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During meiosis, crossovers (COs) are typically required to ensure
faithful chromosomal segregation. Despite the requirement for at
least one CO between each pair of chromosomes, closely spaced
double COs are usually underrepresented due to a phenomenon
called CO interference. Like Mus musculus and Saccharomyces cer-
evisiae, Arabidopsis thaliana has both interference-sensitive
(Class I) and interference-insensitive (Class II) COs. However, the
underlying mechanism controlling CO distribution remains largely
elusive. Both AtMUS81 and AtFANCD2 promote the formation of
Class II CO. Using both AtHEI10 and AtMLH1 immunostaining, two
markers of Class I COs, we show that AtFANCD2 but not AtMUS81
is required for normal Class I CO distribution among chromosomes.
Depleting AtFANCD2 leads to a CO distribution pattern that is
intermediate between that of wild-type and a Poisson distribution.
Moreover, in Atfancm, Atfigl1, and Atrmi1 mutants where
increased Class II CO frequency has been reported previously, we
observe Class I CO distribution patterns that are strikingly similar
to Atfancd2. Surprisingly, we found that AtFANCD2 plays opposite
roles in regulating CO frequency in Atfancm compared with either
in Atfigl1 or Atrmi1. Together, these results reveal that although
AtFANCD2, AtFANCM, AtFIGL1, and AtRMI1 regulate Class II CO
frequency by distinct mechanisms, they have similar roles in con-
trolling the distribution of Class I COs among chromosomes.
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Meiosis is a specialized cell division process that includes
two rounds of chromosome segregation following a single

round of premeiotic DNA replication and is essential for sexual
reproduction in most eukaryotes. During meiosis, homologous
recombination (HR) is employed to repair double strand
breaks (DSBs) catalyzed by the SPO11 transesterase, yielding
crossovers (COs) or noncrossovers (1). In most eukaryotes,
meiotic COs are required to ensure the faithful segregation of
homologous chromosomes (homologs). COs create new hap-
lotypes, which in turn generate phenotypic diversity among
offspring (2). Numerous studies in multiple species have
shown that the number and distribution of COs are tightly
regulated (3, 4). For instance, the model plant Arabidopsis
thaliana has about 10 COs during each meiosis (5) that are
nonrandomly distributed along and among chromosomes.
Despite the small number of COs, each of the five pairs of
Arabidopsis homologs experiences at least one CO—a phe-
nomenon known as CO assurance (6). A second regulatory
mechanism, CO interference, inhibits closely spaced double
COs (7). However, the molecular mechanisms controlling CO
distribution are elusive.

Most eukaryotes have two kinds of COs (1): Class I COs that
are sensitive to interference and Class II COs which are interfer-
ence insensitive. In wild-type (WT) Arabidopsis, 85 to 90% of
COs belong to Class I and are mediated by the ZMM group of

proteins (Zip1-4, Mer3, and Msh4-5) and MLH1/3 (8–13). Class
II COs can be generated by at least two parallel pathways in Ara-
bidopsis (14–16), which depend on either the structure-specific
endonuclease AtMUS81 (15, 16) or a homolog of Fanconi Ane-
mia Complementation Group D2 (AtFANCD2) (14). The homo-
log of the Holliday junction resolvase GEN1 is required for the
formation of Class II CO in rice (17) but not in Arabidopsis (18),
suggesting that Class II CO pathways have diverged between
monocots and dicots. In addition to pro–Class II CO factors, Ara-
bidopsis has at least three anti–Class II CO mechanisms: the
AtFANCM helicase and its cofactors AtMHF1 and AtMHF2
(19, 20); members of BLM-TOP3-RMI1 (BTR) complex
AtRECQ4A, AtRECQ4B, AtTOP3α, and AtRMI1 (21, 22); and
AtFIGL1 AAA-ATPase and its interacting protein AtFLIP1
(23, 24). Interestingly, although total CO frequency increases and
Class I CO numbers remain unchanged when these anti–Class II
CO pathways are perturbed, univalents are still occasionally
observed, suggesting that CO assurance has also been weakened
(22, 23).

In this study, we investigated the influence of AtFANCD2,
AtFANCM, AtFIGL1, and AtRMI1 on the distribution of Class
I COs among chromosomes. We demonstrate that these factors
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have a role in promoting a non-Poisson distribution of Class I
COs among chromosomes.

Results
WT Non-Poisson Distribution of Class I COs Requires AtFANCD2 but
Not AtMUS81. In Arabidopsis, the distribution of total COs
among chromosomes deviates from a Poisson distribution (10,
25). To characterize the distribution of Class I COs among
chromosomes specifically, we immunostained diakinesis male
meiocytes using an anti-AtHEI10 antibody that marks only
Class I COs (9, 26) (Fig. 1 A–D). WT meiocytes have an aver-
age of 1.92 AtHEI10 foci (n = 275; range 1 to 4) per bivalent,
and the distribution is markedly centralized toward the modal
value of 2 foci (Fig. 1E). This distribution deviates significantly
from the Poisson expectation (P < 0.01) (Fig. 1E). The Poisson
distribution is a distribution of independent events occurring at
a constant mean frequency (expressed as λ here) in a fixed
number of intervals (in this case, bivalents) (12). Based on the
Poisson expectation, ∼11% of the bivalents should lack
AtHEI10 foci (range 0 to 6), with a coefficient of variation (CV,
SD divided by the mean) of 67% compared to the CV of 30%
observed in WT (Fig. 1F).

Class I COs frequencies do not decrease in Atfancd2-1, but
13% of metaphase I meiocytes have univalents (homologous
chromosomes not held together by a CO) (14). Consistent with
those observations, the number of AtHEI10 foci per cell in
Atfancd2-1 (9.14 ± 1.9) is similar to WT (9.58 ± 1.26, P = 0.23)
(SI Appendix, Fig. S1), but their distribution differs from WT
and Poisson (Fig. 1E) (P values are listed in SI Appendix, Table
S1). In Atfancd2-1, the range of AtHEI10 foci numbers per
bivalent increases to 0 to 5. Compared with the WT distribu-
tion, the percentage of bivalents with two AtHEI10 foci
decreases from 66.5 to 42.8% in Atfancd2-1 with coordinate
increases in the proportions of other classes. Notably, 3.9% of
Atfancd2-1 chromosomes lack AtHEI10 foci. We observed a
similar alteration of CO distribution using another Class I CO
marker AtMLH1, in Atfancd2-1 (SI Appendix, Fig. S2). Overall,
the CO distribution in Atfancd2 is more diffuse than WT but
more centralized than a Poisson distribution. A second allele,
Atfancd2-2, has a similar distribution of AtHEI10 foci (Fig. 1E
and SI Appendix, Table S1). By contrast, another pro–Class II
CO factor mutant Atmus81-1 has an AtHEI10 foci distribution
indistinguishable from WT (Fig. 1E and SI Appendix, Table S1).
Intriguingly, although the distribution of Class I COs in
Atfancd2 mutants deviates from both WT and Poisson expecta-
tions it does not deviate significantly from the average of the
WTand Poisson distributions [designated as (WT + Poisson)/2]
(Fig. 1E and SI Appendix, Table S1). Similarly, the CVs of the
Atfancd2 mutants (50.4 and 50.9%) are close to the average of
the WT and Poisson CVs (48.7%) (Fig. 1F). These data imply
that AtFANCD2 accounts for 50% of the difference between
the WT distribution of Class I COs among chromosomes and a
Poisson distribution.

We analyzed the effect of AtFANCD2 on the distance
between adjacent Class I COs relative to the total length of the
chromosomes as previously reported (27). The interfoci dis-
tance is significantly smaller in Atfancd2-1 (0.36 ± 0.18, n = 95
pairs of AtHEI10 foci in 21 cells; P < 0.01) and Atfancd2-2
(0.33 ± 0.18, n = 85 pairs of AtHEI10 foci in 21 cells; P < 0.01)
compared to WT (0.45 ± 0.18, n = 194 pairs of AtHEI10 foci in
37 cells) but not in Atmus81-1 (0.46 ± 0.17, n = 119 pairs of
AtHEI10 foci in 27 cells; P = 0.58) (Fig. 1G). This suggests that
Class I COs are positioned more closely in Atfancd2 than in
WT, indicating weaker CO interference. A previous study
reported a 14% reduction of COs in Atfancd2-1 based on cyto-
logical analysis of chiasmata (14). Differentiating closely spaced
chiasmata can be challenging, and our results suggest that

inter-CO spacing may be reduced in Atfancd2 mutants, so we
performed a similar analysis in an Atmsh4 background, which
should eliminate ZMM-dependent Class I COs (Fig. 1H). We
confirmed the previous difference between WT and Atfancd2-1
(WT, 9.95 ± 1.08, n = 56; Atfancd2-1, 8.55 ± 1.83, n = 53, P <
0.01) and a significant reduction of chiasmata in Atmsh4
Atfancd2-1 (1.27 ± 1.03, n = 56, P < 0.05) compared to Atmsh4
(1.74 ± 1.19, n = 69) (Fig. 1I).

AtFANCM, AtFIGL1, and AtRMI1 Are Similar to AtFANCD2 in
Regulating Class I CO Distribution. We previously demonstrated
that FANCM is required for the normal distribution of Class I
COs in both Lactuca sativa and Arabidopsis (28). In addition,
the observation of meiotic univalents in Atfigl1 and Atrmi1
mutants (22, 23) suggests that despite elevated CO frequencies,
COs are not appropriately distributed in these backgrounds.
Here, we analyze the role of AtFANCM, AtFIGL1, and
AtRMI1 in controlling Class I CO distribution. The Atfancm-3,
Atrmi1-2, and Atrmi1-5 mutant alleles have been described pre-
viously (22, 29), and the positions of T-DNA (transfer DNA)
insertions in two Atfigl1 alleles (designated as Atfigl1-17 and
Atfigl1-18) are shown in SI Appendix, Fig. S3. Consistent with
previous studies (19, 22, 24), AtFANCM, AtFIGL1, and
AtRMI1 have no obvious effect on the frequency of Class I
COs (SI Appendix, Fig. S1). The chromosomal distributions of
AtHEI10 foci in Atfigl1-17, Atfigl1-18, Atrmi1-2, Atrmi1-5, and
Atfancm-3 are similar to (WT + Poisson)/2, and all of them dif-
fer significantly with both WT and Poisson distributions (Fig. 2
A–G and SI Appendix, Table S1). In these mutants, 4 to 6% of
homolog pairs lack AtHEI10 foci, and the percentage of biva-
lents with two foci declines to 43 to 48% relative to 67% in WT
(Fig. 2G). The CVs in these mutants are also close to the aver-
age of the WT and Poisson CVs (Fig. 2H). These data suggest
that AtFANCD2, AtFANCM, AtFIGL1, and AtRMI1 play sim-
ilar roles in controlling the distribution of Class I CO among
chromosomes. Therefore, the univalents previously described
in Atfigl1-1 and Atrmi1-5 mutants (22, 23) may be a result of
the aberrant Class I CO distribution. Similarly, we found univa-
lent at frequencies of 6.67% (n = 3/45) in Atfancm-3, 13.46%
(n = 7/52) in Atfigl1-17, and 13.89% (n = 5/36) in Atfigl1-18
(Fig. 2I) at metaphase I. Consistent with the inter-CO distance
phenotype observed in Atfancd2-1, the distances between adja-
cent AtHEI10 foci in Atfancm-3 (0.37 ± 0.20, n = 109 pairs of
AtHEI10 foci in 23 cells), Atfigl1-17 (0.39 ± 0.20, n = 96 pairs
of AtHEI10 foci in 25 cells), and Atrmi1-5 (0.37 ± 0.17, n = 94
pairs of AtHEI10 foci in 22 cells) are shorter than that in WT
(P < 0.01 for Atfancm-3 versus WT, Atfigl1-17 versus WT, and
Atrmi1-5 versus WT) (Fig. 2J).

The striking similarity in how Atfancd2, Atfancm, Atfigl1, and
Atrmi1 mutants influence the distribution of Class I CO among
chromosomes indicates that these proteins might have conver-
gent roles in regulating meiotic CO distribution. To test this
hypothesis, we compared the distribution of AtHEI10 foci in
double mutants and the corresponding single mutants (Fig. 3
A–H). As shown in Fig. 3I, there is no discernable difference
between the distributions observed in any of the single mutants
compared to any of the double mutant combinations, or with
(WT + Poisson)/2, but each of the single mutants and each of
the double mutants have distributions that significantly deviate
from both WT and Poisson distributions. These data suggest
that these factors act in a similar manner to regulate the distri-
bution Class I CO among chromosomes.

AtFANCM, AtFIGL1, and AtRMI1 Regulate Class I CO Distribution
Independent of Promoting the Formation of AtFANCD2-Dependent
CO. As AtFANCD2, AtFANCM, AtFIGL1, and AtRMI1 all act
to regulate the distribution Class I CO among chromosomes sim-
ilarly, we tested whether AtFANCM, AtFIGL1, and AtRMI1 are
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required for the formation of AtFANCD2-dependent COs. We
first estimated the number of AtFANCD2-dependent chiasmata
on metaphase I bivalents (Fig. 4 A and B). As shown in Fig. 4C,
the number of chiasmata decreases from 1.74 (±1.19, n = 69) in
Atmsh4 to 1.27 (±1.03, n = 56, P < 0.05) in Atmsh4 Atfancd2. We
observed a larger reduction from 8.47 (±2.39, n = 43) chiasmata
in Atmsh4 Atfancm-3 to 6.26 (±2.45, n = 47, P < 0.01) in
Atmsh4 Atfancm-3 Atfancd2-1, indicating that the number of
AtFANCD2-dependent chiasmata increases from 0.47 in Atmsh4

to 2.21 in Atmsh4 Atfancm-3. We validated the alteration of
AtFANCD2-dependent CO frequency by analyzing four genetic
intervals (I2a, I2b, I5c, and I5d) with the fluorescent tagged lines
(FTLs) system (30). As shown in Fig. 4D and SI Appendix, Table
S2, disruption of AtFANCD2 in WT results in a general trend
down but only reaches statistical significance in one interval I5d.
By comparison, map distances in all four intervals are signifi-
cantly decreased in Atfancm-3 Atfancd2-1 double mutants com-
pared to Atfancm-3. Both chiasma counting and FTL data
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Fig. 1. Normal distribution of Class I COs requires AtFANCD2 but not AtMUS81. (A–D) Immunostaining of AtHEI10 at diakinesis in WT, Atmus81-1,
Atfancd2-1, and Atfancd2-2, respectively. DAPI-stained chromosomes are shown in white, and AtHEI10 foci are shown in green. (E) Distributions of the
number of AtHEI10 foci on homologous chromosome pairs (bivalents) in WT, Atmus81-1, Atfancd2-1, and Atfancd2-2, compared to (WT + Poisson)/2 and
Poisson expectations. n.s., not significant, **P < 0.01 χ2 test. (F) CVs in the distribution of AtHEI10 foci per homolog pairs in WT, Atmus81-1, Atfancd2-1,
Atfancd2-2, and the Poisson expectation. The red dash line indicates the mean of the WT and Poisson CVs. (G) The distance between adjacent AtHEI10
foci in WT, Atmus81-1, Atfancd2-1, and Atfancd2-2 expressed as a percentage of bivalent length. Error bars indicate SD. n.s., not significant, **P < 0.01
two-tailed Mann–Whitney U test. (H) Meiotic chromosome morphologies of WT, Atfancd2-1, Atmsh4, and Atmsh4 Atfancd2-1 at metaphase I. (I) The
number of chiasmata per nucleus in WT, Atfancd2-1, Atmsh4, and Atmsh4 Atfancd2-1, based on metaphase I bivalent conformations. Error bars indicate
SD. *P < 0.05, **P < 0.01 two-tailed Mann–Whitney U test. (Scale bars, 5 μm.)
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suggest the existence of AtFANCD2-dependent COs in Atfancm-3.
Thus, in addition to suppressing AtMUS81-dependent COs,
AtFANCM may also limit AtFANCD2-dependent COs. To exam-
ine the influence of AtFIGL1 and AtRMI1 on the number of
AtFANCD2-dependent CO, we conducted similar analyses in
Atfigl1-17 and Atrmi1-5 backgrounds. Intriguingly, we show that

AtFANCD2 mutation leads to a 34% increase in chiasma fre-
quency in Atmsh4 Atfigl1-17 and a 127% increase in Atmsh4
Atrmi1-5 backgrounds (Atmsh4 Atfigl1-17, 7.11 ± 2.37, n = 47,
Atmsh4 Atfigl1-17 Atfancd2-1, 9.51 ± 2.02, n = 37, P < 0.01;
Atmsh4 Atrmi1-5, 3.85 ± 2.61, n = 48, Atmsh4 Atrmi1-5 Atfancd2-1,
8.73 ± 1.91, n = 33, P < 0.01) (Fig. 4C). FTL analyses also
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Fig. 3. AtFANCD2, AtFANCM, AtFIGL1, and AtRMI1 regulate the distribution of Class I CO among chromosomes similarly. (A–H) Immunostaining of
AtHEI10 at diakinesis in WT, Atfancd2-1, Atfancm-3 Atfigl1-17, Atfancm-3 Atrmi1-5, Atfigl1-17 Atrmi1-5, Atfancm-3 Atfancd2-1, Atfigl1-17 Atfancd2-1,
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χ2 test. (Scale bars, 5 μm.)
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showed that mutating AtFANCD2 significantly increases CO
frequency in Atfigl1-17 or Atrmi1-5 backgrounds (Fig. 4D and
SI Appendix, Table S2). These results demonstrate that some of
the extra COs in an Atfancm background are AtFANCD2
dependent, but unexpectedly, AtFANCD2 appears to inhibit
some extra CO formation in Atfigl1 and Atrmi1 backgrounds.
These disparate phenotypes indicate a complex regulation of
hyperrecombinant states. Furthermore, consistent with previ-
ous reports (14, 19, 22, 24), tetrad analysis of two pairs of inter-
vals showed reduced interference in Atfancm-3, Atfigl1-17, and
Atrmi1-5 compared to WT (SI Appendix, Fig. S4) but not
between Atfancd2-1 and WT (SI Appendix, Fig. S4).

In Atmsh4 Atfigl1-17 Atfancd2-1 and Atmsh4 Atrmi1-5
Atfancd2-1, both Class I COs and AtFANCD2-dependent COs
are absent, suggesting that the remaining COs are AtMUS81
dependent. Atrmi1 but not Atfigl1 alleles are synthetic lethal in
combination with Atmus81 (22, 24), so we tested whether the
increased COs in Atfigl1-17 Atfancd2-1, as compared to Atfigl1-
17, are dependent on AtMUS81. We observed chromosome
fragments, multivalents, and bivalents in Atfigl1-17 Atmus81-1
and Atfigl1-17 Atmus81-1 Atfancd2-1 at metaphase I. The num-
ber of countable bivalents in these mutant backgrounds is nega-
tively correlated with the severity of the meiotic defects. We
observed 4.88 ± 0.32 (n = 25) bivalents at metaphase I in
Atfigl1-17, 1.78 ± 1.31 (n = 27) in Atfigl1-17 Atmus81-1, and
0.96 ± 0.73 (n = 23) in Atfigl1-17 Atmus81-1 Atfancd2-1 (Fig. 4
E and G; P < 0.01 two-tailed Mann–Whitney U test). Consis-
tent with these observations, we found that the number of via-
ble pollens per anther decreased from 408 ± 34 (n = 27) in
Atfigl1-17 to 49.07 ± 20.8 (n = 44) in Atfigl1-17 Atmus81-1 and
17.03 ± 7.67 (n = 33) in Atfigl1-17 Atfancd2-1 Atmus81-1. (Fig.
4 F and H; P < 0.01 two-tailed Mann–Whitney U test). These
results support the idea that more recombination intermediates
depend on AtMUS81 for resolution in Atfigl1-17 Atfancd2-1
versus Atfigl1-17. Together, our data suggest that AtFANCD2’s
role as a pro–Class II CO factor is dependent on a context in
which AtFIGL1 and AtRMI1 are active, but the role of all
these factors in promoting a WT non-Poisson distribution of
Class I COs among the chromosomes is not similarly context

dependent, indicating that the two phenotypes (CO frequency
and CO distribution) are separable.

Discussion
A Genetic Pathway in Regulating the Distribution of Interference-
Sensitive CO. We present a model describing meiotic CO fre-
quency and the distribution of Type I CO among chromosomes
(Fig. 5). The first part of the model summarizes prior studies that
delineated the resolution of DSB repair intermediates into non-
COs by the synthesis-dependent strand annealing pathway or
COs by other pathways. The majority of COs are interference-
sensitive (Class I) events processed by the ZMM class of pro-
teins. A small set of COs are not sensitive to interference (Class
II) and are mediated by AtMUS81 or AtFANCD2. AtMUS81-
dependent COs are inhibited by AtFANCM, AtFIGL1, and
AtRMI1 (Fig. 5A). Here, we show that, in addition to suppress-
ing AtMUS81-dependent COs, AtFANCM also inhibits
AtFANCD2-dependent COs (Fig. 5B). Moreover, we propose
that AtFANCD2 has a conditional role in limiting Class II COs
when AtFIGL1 or AtRMI1 are inactivated (Fig. 5B). It has been
reported that the distribution of total COs among Arabidopsis
chromosomes deviates from a Poisson distribution (10, 25). We
show that AtFANCD2, AtFANCM, AtFIGL1, and AtRMI1 have
a similar function that promotes the non-Poisson distribution of
Class I COs among chromosomes. Interestingly, disrupting any
single factor or any combination of two factors results in an
altered Class I CO distribution that is an average of the WT state
and a Poisson distribution. This is a strikingly consistent pheno-
type across mutant backgrounds and suggests that AtFANCD2,
AtFANCM, AtFIGL1, and AtRMI1 are converging on a com-
mon mechanism to control roughly half of the variance between
the WTand Poisson distributions (Fig. 5C).

FANCD2, FANCM, FIGL1, and RMI1 function interde-
pendently to facilitate HR-mediated DNA repair in vertebrates’
somatic cells (31–37). In humans, FANCM is part of a core
complex with multiple functions, including the monoubiquitina-
tion of FANCD2 that participates in repair of DNA interstrand
cross-links (31–33). In addition, FANCM directly interacts with
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TOP3a and RMI1 in BTR complex to bridge FA and BTR
pathways (34), and the BTR complex was shown to promote
the activation of FA pathway (35). Human FIGNL1-associated
protein KIAA0146/SPIDR binds to BLM, the homologs of
AtRECQ4A/B, to participate in somatic HR (36, 37). However,
during Arabidopsis meiotic recombination, AtFANCD2 pro-
motes a subset of Class II COs while AtFANCM, AtFIGL1,
and AtRMI1 limit Class II CO by different mechanisms (14,
19, 22, 24). As described above (Fig. 3), we show that they play
a similar role in controlling the distribution of Class I COs.
However, our genetic analyses reveal that AtFANCD2 has
opposing roles in mediating CO number in Atfancm compared
with either in Atfigl1 or Atrmi1. The consistency in regulating
CO distribution and the dissimilarity in controlling CO fre-
quency among AtFANCD2, AtFANCM, AtFIGL1, and
AtRMI1 suggest that CO distribution and CO frequency are
controlled separately.

It has been reported that E1 enzyme of the neddylation com-
plex AtAXR1 (38) and kinesin AtPSS1 control Class I CO dis-
tribution in Arabidopsis (39). In contrast to our findings, Ataxr1
and Atpss1 have an additional serious defect in homologs syn-
apsis, suggesting that the altered distribution of Class I CO in
these two mutants might be the result of aberrant chromosome
configuration (38, 39). Unlike the Class I CO distributions we
observed in Atfancd2-1, Atfancm-3, Atfigl1-17, or Atrmi1-5 (and
their double mutant combinations), those seen in Atpss1 (39)
and Ataxr1 (38) do not appear to be similar to a Poisson or
(WT + Poisson)/2 distribution supporting the idea that they
influence CO distribution in a distinct manner.

The Possible Relationship among CO Interference and CO Assurance
in Arabidopsis. Reduced CO interference in Atfancm, Atfigl1,
and Atrmi1 has been reported in previous studies based on
FTL analyses (19, 22, 24) and this study (SI Appendix, Fig. S4).
However, FTL analysis uses total CO numbers (30) rather than
focusing specifically on Class I COs. The decreased distance
between adjacent AtHEI10 foci, in Atfancm, Atfigl1, and Atrmi1
(Fig. 2J) suggests weaker interference between Class I COs.
Our data also show similar decreases in AtHEI10 interfoci dis-
tances when both the number of Class II COs increase and
decrease, thus the distribution of Class I COs does not seem to
be correlated with the frequency of Class II COs. The reduced
interference of Class I CO in Atfancd2, Atfancm, Atfigl1, and
Atrmi1 is not accompanied by a change in Class I CO frequency
(SI Appendix, Fig. S1), which is different from the situation in
budding yeast top2 mutants in which reduced interference is
coincident with increased Class I CO numbers (40). The data
in Arabidopsis suggests that the regulation of CO interference
strength is at least partially independent of the regulation of
Class I CO frequency. Nonetheless, since interference reduces
the likelihood of multiple Class I COs on the same bivalent,
reduced interference elevates the potential for multi-CO biva-
lents. And, if the total number of Class I CO remains
unchanged, the probability of bivalents lacking Class I COs also
increases, which may influence CO assurance.

Previous studies and our results in Arabidopsis show that each
bivalent typically experiences at least one Class I CO, suggesting
that the CO assurance is facilitated primarily by Class I COs (39)
in WT. In Atfancm-3, Atfigl1-17, and Atrmi1-5, ∼5% of homolog
pairs lack Class I COs because of abnormal distribution, and
although these mutants all have higher Class II CO frequencies
compared to WT, univalent can be observed occasionally. This

suggests that Class II COs are less efficient at promoting CO
assurance than Class I COs. CO interference likely contributes to
CO assurance by dispersing Class I COs along the chromosome
and limiting the number of Class I COs per bivalent, which in
turn contributes to a non-Poisson distribution of COs among
chromosomes.

In total, our data show that Arabidopsis AtFANCD2,
AtFANCM, AtFIGL1, and AtRMI1 have a role in regulating
the distribution of Class I CO among chromosomes. These fac-
tors account for ∼50% of the difference between the observed
WT distribution and a theoretical Poisson distribution. These
results provide better understanding to the molecular mecha-
nism in controlling CO distribution and number. Given the rel-
atively conserved meiotic process and the universal existence of
homologous genes of these factors in vertebrates, we believe
that the mechanisms we described here may be relevant in
other species such as human meiosis.

Materials and Methods
Plant Materials and Growth Conditions. A. thalianamutants used in this study
are as follows: Atfancd2-1 (SALK_113293) (14), Atfancd2-2 (GK-209C01) (14),
Atmus81-1 (SALK_107515) (16), Atmsh4 (SALK_136296) (10), Atfancm-3
(SALK_151218) (28), Atfigl1-17 (SALK_066994), Atfigl1-18 (SAIL_563_C03),
Atrmi1-2 (SALK_094387) (22), and Atrmi1-5 (SALK_005449) (22). Mutations
were confirmed by PCR using the following primers: Atfancd2-1: Atfancd2-
1LP, Atfancd2-1RP, and LBb1.3; Atfancd2-2: Atfancd2-2LP, Atfancd2-2RP, and
GABItest1; Atmus81-1: Atmus81-1LP, Atmus81-1RP, and LBb1.3; Atmsh4:
Atmsh4LP, Atmsh4RP, and LBb1.3; Atfancm-3: Atfancm-3LP, Atfancm-3RP,
and LBb1.3; Atfigl1-17: Atfigl1-17LP, Atfigl1-17RP, and LBb1.3; Atfigl1-18:
Atfigl1-18LP, Atfigl1-18RP, and LB3; Atrmi1-2: Atrmi1-2LP, Atrmi1-2RP, and
LBb1.3; and Atrmi1-5: Atrmi1-5LP, Atrmi1-5RP, and LBb1.3. The sequences of
these primers are listed in SI Appendix, Table S3. Higher-order mutants were
generated by crossing single mutants. Plants were grown on soil in growth
rooms at 22 °C under long-day conditions with 16-h light and 8-h dark.

Cytological Analysis of Meiosis. Fixation of Arabidopsis inflorescences and
chromosome spreads of male meiocytes were performed as described (41).
Chromosome spreads were used to observed chromosomemorphologies after
staining with DAPI or immunostainingwith Anti-AtHEI10 and Anti-MLH1 anti-
bodies as previously described (28, 42, 43). Images were captured with a Zeiss
Axio Scope A1 microscope (Zeiss). The distances between adjacent AtHEI10
foci were measured along individual chromosomes using Image Tool and cal-
culated as a percent of the total length of the bivalent.

Measuring CO Frequency. Chiasmata were counted in male meiocytes at meta-
phase I (44). Rod bivalents were interpreted as representing a chiasma(ta) on
one chromosome arm and a ring bivalent as having chiasmata on both arms
(44). FTL data collection, calculation of genetic distances, and statistical analyses
were performed according to Berchowitz and Copenhaver (45) and using the
Stahl Lab Online tools (https://elizabethhousworth.com/StahlLabOnlineTools/).

Statistical Methods. Microsoft Excel 2019 (Microsoft) was used to calculate
mean and SD, prepare bar and stacked graphs, and perform χ2 tests. GraphPad
Prism 5 was used to prepare scatter diagrams and perform Mann–Whitney
U tests.

Data Availability. All study data are included in the article and/or SI Appendix.
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