction site polymorphisms
surrounding the site of repair, this assay allows quantitative analysis of both IH and IS
intermediates. The HIS4-LEUZ2 hotspot in S. cerevisiae is the most widely used for this
purpose and has greatly advanced our understanding of the role of meiotic factors involved
in template choice and progression of recombination [4]. 2D gel quantification of dHJs in
wild-type cells reveals a 5:1 IH:1S ratio at this hotspot in meiotic cells (Figure 2A, red bars)
[3], and a 1:4 IH:1S ratio following DSB induction in mitotic cells, showing the expected
strong IS bias to preserve genome integrity during vegetative growth (Figure 2A) [15].
Although HISA-LEU2 is not an endogenous hotspot and contains bacterially derived DNA
sequences, a similar meiotic 4.5:1 ratio has also been observed at the naturally ‘DSB-hot’
ERGL1 hotspot, suggesting that HISA-LEUZ is a good model for other ‘DSB-hot” hotspots [4,
16]. It is currently not possible to determine whether a similar bias also applies to weaker
hotspots in S cerevisiae. This is particularly relevant because weak and strong DSB hotspots
in the fission yeast S. pombe have been inferred to be subject to dramatically different levels
of template bias. Direct physical analysis of template choice at the mbsl ‘DSB-hot’ hotspot,
revealed a strong repair bias toward the sister chromatid of ~1:4 IH:IS [17], whereas a DSB-
cold region was found by genetic analysis to exhibit a high level of IH recombination [18,
19], suggesting that weak S. pombe hotspots have a strong IH bias. However, confirmation
of these inferences will have to await the development of unbiased genomic tools for direct
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analysis of meiotic template bias. For the purpose of this review, we will focus
predominantly on studies using the HIS4-LEUZ2 hotspot, which has been the workhorse for
the mechanistic analysis of meiotic template choice.

Mechanisms Controlling Meiotic Template Choice

Studies in various organisms have demonstrated that multiple cooperative groups of factors
are involved in regulating meiotic template bias (summarized in Figure 1B). These factors
can be grouped roughly into instructive signals and interpreters. The instructive signals
comprise factors (mostly chromosomal proteins) that differentiate sister chromatids from
homologous chromosomes and create a barrier to IS repair. The interpreters (essentially the
recombinases and their accessory factors) in turn read these instructive signals to avoid the
sister and thus invade the homologous chromosome. Furthermore, it appears that the initial
determination of template choice occurs at a very early stage of meiosis, and must be
maintained until resolution of recombination intermediates to obtain suitable outcomes, a
process that requires the meiotic cohesin complex [3].

Instructive Signals of Meiotic Inter-Homologue Bias

Available evidence suggests that meiotic cells take advantage of the inherent spatial
proximity of sister chromatids and the assembly of a highly specialized chromosome
architecture to establish a barrier to IS repair. Meiotic chromosomes assemble into
characteristic structures featuring associated sister chromatids compacted along a dense axis,
from which loops of chromatin protrude. This architecture plays a central role in the control
of multiple steps of meiotic recombination, including the establishment of IH bias [20-24].
In S cerevisiae, the meiotic chromosome axis comprises the meiosis-specific phospho-
proteins Red1 and Hop1, as well as the meiotic cohesin complex, which is partially
responsible for recruiting Red1 and Hopl to chromosomes [25]. Consistent with a central
function of the axis in mediating meiotic template choice, deletion of Red1 dramatically
alters the 1H:1S dHJ ratio at HISA-LEU2 from 5:1 in wild type to 1:9, producing a strong IS
bias (Figure 2A- blue bars) [20, 26]. The strong IS bias caused by defective axis factors
reflects a likely reversion to mitotic-like HR, based on the associated rapid resection rates, a
feature of mitotic HR [3, 27], the independence from meiosis-specific repair factors [20],
and the fact that the axis-less chromatin probably highly resembles mitotic chromosomes.
Analysis of SEIs (Figure 1C) suggests that axis proteins create template choice bias at an
early stage of recombination. IH SEIs appear to dominate in wild-type cells, whereas 1S
SEls are the major species in axis-defective mutants [3], suggesting that the meiotic axis
functions at the strand-invasion stage to promote IH bias, which appears intuitive as the
inhibition of recombinase function is a major output of axis-dependent signaling (see
below).

The major effector of axis-mediated IH bias is the meiotic kinase Mek1. Mek1 is recruited
to chromosomes in a Red1 and Hopl-dependent manner and phosphorylates a number of
targets to locally suppress the activity of homologous recombination factors. Accordingly,
an inhibitor-sensitive allele of Mek1 (mek1-as), which allows inhibition of kinase activity
when meiotic recombination is due to commence, exhibits the same strong IS bias as
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deletion of Red1 [3, 21, 28]. Notably, constitutive activation of Mek1 delays not only IS
repair but also IH repair, suggesting that Mek1 activity is generally counteracting the HR
machinery [29]. Thus, Mek1 cannot be active chromosome-wide, as it would then likely
inhibit repair from all possible repair templates. Instead, Mek1 activation is coupled to sites
of DSB formation through the action of the DNA damage-responsive kinases Mec1 and
Tell. These two kinases phosphorylate Hopl on threonine 318, which along with Red1 is
required for the recruitment, dimerization and activation and subsequent
autophosphorylation of Mek1 kinase [21, 30-32]. In this manner, Mek1 activity is limited to
the sequences in immediate spatial proximity of DSBs (i.e. the sister), and leaves the allelic
sequences of the homologous chromosomes available for repair.

Signal Interpreters: the Role of RecA-like Recombinases

The regulation of RecA-like recombinases is one of the central mechanisms for establishing
meiotic template choice. RecA is a bacterial recombinase that binds single-stranded DNA to
form a nucleoprotein filament that facilitates recombination by catalyzing strand invasion
[33]. Many organisms, including yeasts, plants and mammals, possess two RecA
homologues; Rad51, which functions in both mitotic and meiotic cells, and a meiosis-
specific protein, Dmc1 [34]. The interplay between these two recombinases to promote
homologue bias in meiosis presents an intriguingly complex situation. The theoretical
simplicity of having one recombinase for each of the two break ends could suggest an
asymmetrical loading model, whereby one resected end would contain Dmc1 and be capable
of IH invasion, and the other would be bound by Rad51 to keep the second break end
dormant until the first end is engaged for repair. Some evidence for this binding pattern was
found in certain contexts in yeast [35], and it was an accepted mechanism in A. thaliana,
where each recombinase bound to a different side of the DSB was observed [36]. However,
recent evidence discussed below does not support the presence of exclusive Dmc1 filaments
in S cerevisiae or A. thaliana.

Rad51 and Dmc1 appear biochemically almost identical, able to functionally substitute for
one another in vitro, and it is thought to be mostly the plethora of accessory proteins that
gives them their distinct roles in vivo. The DNA translocases Rad54 and Rdh54, which are
thought to function with Rad51 and Dmc1 respectively, are chromatin remodelers of the
Swi/Snf superfamily and are required for strand invasion, filament stability, and removal of
recombinases from DNA to allow DNA synthesis to occur. In vitro experiments show some
evidence of recombinase-translocase promiscuity [37], although other in vitro experiments
and extensive genetic studies would suggest a more monogamous relationship [38],
probably facilitated by additional accessory factors. Rad54 is a target of Mek1 kinase, which
phosphorylates Rad54 on threonine 132 to destabilize interaction with Rad51, thus
downregulating Rad51 activity [39]. Rad51 is also regulated by the Rad55-Rad57
heterodimer to promote strand exchange by stabilizing Rad51 filaments [40], and a recently
discovered, non-essential Rad51 accessory complex formed of Psy3-Csm2-Shul-Shu2 was
found to promote Rad51 filament assembly and stability [41]. Dmc1 activity, in turn, is
specifically stimulated by Hop2-Mnd1 [42] and Sae3-Mei5 [43].
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The involvement of these recombinases in template choice is paramount. Deletion of Rad51
(or Rad55 or Rad57) creates a strong IS bias (1:4 IH:IS at HISA-LEUZ2, Figure 2A- green
bars), which, importantly, also demonstrates the competency of Dmc1 for IS repair and
indicates that Rad51 is required for IH bias [20]. Deletion of the non-essential accessory
factors Shul and/or Psy3 results in an intermediate ratio of 1:2.5 IH:1S (Figure 2A- light
green bars) [26, 41]. By contrast, in the absence of Dmc1, very little recombination is
observed [20]. Rad51 foci are present on chromatin in dmcl strains, but DSBs remain
unrepaired, thus putting into question whether Rad51 functions as a recombinase in meiosis.
In fact, meiotic recombination occurs normally with a Rad51 allele (rad51-113A) that is
solely deficient in strand exchange activity [44]. This finding suggests that the function of
Rad51 in Dmc1-mediated repair is predominantly structural (Figure 2A- red and green bars),
whereas this is not the case with the equivalent dmc1-113A allele, which phenocopies the
dmcl null mutant [44]. This finding was confirmed in A. thaliana, where a similarly repair-
defective Rad51 allele was sufficient to promote normal Dmc1-mediated IH recombination
[45].

The failure of Rad51 to promote DSB repair in the absence of Dmc1l suggests that Rad51
recombinase activity is not active during meiosis. Indeed, Rad51 recombinase activity
appears to be specifically downregulated, which occurs in part by its meiosis-specific
inhibitor, Hed1. Hed1 binds to Rad51 on ssDNA filaments and prevents interaction between
Rad51 and Rad54, thus inhibiting Rad51 activity [46-48]. Deletion of Hed1 in an otherwise
wild-type strain causes an intermediate decrease in homologue bias (2:1 IH:1S, Figure 2A-
orange bars). However, deletion of Hed1 in a dmcl (or mndl) strain alleviates the repair
defect of these strains by allowing IS recombination to occur, thus producing a mitotic-like
1:7 IH:IS ratio (Figure 2A- green bars) [16, 26]. DSB repair can also be restored in dmcl
strains by over-expressing RAD51 or RAD54 during meiosis [49]. These observations
suggest that Rad51 recombinase activity is inhibited in meiosis to prevent IS recombination.

A recent study [50] set out to challenge these interpretations, and questioned whether Rad51
downregulation was a feature of normal meiosis, or a phenomenon seen only in meiotically
arrested cells lacking Dmc1. In this study, constitutive activation of Rad51 during meiosis
was found to cause a modest decrease in IH recombination (Figure 2A- orange bars). This
was achieved by deleting Hed1 to prevent inhibition of Rad51 and/or preventing
phosphorylation of Rad54 by the Mek1 kinase. In order to avoid using a dmcl null strain, a
functionally compromised Dmc1 allele (dmc1-T159A) was used that did not trigger
checkpoint-mediated arrest. When combined with a partially activated Rad51 background
(hedl or unphosphorylatable Rad54) no further IS bias was observed, however an additive
effect was seen when Rad51 activity was doubly uninhibited (Figure 2A- light green bars).
These data confirm that although the presence of Rad51 protein is required for effective
meiotic recombination [44], Rad51 recombinase activity is detrimental to effective IH-
biased repair.

The data outlined above suggest that a combined RecA filament, including Hed1-bound
Rad51 and active Dmcl, is required to interpret the regulatory signals of template choice
and establish IH bias (Figure 2B(i)). Dmc1 activity appears to provide the recombinase
activity of this filament, as removal of Dmc1 prevents any recombination from occurring at
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all (Figure 2B(ii)). However, the presence of Rad51 is necessary to allow the filament to
respond to signals of IH bias, as loss of Rad51 causes IS bias (Figure 2B(iii)). Conversely,
Rad51 alone can also not respond to signals of IH bias, because removal of constraints of
Rad51 activity in dmcl cells, namely deletion of Hed1 or removal of the meiotic axis
permits mitotic-like 1S-biased repair (Figure 2B(iv-vi)). The meiotic axis is known to inhibit
Rad51 activity via Mek1-mediated phosphorylation of Rad54 [39], however a broader
positive effect on IH-bias appears to occur for the combined RecA filament, possibly due to
the specialized chromatin structure creating a barrier to IS repair. These data support the
notion that the combined RecA filament is necessary to correctly interpret the axis-mediated
IS barrier.

Maintenance of IH Bias: the Role of Sister Chromatid Cohesion

Although homologue bias appears to be established at the strand-invasion step, the resulting
repair intermediates must be stabilized for this bias to be reflected at the dHJ stage. Recent
work indicates a role for the cohesin complex in this process. S. cerevisiae mutants lacking
the meiosis-specific cohesin subunit Rec8 exhibit a normal level of homologue bias for SEI
formation, but a 1:1 IH:1S dHJ ratio (Figure 2A- yellow bars), suggesting that cohesin helps
maintain IH bias beyond the SEI stage. Given that cohesin/Rec8 froms part of the meiotic
chromosome axis, a wild-type level IH bias at the SEI level is somewhat surprising.
However, Hopl (and presumably Red1) does not depend on Rec8 for its association in the
vicinity of HISA-LEU2 [51]. Moreover, a certain degree of spatial proximity and
intertwining of sister chromatids is likely maintained in the early stages of prophase even in
the absence of cohesin, thus allowing axis-dependent establishment of IH bias. At later
stages of meiotic prophase, chromosomes undergo profound chromosomal movements [52],
which may necessitate cohesin-dependent linkages to stabilize chromosome axes and
maintain repair intermediates. The 1:1 IH:1S dHJ ratio observed in rec8 is close to the ratio
expected from random repair template choice. The slight bias toward the sister (due to the
presence of two homologues and one sister) may be explained by persistent proximity of
sisters in the absence of cohesin. Deletion of Rec8 in axis-defective mutants also exhibited
the same 1:1 IH:IS dHJ ratio during meiosis, consistent with a role of cohesin in stabilizing
repair intermediates. However, intermediates are overall significantly depleted and SEI
levels are not measurable in these mutants. Both phenotypes can be suppressed to a degree
by meiotically expressing the cohesin Scc1/Mcd1 (Figure 2A- yellow/blue bars), Rec8’s
mitotic counterpart, which suggests that it is mostly sister cohesion but also additional
regulatory functions of Rec8 that affect the bias, as Rec8 is known to perform regulatory
roles in meiotic recombination independently of sister chromatid cohesion [53]. The rec8
mutant exhibits variable defects in axis distribution across the genome, which suggests that
different loci could resemble more or less wild-type axis conditions [51]. Collectively, these
analyses suggest an antagonistic relationship between meiotic cohesin and axis proteins,
whereby cohesin promotes IS recombination, but the axis counteracts this bias to a greater
extent to allow IH recombination to dominate in wild-type cells (Figure 1B). In addition to
effects of Mek1 kinase on combined RecA filament activity, this could be due to axis-
mediated localized depletion of cohesin proteins to facilitate IH recombination [26].
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Conclusion and Future Directions

The study of template choice in meiosis presents a fascinating field, with recent advances in
our ability to observe recombination intermediates on an increasingly global scale occurring
in parallel with elegant in vitro and in vivo investigations dissecting the mechanistic
functions of the host of regulatory factors involved in meiotic recombination. Many
fundamental questions still remain, particularly concerning the spatial and temporal
regulation of template choice. Template choice bias across the genome in S. pombe appears
to effectively compensate for local differences in DSB formation in order to maintain a
constant rate of crossover formation [19]. The presence of high IH bias at DSB-hot hotspots
in S. cerevisiae suggests an opposite trend in the spatial regulation of bias. Evidence of a
DSB-colder hotspot in S cerevisiae exists from quantification at a previous version of the
HISA-LEU2 hotspot, which contained 2 DSB sites and a lower overall frequency of DSB
formation. This version exhibits a lower wild-type IH:IS dHJ ratio of 2.5:1, compared to 5:1
at the currently used HIS4-LEUZ2 hotspot. The redl1 and rad51 mutants also exhibited less
extreme dHJ ratios of 1:1.72 and 1:3 respectively (Figure 2A- left side), compared to the 1:9
and 1:7 IH:IS ratios obtained using the current hotspot (Figure 2A- right side). This could be
due to improved methods of quantification but could also suggest a reduction in bias using
the less ‘hot” hotspot. The inter-species differences in bias could be a consequence of the
higher chromosome number of 16 in S. cerevisiae, compared to 3 in S. pombe, whereby
initial homologue engagement may require strong IH bias at ‘hot’ hotspots in S. cerevisiae,
and a more passive approach in S pombe can achieve the same ultimate goal of sufficient
IH-crossover formation. Emergence of other hotspots suitable for analysis, and the
advancement of genome-wide technologies are expected to further improve our
understanding of template choice bias across the genome.

Temporal regulation of template choice is another important aspect in promoting correct
crossover numbers. Although IH recombination is strongly upregulated during meiosis,
there is a vast excess of DSBs compared to crossover numbers (~15 DSBs per CO in mouse,
25in A. thaliana and 2 in S cerevisiae [54]), which requires alternative repair pathways,
including IS repair, to be employed accordingly. The wild-type 5:1 IH:1S dHJ ratio
demonstrates that IS repair remains active in meiosis, and IS repair has been shown to
function efficiently when a homologue is not available [55]. This suggests that in addition to
promoting IH-noncrossover products, IS repair could also be used to repair excess DSBs in
order to maintain correct crossover number. Indeed, a mechanism involving meiotic
chromosome restructuring that appears to target DSBs formed late in meiotic prophase into
the sister was recently reported for C. elegans [56]. Thus, spatial and temporal regulation of
template choice bias is likely a pervasive feature of meiosis in many organisms and presents
an exciting frontier in trying to integrate template bias with the meiotic program and the
formation of healthy gametes.
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A. Inter-homologue (IH) recombination by homologous recombination (HR) can be repaired
as the preferred crossover (CO) or alternative non-crossover (NCO) products. B. Initial
meiotic template choice. IH or inter-sister (1S) strand invasion results in single-end invasions
(SEls), which progress to double Holliday junctions (dHJs). MRH represents Mek1, Red1,
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Figure 2. Template Choice Bias in Meiotic Mutants
A. IH:1S dHJ ratios at the HISA-LEUZ2 hotspot. Two versions of the HISA-LEU2 hotspot are

shown: a previous hotspot is shown on the left [20], and the currently used hotspot is shown
on the right [4]. Five main mutant groups have been classified (left to right), wild type (WT;
red), hed1-like (orange), rec8/cohesin (yellow), recA-associated (green), and axis-defective
(blue). B. Schematics of altered responses to template choice regulatory signals in meiotic
mutants.
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