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Meiotic recombination heats up

Meiotic recombination is essential for the production of viable
haploid gametes in sexually-reproducing organisms, and creates
new allelic combinations, whichmay facilitate evolution by natural
selection and genetic drift (Barton & Charlesworth, 1998).
Crossovers between homologous chromosomes establish physical
connections (chiasmata) which enable proper chromosome segre-
gation. In the absence of chiasmata, homologous chromosomes
align as univalents on the metaphase plate and segregate randomly,
leading to aneuploidy and inviable gametes; in mammals this also
leads to pregnancy loss or severe mental and developmental defects
in the surviving fetus. Proper meiotic chromosome disjunction is
affected not only by the presence or absence of chiasmata, but also
by their placement along the chromosome. Crossovers that are too
distal or too proximal relative to the centromere contribute to
missegregation and aneuploidy in plants, fungi and animals
including humans (Hunt, 2006). Because growth anddevelopment
in plants is more robust to chromosomal abnormalities, plants
represent uniquely powerful tools to understand the regulation of
crossover frequency and placement; these insights also offer
practical applications in plant breeding. Precision genetic engi-
neering technologies such as the CRISPR/CAS9 system hold
enormous potential but are currently limited primarily to gene
disruption in plants. Harnessing the molecular factors that control
crossovers may enable routine targeted gene replacement. More-
over, the genes underlying traits of interest are not always known. In
these cases, manipulation of crossover frequency and distribution
would be exceedingly useful in traditional plant breeding efforts,
which require recombination between elite genetic backgrounds to
enhance the agronomic value of crops. Understanding how
environmental conditions – particularly field conditions – influ-
ence these systems will be a critical aspect of tapping into this
potential. Although it has long been known that the frequency of
crossovers can be modulated by genetic and environmental factors
such as temperature (e.g. Stern, 1926), and that mammalian
recombination hotspots are regulated by the PRDM9 protein
(Baudat et al., 2010), we have only recently begun to discover
phenomenon that explain the placement of crossovers in plants
(Higgins et al., 2012; Choi et al., 2013; Hellsten et al., 2013). In
this issue of New Phytologist, Phillips et al. (pp. 421–429) take an
important first step towards understanding the underlying
mechanics of a temperature-induced increase in crossover fre-
quency and shift in crossover distribution in barley (Hordeum
vulgare).

Crossovers in plants, fungi, and most animals are formed
through two pathways, interference-sensitive (Type I) and inter-
ference-insensitive (Type II). Type I crossovers are mediated by

ZMMproteins, and are inhibited from occurring near one another
(Shinohara et al., 2008), while Type II crossovers are mediated by
MUS81 and are unconstrained by the presence of adjacent
crossovers (Berchowitz et al., 2007). In order to assess how
temperature affects both the frequency and placement of
crossovers, Phillips et al. use immunofluorescent staining ofMLH3
foci to examine the distribution and number of Type I crossovers at
elevated and control temperatures, as well as genetic mapping to
tease apart differences between male and female meioses. The
authors find that increases in temperature result in an increase in
total crossovers, as measured bymap distance. Curiously, there was
not a corresponding increase in MLH3 foci, instead Type I
crossovers shifted fromdistal to proximal and interstitial placement
(Fig. 1). Furthermore, they find that this shift and the increase in
total crossovers occurs only in male meioses. As in Arabidopsis,
male and female meioses in barley and other cereals exhibit
differences in the frequency and placement of crossovers (hete-
rochiasmy; Drouaud et al., 2007). Their results suggest that in
barley, temperature-dependent crossovers are derived from the
Type II pathway, and that crossover homeostasis in male and
female meiosis is perhaps differentially regulated. More impor-
tantly, their findings demonstrate that not only the frequency, but
also the distribution of meiotic recombination events can be
regulated by external factors, such as temperature.

‘Because growth and development in plants is more robust

to chromosomal abnormalities, plants represent uniquely

powerful tools to understand the regulation of crossover

frequency and placement; these insights also offer practical

applications in plant breeding.’

The frequency andplacement of crossovers is tightly regulated by
at least three phenomena: crossover homeostasis, crossover assur-
ance, and interference. Studies in budding yeast have shown that
decreasing the number of double strand breaks (DSBs) to levels as
low as 20% of their original rate does not result in a corresponding
linear reduction in crossover frequency, suggesting that crossover
levels are under strict homeostatic control (Martini et al., 2006). In
addition, the distribution of crossovers among chromosomes does
not display a linear relationship with chromosome length – even
very small chromosomes are ‘assured’ at least one crossover, and the
placement of crossovers precludes the nearby placement of
additional crossovers through interference (Jones & Franklin,
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2006). In plants, placement of crossovers appears to be related to
chromatin state. In Arabidopsis and Mimulus, crossover hotspots
are most closely associated with transcriptional start sites and gene
chromatin (Choi et al., 2013; Hellsten et al., 2013); while
crossovers in cereals occur preferentially in distal regions of
chromosomes, despite a heterogeneous distribution of genes across
the chromosome arms (Higgins et al., 2012). Chromatin state
varies temporally in distal vs interstitial and proximal regions of
chromosomes, which allows chiasmata formation to occur first, and
therefore preferentially, in distal regions. Together, these data
suggest that chromatin state plays a major role in crossover
placement in plants. As well as these genetic and epigenetic
mechanisms for crossover control, the current study shows that
crossover distribution and frequency can also be moderated by
extrinsic factors, such as temperature (Phillips et al.).

In addition to environmental and classic genetic factors, aspects
of genomic structure may also moderate both the frequency and
placement of crossovers. Heterozygous F1 lines have been shown to
have an increased recombination frequency relative to their
respective parental lines (Barth et al., 2001; Ziolkowski et al.,
2015). Crossover frequency has also been found to increase in
regions of heterozygosity when heterozygous and homozygous
regions are juxtaposed, although in these cases, overall crossover
frequency remains constant. The additional crossovers in heterozy-
gous regions also cause an increase in the strength of crossover

interference, which precludes crossovers fromoccurring in adjacent
regions of homozygosity (Ziolkowski et al., 2015). Heterozygosity
in artificially synthesized polyploid Brassica also causes an increase
in Type I crossovers (Leflon et al., 2010), while whole genome
duplication alone (polyploidization) results in an increase in overall
recombination frequency in Arabidopsis and cotton (Brubaker
et al., 1999; Pecinka et al., 2011). These phenomenon may be
related to changes in methylation status, as both hybridization and
polyploidization affect methylation (reviewed in Chen, 2007), and
crossover hotspots in Arabidopsis are associated with hypomethy-
lation (Choi et al., 2013).

Work in several model systems including plants has elucidated
many of the molecular factors that mediate meiotic recombination
and regulate its frequency. Comparatively less is known about the
regulation of crossover placement and very little is known regarding
how these mechanisms interface with environmental stimuli. The
findings of Phillips et al., combined with our current knowledge of
crossover regulation, highlight several new questions concerning
the regulation of both crossover frequency and placement, as well as
in the evolution of recombination. Given the diverse conditions
under which agricultural crops are grown, is the temperature-
dependent phenomenon a general stress response, or will other
environmental conditions, such as drought or biotic stress, also alter
crossover frequency and distribution? Considering that the distri-
bution of crossovers may be governed by meoitic chromosome
dynamics in cereals, and crossover distribution in other plants such
as Arabidopsis andMimulus is affected by chromatin state, do the
meiotic temperature responses across all plants operate through the
same pathways or are these kinds of signals transduced in different
ways in different species? Accordingly, do hybridization and
polyploidization also alter the temperature response? Finally, has
the ability to regulate crossover frequency and distribution in
response to external cues played a role in the evolution of sex and
recombination? Building upon the findings of Phillips et al. will
allow us to further our understanding of crossover regulation,
which may have significant implications for human reproductive
health and crop breeding applications.
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Fig. 1 Temperature-induced increase in crossover frequency and shift in
crossover placement. Replicated homologous chromosomes are shown in
blue and green. Type I crossovers (pink bars) shift from distal to interstitial
and proximal placementwhenplants are grown at 15°C (left panels) vs 30°C
(right panels). Type II crossovers (yellow bars) presumably increase in
number; it is unknown if there is a shift in their placement. These results are
observed only in male meioses.
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