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Meiotic recombination generates genetic diversity and ensures proper chromosome segregation. Recombination is initiated
by the programmed formation of double-strand breaks (DSBs) in chromosomal DNA by DNA Topoisomerase VI-A Subunit
(SPO11), a topoisomerase-like enzyme. Repair of some DSBs leads to the formation of crossovers (COs). In most organ-
isms, including plants, the number of DSBs greatly exceeds the number of COs and which DSBs become CO sites is tightly
controlled. The CO landscape is affected by DNA sequence and epigenome features of chromosomes as well as by global
mechanisms controlling recombination dynamics. The latter are poorly understood and their effects on CO distribution are
not well elucidated. To study how recombination dynamics affects CO distribution, we engineered Arabidopsis thaliana
plants to carry hypomorphic alleles of SPO11-1. Two independent transgenic lines showed ~30% and 40% reductions in DSB
numbers, which were commensurate with the dosage of the SPO117-1 transcript. The reduction in DSB number resulted in
proportional, although smaller, reductions of the number of COs. Most interestingly, CO distribution along the chromosomes
was dramatically altered, with substantially fewer COs forming in pericentromeric chromosome regions. These results indi-

cate that SPO11 activity, and the resulting DSB numbers are major factors shaping the CO landscape.

INTRODUCTION

Meiotic recombination is the primary mechanism generating
new genetic variation in plants. Recombination is initiated by
formation of programmed double-strand breaks (DSBs) in chro-
mosomal DNA by a complex of proteins that in plants includes
two topoisomerase-like proteins, SPO11-1 and SPO11-2, as
well as several accessory proteins (Edlinger and Schlégelhofer,
2011; Vrielynck et al., 2016). The DSBs are then processed by
another protein complex named MRE11-RAD50-NBS1, which
removes SPO11 from DNA and resects the DSBs, creating single-
stranded DNA overhangs (Mimitou and Symington, 2009). The
overhangs are coated by two recombination proteins RAD51
and DMC1 (Kurzbauer et al., 2012; Brown et al., 2015), which
promotes their invasion into double-stranded DNA of the corre-
sponding regions on the homologous chromosome (Hunter and
Kleckner, 2001). Eventually, meiotic recombination results in the
formation of two recombination products, crossovers (COs) and
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non-crossovers (Hollingsworth and Brill, 2004; Rockmill et al.,
2013).

In most species, COs represent only a small fraction of re-
combination products. In Arabidopsis thaliana, there are around
150 to 250 DSBs, based on various estimates, formed per mei-
osis (Vignard et al., 2007; Serrentino and Borde, 2012). However,
DSB repair results in the formation of only ~10 COs (Higgins
et al., 2004; Chelysheva et al., 2007; Osman et al., 2011). There
are two distinct CO types (Zalevsky et al., 1999; de los Santos
et al., 2003; Wang et al., 2016), class | and class I, which are
formed by different protein complexes (Mercier et al., 2005;
Holloway et al., 2008). MLH1 and MLH3 are the key proteins
required for the formation of class | COs, whereas class || CO
formation involves MUS81 and MMS4.

A number of factors affect CO distribution along chromosomes.
Most of them are related to DNA sequence and epigenome fea-
tures of the chromosome regions preferred as sites of recombi-
nation events (Giraut et al., 2011; Choi et al., 2013; Wijnker et al.,
2013; Shilo et al., 2015; Kianian et al., 2018). CO distribution is
also shaped by globally operating mechanisms of recombination
dynamics affecting how many and which DSBs are repaired as
COs. How these mechanisms operate and how they impact CO
landscape is not clear. At least three such mechanisms exist: CO
assurance, CO interference, and CO homeostasis. CO assurance
ensures formation of at least one obligatory CO per homolo-
gous chromosome pair, which is required for proper chromo-
some orientation at metaphase | and chromosome segregation
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at anaphase | (Jones and Franklin, 2006). Interference affects
CO distribution by preventing CO formation in close proximity
to each other (Zhang et al., 2014). However, only some COs are
subject to interference. Class | COs, which constitute ~85% of
all Arabidopsis COs, are sensitive to interference (Drouaud et al.,
2013). In contrast, class Il COs, which are the remaining 15%,
are interference-insensitive (Henderson, 2012). Homeostasis af-
fects CO distribution by maintaining a stable CO number even if
the DSB number changes widely (Martini et al., 2006). However,
although CO homeostasis is robust in yeast and mouse (Martini
et al., 2006; Cole et al., 2012), its effects in plants appear to be
limited (Sidhu et al., 2015).

To study how recombination dynamics affects CO distribution,
we characterized Arabidopsis lines carrying hypomorphic alleles
of SPO11-1 and showing decreased numbers of meiotic DSBs.
While these changes did not result in major defects in DSB re-
pair, chromosome synapsis, or segregation, we discovered that
the SPO11-1 hypomorphs exhibited dramatic alterations of CO
distribution patterns, primarily due to significant decreases in
CO formation in pericentromeric regions of chromosomes.
These data indicate that SPO11 activity is a major determinant
of CO landscape.

RESULTS

Hypomorphic Alleles of SPO17-1 Exhibit Reduced
DSB Numbers

To study how DSB dynamics affects CO landscape, we ex-
pressed a wild-type copy of the SPO77-1 gene in the spo11-1
mutant background and selected hypomorphic lines exhibiting
incomplete complementation. To do this, plants of the Col-0
ecotype heterozygous for the spo17-1-3 allele (Sanchez-Moran
et al., 2007) were transformed with a construct containing the
full-length SPO77-1 gene together with its native promoter.
Then, 20 randomly selected T1 plants homozygous for the
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spo11-1-3 mutation were selected and propagated to the T2
generation.

The T2 lines displayed a broad range of defects in pollen via-
bility, ranging from severe sterility with 20% of pollen viability to
a complete fertility (i.e., 100% of pollen viability) (Figure 1A; Sup-
plemental Table 1). The decreased pollen viability phenotypes
were stable, remaining constant for at least four generations. To
quantify the number of meiotic DSBs produced in the transgenic
lines, we used an anti-yH2AX antibody, which detects phosphor-
ylation of the H2AX histone variant near DSB sites (Kurzbauer
et al., 2012). Lines without obvious pollen viability defects
(i.e., exhibiting pollen viability higher than 97%) showed ~172
to 195 yH2AX foci per meiocyte (highlighted by a circle in
Figure 1A). These numbers were similar to the ones reported in
literature for wild-type Arabidopsis plants (Vignard et al., 2007;
Serrentino and Borde, 2012). In contrast, DSB numbers in lines
with reduced pollen viability were significantly lower (Figure 1A;
Supplemental Table 1) and proportional to the decrease in pollen
viability (r = 0.94) and the SPO1717-1 transcript levels examined us-
ing real-time RT-PCR (r = 0.93) (Figure 1B; Supplemental Table 1).

For further studies, we selected two of the transgenic lines
with mild to moderate decreases in pollen viability (Supplemen-
tal Figure 1), spo11-1-w2, which exhibited an average of 129
yH2AX foci per meiocyte in zygotene, and spo17-7-w3, which
had an average of 105 yH2AX foci per meiocyte (Figures 2A
and 2B). The yH2AX focus numbers in both lines were signifi-
cantly lower (Figure 2B) than the average of 196 YH2AX foci in
wild-type Col-0 plants (Figures 2A and 2B). The DSB number
reductions were confirmed by immunolocalizing the RAD51 pro-
tein, which marks DSB sites and facilitates the first step of DSB
repair (Pradillo et al., 2014). At zygotene, there was an average
of 129 RAD51 foci in spo11-71-w2 and 105 foci in spo171-1-w3
(Figures 2C and 2D), which represented statistically significant
decreases (Figure 2D) compared with the average of 176 foci
in wild-type Col-0 (Figures 2C and 2D). Overall, the yH2AX and
RAD51 immunolocalization assays were in agreement, showing
an ~30% DSB number decrease in spo17-1-w2 and an ~40%
decrease in spo17-1-w3.
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Figure 1. Most Arabidopsis Lines Carrying the SPO177-1 Transgene Exhibit Incomplete Complementation of the spo77-7-3 Mutation.

(A) The relationship between the number meiotic DSBs, measured by the number of yH2AX foci, and pollen viability. Pollen viability was quantified
using at least 10 anthers for each line. yH2AX foci were quantified using immunolocalization experiments on ten leptotene cells for each line. Lines

without obvious pollen viability defects are indicated by a circle.

(B) The relationship between the number of yH2AX foci and the level of SPO717-1 transcript. The transcript levels of SPO77-1 in were examined using
reverse transcription quantitative PCR with the ACTIN2 gene utilized as an internal standard.
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Figure 2. Meiocytes in the spo17-7-w2 and spo17-71-w3 Lines Show Reduced Numbers of Meiotic DSBs.

(A) Analysis of meiotic DSBs formation using the anti-yH2AX antibody (red) in male meiocytes in wild-type, spo17-1-w2, and spo17-71-w3 plants.
Bars =5 pm.



In summary, these data showed that by transforming spo77-1
mutants with wild-type SPO77-1, we were able to generate a
series of transgenic lines exhibiting varying levels of SPO117-1
expression, which resulted in reduced numbers of DSBs relative
to wild type.

SPO11-1 Hypomorphs Do Not Show Abnormalities
in Synapsis

Previous studies have shown that near-complete elimination of
DSBs in Arabidopsis using null spo77 mutations resulted in se-
vere defects in chromosome synapsis, including delayed and
incomplete installation of ZIPPER1 (ZYP1), the central element
protein of the synaptonemal complex (Grelon et al., 2001; Stacey
et al., 2006; De Muyt et al., 2007).

Consequently, we conducted immunolocalization analyses
of ZYP1 (Higgins et al., 2005) along with ASY1, a protein as-
sociated with the lateral element of the synaptonemal complex
(Armstrong et al., 2002). Cytological observations with both an-
tibodies did not reveal detectable differences in spo17-71-w2 or
spo11-1-w3 compared with wild-type Col-0 plants (Figure 3).
Thus, it appears that the mild reductions in DSB number in the
hypomorphic lines did not result in serious synapsis defects.

Chromosome Appearance, Bivalent Formation, and
Chromosome Segregation Appear Normal in spo11-1-w2
and spo11-1-w3

To examine whether decreasing DSB numbers in the SPO717-1
hypomorphic lines resulted in changes in chromosome dynam-
ics, we examined chromosomes from leptotene to telophase Il in
spo11-1-w2andspo11-1-w3using4’,6-diamidino-2-phenylindole
(DAPI) staining. We found that chromosome appearance from
leptotene to telophase Il in spo717-71-w2 and spo171-1-w3 was
indistinguishable from the wild-type Col-0 (Supplemental
Figure 2). Chromosome segregation in anaphase | and Il were
also similar to the wild type. Altogether, these data indicated
that decreasing DSB numbers in the SPO77-1 hypomorphic
lines did not results in easily detectable defects in chromosome
appearance or behavior.

Centromere Interactions Do Not Appear Affected in
SPO11-1 Hypomorphic Lines

To examine whether decreasing DSB numbers disrupted the
SPO11-dependent interactions of centromeres during early
meiotic prophase | (Ronceret et al., 2009; Da Ines et al., 2012),
we examined centromere behavior using fluorescence in situ
hybridization (FISH) with a centromere-specific probe. These

Regulation of CO Distribution by Changing DSB Number 2631

analyses did not uncover obvious differences between spo717-
1-w2 and spo117-1-w3 and wild-type Col-0 plants (Supplemen-
tal Figure 3), indicating that interactions of centromeric regions
are not altered in the hypomorphic lines in a major way.

There Are No Severe Defects in DSB Repair in SPO11-1
Hypomorphic Lines

It has been reported that mutants with dramatically reduced
numbers of RAD51 foci exhibit defective DSB repair, manifested
by high numbers of RAD51 foci persisting well into pachytene
(Su et al., 2017). To investigate if this was the case in the Arabi-
dopsis SPO11-1 hypomorphs, we examined yH2AX and RAD51
foci numbers in pachytene. As criteria to identify pachytene
meiocytes, we used chromosome appearance, and their pres-
ence as bivalents, as well as the pairing status of centromere
regions detected using FISH. We found that the yH2AX and
RAD51 foci numbers in pachytene in both spo77-7-w2 and
spo11-1-w3 were similar to those in wild-type Col-0 plants
(Figures 2C and 2D). These data suggested that the more mod-
est DSB reductions exhibited by the two hypomorphic lines
have not resulted in severe defects in DSB repair.

CO Numbers Are Reduced in spo11-1-w2 and spo11-1-w3

To study how reducing DSB numbers affected recombination
dynamics, we examined CO numbers. To quantify all COs, we
counted chiasmata, cytological structures that are sites of COs
and are visible under the microscope in late meiotic prophase |
(Sanchez-Moran et al., 2002; Sidhu et al., 2015). In diakinesis,
we found, on average, 9.1 chiasmata in spo17-7-w2 (n = 45) and
8.7 chiasmata in spo17-1-w3 (n = 45) (Figures 4A and 4B). This
number indicated statistically significant CO number reductions
in both lines (Figure 4B) compared with wild-type Col-0, which
showed, on average, 10.5 chiasmata per meiocyte (n = 45)
(Figures 4A and 4B). The wild-type numbers were consistent
with the previously reported numbers of 9 to 11 COs in Arabi-
dopsis meiosis (Higgins et al., 2004; Chelysheva et al., 2007;
Giraut et al., 2011; Osman et al., 2011).

To specifically examine class | COs, we scored chromosomal
foci of MLH1. In wild-type Col-0 meiocytes, there was an aver-
age of 9.9 MLH1 foci in diplotene (n = 19) and 9.5 foci in diakine-
sis (n = 22) (Figures 4C, 4D, and 4l). In contrast, in spo11-1-w2,
we found on average of 8.9 MLH1 foci in diplotene (n = 15) and
8.2 foci in diakinesis (n = 17) (Figures 4E, 4F, and 4l), whereas in
spo11-1-w3, there were on average 8.4 MLH1 foci in diplotene
(n = 18) and 8.0 foci in diakinesis (n = 19) (Figures 4G to 4l). At
both stages, the differences between the transgenic lines and
wild type were statistically significant (Figure 4l).

Figure 2. (continued).

(B) Numbers of yH2AX loci in zygotene and pachytene in male meiocytes in wild-type, spo77-7-w2, and spo17-1-w3 plants. Data are presented as box

plots. Results of the two-tailed Student’s t test are shown.

(C) Analysis of meiotic DSBs formation using the anti-RAD51 antibody (red) in male meiocytes in wild-type, spo77-7-w2, and spo17-1-w3 plants.

Bars =5 pm.

(D) Numbers of RAD51 loci in zygotene and pachytene in male meiocytes in wild-type, spo77-1-w2, and spo771-1-w3 plants. Data are presented as

box plots. Results of the two-tailed Student’s t test are shown.
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Figure 3. Synaptonemal Complex Formation Is Not Affected in spo7117-
1-w2 and spo11-1-w3 Meiocytes.

(A) Immunolocalization of the ASY1 protein (red) in wild-type, spo77-
1-w2, and spo11-1-w3 male meiocytes in zygotene. Bars = 10 pm. In
each line, at least 10 meiocytes were examined at each stage.
(B) Immunolocalization of the ZYP1 protein (green) in wild-type, spo717-
1-w2, and spo17-7-w3 male meiocytes in pachytene. Bars = 10 pm. In
each line, at least 10 meioctytes were examined at each stage.

Altogether, the CO analyses indicated that decreasing the
DSB numbers in the SPO77-1 hypomorphic lines resulted in
reductions in the numbers of COs. The CO number decreases
were proportional, albeit smaller, to the DSB number decreases
and were primarily due to reductions in class | CO formation.

CO Distributions Are Altered in spo171-1-w2 and spo11-1-w3

In addition to examining the CO number, we also investigated
CO distribution by assessing recombination rates in several
intervals genome-wide. To do this, spo77-7-3 mutant plants
(in the Col-0 ecotype background) were backcrossed nine times
to the Landsberg erecta (Ler) ecotype. The resulting spo17-1-3
(Ler) plants were crossed to the spo17-1-w2 and spo11-1-w3
hypomorphic lines, which also carried homozygous spo717-
1-3 mutations and were in the original Col-0 background.
CO rates were assessed in male meiosis in the hybrid plants
by using them to pollinate wild-type Col-0 plants and geno-
typing the resulting BC, progeny (see Methods for more infor-
mation). For genotyping, we used 30 pairs of insertion/deletion
(InDel) markers, which were distributed fairly uniformly across
four of the five Arabidopsis chromosomes (Supplemental
Figure 4). Chromosome 3 was excluded from the analyses as
it harbors the SPO77-1 locus (Grelon et al., 2001) and the
hybrid plants needed to be homozygous for the spo77-7-3
mutation.

In the spo77-1-w2 population, we genotyped 346 plants
homozygous for spo77-7-3, along with 357 plants with het-
erozygous SPO11-1/spo11-1-3 genotype from a correspond-
ing sib population control (see Methods). For spo17-1-w3,
327 mutant plants and 316 control-sib-population plants were
genotyped. We found striking differences in chromosome-
wide recombination patterns between the two SPO77-1
hypomorphic populations and their control sibs. Both hy-
pomorphic populations exhibited significantly fewer COs
in pericentromeric regions on all chromosomes (Figure 5A).
On chromosomes 1, 4, and 5, the decreases in centromeric
bins were as much as 50%. On the other hand, CO rates on
chromosome arms in spo7171-1-w2 and spo17-1-w3 plants
were mostly similar or slightly higher than in the control pop-
ulations, exceeding 25% in only a few cases (Figure 5A). They
were also generally not significantly different between the mu-
tant and control populations.

In addition to the changes in individual intervals, we also
detected overall CO rate decreases on entire chromosomes
(Figure 5B). The overall decreases were substantially larg-
er on chromosomes 1 and 5, and the smallest on chromo-
some 2. These differences could be related to the genetic
length of chromosomes; chromosomes 1 and 5 are the lon-
gest and chromosome 2 is the shortest of Arabidopsis chro-
mosomes.

Altogether, genome-wide analyses of CO rates in populations
carrying hypomorphic alleles of SPO77-1 reveled significant
changes in CO distribution patterns, primarily caused by sub-
stantial decreases in CO numbers in pericentromeric chromo-
some regions.

DISCUSSION

Examination of recombination patterns in Arabidopsis plants
carrying hypomorphic alleles of SPO1717-1 indicated that reduced
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Figure 4. Cytological Analysis of Crossovers in Wild-Type, spo17-1-w2, and spo17-1-w3 Meiocytes.

(A) Chiasma analysis in male meiocytes in wild-type, spo77-7-w2, and spo77-1-w3 plants in diakinesis. White = chromosomes stained with DAPI.
Red = centromeres visualized using a centromere-specific FISH probe. Yellow arrows point to chiasmata. Bars = 10 um.

(B) Chiasma numbers in male meiocytes in wild-type, spo77-7-w2, and spo17-1-w3 plants. Results of the two-tailed Student’s t test are shown.

(C) to (H) Localization of the MLH1 protein foci (red) in male meiocytes in wild-type, spo77-1-w2, and spo117-1-w3 plants at diplotene ([C], [E], and [G])

and diakinesis ([D], [F], and [H]). Bars = 10 pm.

(I) Numbers of MLH1 foci in male meiocytes in wild-type, spo77-1-w2, and spo17-1-w3 plants. Results of the two-tailed Student’s t test are shown.

SPO11 activity, and the resulting change in meiotic DSB num-
bers, affected CO landscape. Other than CO distribution, reduc-
ing DSB numbers by as much as 40% did not majorly disturb
chromosome behavior.

T-DNA integration events can be associated with translo-
cations, deletions, or other types of chromosomal aberrations
(Clark and Krysan, 2010; Crismani and Mercier, 2013), which
may be capable of affecting the CO landscape. However, sev-
eral lines of evidence imply that the phenotypes we observed
were not caused by chromosomal abnormalities. (1) Very similar
CO distribution patterns were exhibited by two independently
derived transgenic lines. (2) Changes in CO patterns were
observed on all four chromosomes, whereas chromosomal ab-
errations would be expected to only affect a single (deletions,
duplications, and inversions) or two chromosomes (transloca-
tions). (3) Chromosomal aberrations would result in the appear-
ance of linkage between markers that are unlinked in wild-type
plants (Clark and Krysan, 2010), which we have not found. (4)

Aberrations such as inversions and translocations would result in
the formation of anaphase bridges, which we have not detected
(Supplemental Figures 2 and 3). (5) Heterozygous translocations
and inversions would also result in a close to 50% pollen viability
decrease (Clark and Krysan, 2010; Crismani and Mercier, 2013),
which would be much more severe than the one we observed
(Supplemental Figure 1). (6) Finally, the mutant and control pop-
ulations used for CO distribution analyses only differed by the
presence of homozygous spo17-1-3 alleles (see Methods). The
spo11-1-3 mutation has been used in numerous previous stud-
ies (Panoli et al., 2006; Stacey et al., 2006; Hartung et al., 2007;
Sanchez-Moran et al., 2007; De Storme et al., 2013) but was not
reported to result in CO pattern alterations, which indicates that
presence of the mutation alone would not be sufficient to cause
the CO distribution changes we observed. Based on all the ev-
idence, we conclude that it is highly unlikely that the changes
in CO patterns resulted from chromosomal abnormalities rather
than altered SPO117-1 expression.
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Figure 5. CO landscapes in male meiosis in spo77-1-w2 and spo17-1-w3.
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(A) Patterns of CO distribution on individual chromosomes. Green vertical bars represent centromeres. Solid lines represent CO frequency of each
interval in spo717-7-w2 (blue) and spo117-1-w3 (red) relative to sib population control. Probability values according to the Z-test are shown for intervals
in which CO rates in spo17-1-w2 (blue) and spo17-1-w3 (red) differ significantly from those in sib population control.

(B) CO reductions on each chromosome in spo77-1-w2 and spo17-1-w3 populations relative to the sib population control. Asterisks indicate statisti-

cally significant differences according to the Student’s t test.

DSB Number, Chromosome Interactions, and
CO Homeostasis

We found that reducing DSB numbers by as much as 40% did
not result in detectable defects in chromosome behavior or
cause DSB repair defects. Several studies have reported chro-
mosome interaction defects in mutant plants exhibiting very se-
vere DSB number reductions (Vrielynck et al., 2016; Pawlowski
et al., 20083; Grelon et al., 2001; Stacey et al., 2006; De Muyt
et al.,, 2007; Hartung et al., 2007; Miao et al., 2013; Ji et al.,
2016). Null mutants in Arabidopsis SPO711-1 and SPO11-2
genes exhibited absence of chromosome pairing and synapsis
(Grelon et al., 2001; Stacey et al., 2006; Hartung et al., 2007).
In contrast, the DSB number reductions in spo77-71-w2 and the
spo11-1-w3 did not result in detectable defects in chromosome
behavior. These observations suggest that there might be a nu-
merical threshold of DSBs that are required to ensure normal
chromosome interactions.

The DSB number reductions in the two hypomorphic lines
were accompanied by significant, albeit smaller, decreases in
CO numbers. These results shed new light on the functioning of
CO homeostasis in Arabidopsis. The existence of CO homeo-
stasis has been proposed in budding yeast and mouse (Martini
et al., 2006; Cole et al., 2012). However, in maize (Zea mays), CO
control is robust only at the low bound of the CO number to pro-
vide CO assurance (Sidhu et al., 2015). After the requirement of
one CO per chromosome pair is met, the CO number becomes
linearly related to the DSB number, indicating absence of CO
homeostasis. In Arabidopsis, mutants in FASCIATA 1 (FAS1), a
gene encoding one of the three subunits of Chromatin Assembly
Factor 1 (CAF-1) exhibit increased DSB formation, whereas the
CO number remained the same as in the wild type (Varas et al.,
2015). However, as the most likely cause of the DSB number in-
crease in the fas7 mutants was a chromatin structure alteration,
it cannot be excluded that the chromatin defect affected DSB
formation and CO formation independently, leading to parallel



increases of both DSBs and COs. In contrast to Varas et al.
(2015), we detected a change in CO number accompanying a
proportional change in the DSB number, which implies that the
extent of homeostasis in Arabidopsis is limited. If one assumes
that five obligate COs need to be formed in each Arabidopsis
meiocyte to ensure correct chromosome segregation and that
the remaining COs are directly proportional to the DSB num-
ber, the expected CO numbers would be 8.8 per meiocyte in
spo11-1-w2 and 8.3 in spo171-1-w3. These numbers are not
significantly different from the observed numbers. It should be
noted that our conclusions are based on a reduction of DSB
number below the wild-type level, whereas Varas et al. (2015) ex-
amined a DSB number increase over the wild-type level. These
two directions of DSB number change could trigger different
responses. For example, a threshold mechanism may exist to
prevent CO number increase to avoid genome instability.
Interestingly, the changes in the CO number in spo771-1-w2
and spo11-1-w3 were mostly due to changes in the number of
class | COs, as measured by the eventual number of MLH1 foci
present at diakinesis. Although we cannot exclude that class Il
COs were not affected at all, because their numbers are relatively
small compared with class | COs, we conclude that the overall
CO number change was not predominantly due to class Il COs.

DSB Number and Recombination Dynamics

Our most unexpected finding was that reductions of DSB num-
bers resulted in dramatic alterations of CO distribution patterns,
with substantially fewer COs formed in pericentromeric chro-
mosome regions. Studies of recombination dynamics have sug-
gested that early forming DSBs are more likely to be repaired
as COs (Kauppi et al., 2013). However, lowering SPO117-1 ex-
pression would be unlikely to alter where on chromosomes
the first DSBs were formed. Instead, we hypothesize that de-
creasing DSB numbers changed their densities on chromo-
somes, which affected recombination dynamics. Alternatively,
a possible mechanism for such interaction may be provided by
studies of COs on sex chromosomes in mouse. Guaranteeing
the formation of a CO in the relatively short pseudoautosomal
region of sex chromosomes requires higher DSB densities than
the ones present on autosomes (Kauppi et al., 2011). Hence,
DSB density may be a major factor determining the ability of
specific chromosome regions to become CO sites. Such mech-
anism could be responsible for the CO number decrease in
pericentromeric regions in the SPO17-1 hypomorphs. Meiotic
chromosome interactions in Arabidopsis initiate with pairing of
centromeres (Ronceret et al., 2009; Da Ines et al., 2012). CO for-
mation in pericentromeric regions may take place during these
centromere-initiated early pairing interactions. Lower DSB den-
sities could result in fewer COs being formed near centromeres,
which allows chromosome arms to become CO sites. The latter
further decreases CO formation in pericentromeric regions due
to CO interference (Jones and Franklin, 2006)

It is very notable that the patterns of CO redistribution in spo77-
1-w2 and spo11-1-w3 were similar to the CO patterns reported
in the Arabidopsis ddm1 and met1 mutants exhibiting reduced
DNA methylation (Colomé-Tatché et al., 2012; Melamed-Bessudo
and Levy, 2012; Mirouze et al., 2012; Yelina et al., 2012)
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(Supplemental Figure 5). CO rate decreases in pericentromeric
regions in these mutants were unexpected as DNA methylation
loss in these normally highly methylated regions should have
resulted in increased recombination. Consequently, it has been
proposed that decreasing DNA methylation levels must have al-
tered chromatin structure of whole chromosomes, making the
already open chromatin in distal regions even more accessible
to recombination than in wild type (Colomé-Tatché et al., 2012;
Melamed-Bessudo and Levy, 2012; Mirouze et al., 2012; Yelina
et al., 2012).

Altogether, our data indicate that SPO11 activity is a major
determinant of CO distribution. We propose that its interplay
with chromatin modification patterns shapes CO landscape.
Similarities between the CO distribution patterns in the SPO7117-1
hypomorphic lines and in the met1 as well as ddm1 mutants
suggest that the magnitude of the effect of recombination dy-
namics on CO distribution is similar to the impact of chromatin
structure.

In addition to furthering the understanding of factors that
shape CO landscape, our data provide a unique example of how
genetic diversity in species and populations can be modulated
by expression levels of a single gene. These findings may also
be useful for the efforts to modify CO patterns in crops for more
efficient breeding.

METHODS
Growing and Genotyping spo17-1-3 Mutant Plants

Seeds of Arabidopsis thaliana Columbia ecotype (Col-0, CS3879) and
the SALK spo17-7-3 mutant line (SALK_146172) were obtained from the
ABRC. The seeds were surface-sterilized using 70% ethanol for 1 min,
followed by 50% bleach for 10 min, and washed four times with sterilized
water for 1 min each time. They were then germinated on half-strength
Murashige and Skoog (MS) agar medium containing 1% sucrose and
grown in a growth chamber with a photoperiod of 16 h light (300 micro-
moles of quanta per meter squared per second) at 22°C and 8 h dark
at 20°C for 7 d. Seedlings were transferred to soil and grown under the
same conditions. The methods of DNA extraction and genotyping were
described previously (He et al., 2009). PCR primers used for genotyping
are listed in Supplemental Table 2.

Complementation of the spo77-1-3 Mutant Using SPO17-1
Native Promoter Driving a Full-Length SPO171-1 Coding
Sequence Fragment

The Arabidopsis SPO177-1 promoter (from —1067 to —1 bp) was ampli-
fied from genomic DNA using primers SPO11-1L and SPO11-1R that
included Sacl and Ncol restriction sites, respectively. The amplified frag-
ment was cloned into the pGEM-T vector (Promega). Once the cloning
accuracy was verified by sequencing, the promoter sequence was sub-
cloned into pPCAMBIA1305 to generate the transformation construct. The
full-length coding sequence of SPO77-1 was cloned into the pGEM-T
vector using primers SPO11-2L and SPO11-2R with Ncol and Pmil re-
striction sites and then subcloned into Prog,,,, .\GUS to generate the

Pro :SPO11-1 construct by replacing the GUS fragment. Sequences

SPO11-1"
of all primers used in construct generation are listed in Supplemental

Table 2. The Prog,,, ,;.SPO11-1 construct was transferred into Agrobac-
terium tumefaciens strain GV3101 and subsequently transformed into

spo11-1-3 heterozygous plants through the floral dip method (Clough
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and Bent, 1998). Transgenic plants were selected using 50 ng/uL hy-
gromycin. Twenty spo17-7-3 homozygous plants with a range of pollen
viability were selected for subsequent analysis.

RNA Extraction and RT-qPCR

RNA was extracted from young buds using an RNeasy Plant Mini Kit
(Qiagen). cDNA was synthesized from 5 pg of total RNA using the
ProtoScript First Strand cDNA Synthesis Kit (New England Biolabs) fol-
lowing the manufacturer’s instructions. Quantitative real-time PCR was
conducted using the ABI 7500 real-time PCR system (Applied Biosys-
tems) according to the manufacturer’s instructions. PCR amplifications
were performed in a total volume of 20 pL. Reaction mixtures contained
10 pL Taq Universal SYBR Green Supermix (Bio-Rad), 0.5 pL 10 ng/pL of
forward and reverse primers (SPO11-1-3L and SPO11-1-3R), and 2 pL of
diluted cDNA. The PCR program was as follows: 95°C for 30 s, followed
by 40 cycles of 95°C for 5 s and 60°C for 34 s. The relative expression
of SPO11-1 in different transgenic plants was first normalized using the
expression level of ACTIN2 as an internal control and further calculated
using the ratio of the expression in transgenic plants relative to wild-type
plants. Data shown were the averages of three independent experiments.
Primer sequences are listed in Supplemental Table 2.

Pollen Viability Analysis

Pollen viability was examined using Alexander staining (Alexander, 1969).

Chromosome Spreading

Meiotic chromosome spreads were performed as described by Ross
et al. (1996). Chromosomes were stained by DAPI (Vector Lab) and ex-
amined under a fluorescence microscope.

FISH

FISH was performed as described by Furner et al. (1998) with some mod-
ifications. After the fixation step and spreading, the slides were treated
with 70% deionized formamide in 2x SSC for 5 min at 95°C, and dehy-
drated using a 70 to 100% ethanol series. Approximately 10 pL hybrid-
ization buffer containing 1 pL probe was applied to the slides, which were
hybridized for 3 h at 37°C in @ humid chamber. Then, slides were washed
in 2x SSC four times and counterstained using DAPI. An oligonucleotide
5'-GGTTGCGGTTTAAGTTCTTATACTCAATCATACACATGAC-3' labeled
with FITC at the 5’'end was used for centromere detection (Ronceret
et al., 2009). Images were obtained using a Zeiss Axio Imager A2 micro-
scope and examined in Photoshop CS3 (Adobe Systems). FISH analysis
was conducted following a previously published procedure (Han et al.,
2009).

Immunostaining

Immunostaining was conducted as described previously (Wang et al.,
2012). Primary antibodies used for immunofluorescence experiment
were diluted as follows: 1:100 for ZYP1 (Wang et al., 2012) and MLH1
(Chelysheva et al., 2010), 1:300 for ASY1 (Wang et al., 2012), and 1:200
for yH2AX (Miao et al., 2013) and RAD51 (Wang et al., 2012). Images
were collected using a Zeiss Axio Imager A2 microscope (Zeiss) and
processed in Photoshop 5.0 (Adobe Systems). The Rad51 and yH2AX
foci in all lines were counted and statistically analyzed using Image Tool
version 3.0 (Collins, 2007). The Image tool 3.0 developed by UTHSCSA
(University of Texas Health Science Center, San Antonio, TX) was used to
quantify the number of foci. Images sharing the same size and resolution
were expanded into full view so that foci could be easily observed. Foci

were identified manually and counted automatically using the “Analysis-
Count and Tag” feature.

CO Pattern Analysis

To examine CO distribution in the spo77-7-w2 population, Ler/Col spo11-
1-83/spo11-1-3 spo11-1-w2/+ hybrid plants and their Ler/Col SPO11-1/
spo11-1-3 spo11-1-w2/+ sibs were identified and crossed as males to
wild-type Col plants to create BC, progeny. An identical crossing scheme
was used to create BC, progeny using the spo77-7-w3 transgenic line.
To maintain the transgenic construct, the seeds of transgenic plants were
germinated on the MS medium containing hygromycin. To examine CO
patterns, we used 30 InDel PCR markers distributed roughly uniformly
across four Arabidopsis chromosomes (Supplemental Table 2). Genotyp-
ing data were uploaded into MapDisto (http://mapdisto.free.fr/) (Lorieux,
2012) for the recombination ratio calculation as previously described
(Mirouze et al., 2012).

Accession Numbers

Sequence data from this article can be found at https://www.arabidopsis.
org under accession number AT3G13170 (SPO11-1).

Supplemental Data

Supplemental Figure 1. Pollen viability in wild-type, spo17-71-w2, and
spo11-1-w3 plants.

Supplemental Figure 2. Meiosis progression in male meiocytes in
wild-type, spo17-1-w2, and spo17-71-w3 plants (n = 10 for each line
at each stage).

Supplemental Figure 3. Analysis of chromosome dynamics in male
meiocytes in wild-type, spo77-7-w2, and spo17-1-w3 using a cen-
tromere FISH probe (red) (n = 10 for each line at each stage).

Supplemental Figure 4. Locations of makers used for CO rate
analysis.

Supplemental Figure 5. Comparison of the effects of met1, spo77-
1-w2, and spo11-1-w3 on CO distribution.

Supplemental Table 1. Pollen viability, number of yH2AX foci, and
relative expression of SPO177-1 in each transgenic line.

Supplemental Table 2. Primers used in the study.
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