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Summary

¢ Mutations affecting crossover (CO) frequency and distribution lead to the presence of uni-
valents during meiosis, giving rise to aneuploid gametes and sterility. These mutations may
have a different effect after chromosome doubling. The combination of altered ploidy and
mutations could be potentially useful to gain new insights into the mechanisms and regulation
of meiotic recombination; however, studies using autopolyploid meiotic mutants are scarce.

e Here, we have analyzed the cytogenetic consequences in colchicine-induced autotetra-
ploids (colchiploids) from different Arabidopsis mutants with an altered CO frequency.

¢ We have found that there are three types of mutants: mutants in which chiasma frequency
is doubled after chromosome duplication (zip4, mus87), as in the control; mutants in which
polyploidy leads to a higher-than-expected increase in chiasma frequency (asy7, mer3, hei10,
and m/h3); and mutants in which the rise in chiasma frequency produced by the presence of
two extrachromosomal sets is less than doubled (msh5, fancm). In addition, the proportion of
class I/class Il COs varies after chromosome duplication in the control.

e The results obtained reveal the potential of colchiploid meiotic mutants for better under-
standing of the function of key proteins during plant meiosis. This is especially relevant consid-

ering that most crops are polyploids.

Introduction

Meiosis is a highly conserved and specialized cell division in
eukaryotes, and it is essential for sexual reproduction. It is a two-
step division process that takes place in the germ line and halves
the number of chromosomes from a diploid cell, leading to the
formation of haploid gametes. During the first meiotic division,
homologous recombination is required to pair the homologous
chromosomes into bivalents and to ensure regular chromosome
segregation. Linkage between homologous chromosomes is main-
tained until anaphase I by reciprocal crossovers (COs), cytologi-
cally defined as chiasmata, and sister chromatid cohesion.
Crossovers result in new combinations of alleles in the gametes,
ensuring genomic variability in the offspring.

Factors controlling meiotic recombination in plants have been
extensively studied over the last decades, particularly in the model
species Arabidopsis thaliana (see the reviews Osman ez al., 2011;
Mercier et al., 2015; Wang & Copenhaver, 2018; Gutiérrez
Pinzén et al, 2021). Proteins involved in either double-strand
break (DSB) formation or processing and elements of the
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chromosomal axes are essential to ensure the formation of COs,
which may be generated from at least two coexisting pathways
(class I and class II) controlled by different genes. Class I COs are
subject to positive interference and, therefore, nonrandomly dis-
tributed, whereas class II COs are noninterfering. The percentage
of COs attributed to each class differs among species, but in most
organisms, the main meiotic CO pathway generates class I COs
(Baker er al, 1996; Copenhaver ez al, 2002; de los Santos
et al., 2003). In A. thaliana, class I COs represent ¢. 85% of all
COs (Berchowitz et al., 2007; Higgins et al., 2008a). In this spe-
cies, a wide number of proteins directly related to the control and
formation of these two CO pathways have already been described
(Mercier et al., 2015). Among these proteins, MSH4 and MSHS5,
related to the prokaryotic MutS proteins (Higgins er al., 2004,
2008b), seem to play an important role in the stabilization of
double Holliday junctions (dHjs) and are grouped in a heteroge-
neous group of proteins called ZMM. Besides MSH4 and
MSHS5, this group is also composed of proteins that could play a
regulatory role, such as the tetratricopeptide repeat protein ZIP4,
the helicase MER3, or the ubiquitin E3 ligase HEI10 (Chen
et al., 2005; Mercier et al., 2005; Chelysheva et al., 2007, 2012).
Interestingly, the cellular abundance of the latter controls the
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intensity of CO interference (Morgan ez al., 2021). In addition,
two proteins have been reported to have a major function resol-
ving the dHjs to form interference-sensitive COs, MLH1, and
MLH3, which are homologs of the prokaryotic MutL (Franklin
et al, 20006). Regarding noninterfering COs, MUS81 and
FANCD?2 have been reported to influence the level of this type
of exchanges in A. thaliana (Berchowitz ez al., 2007; Kurzbauer
et al., 2018). Moreover, there are anti-recombination mechan-
isms, affecting class II COs regulated from different pathways
depending on: FANCM and its cofactors MHF1 and MHF2
(Crismani ez al, 2012; Knoll et al., 2012; Girard et al., 2014);
members of the BLM-TOP3-RMI1 (BTR) complex (Séguéla-
Arnaud ez al., 2015, 2017); and FIGL1 and its interacting pro-
tein FLIP1 (Girard et al, 2015; Fernandes ez al., 2018). To add
further complexity to this landscape, FANCD2, FANCM,
RMI1, and FIGLI contribute to normal distribution of class I
CO to maintain CO assurance (Li er 4/, 2021). Another group
of proteins required to ensure proper CO formation consists of
components of the proteinaceous axes that organize the chromo-
somes during meiosis. In A. thaliana, mutants deficient in either
ASY1, ASY3, or ASY4 show disrupted axis organization and a
substantial reduction in chiasmata (Ross et 2/, 1997; Sanchez-
Moran et al., 2001; Armstrong et al., 2002; Ferdous ez al., 2012;
Chambon ezt al., 2018).

Mutations affecting CO formation lead to the presence of univa-
lents during meiosis I, giving rise to aneuploid gametes. Neverthe-
less, these mutations may have a different effect when more than
two potential partners to pair and recombine with are available, that
is in a polyploid context. Meiotic studies conducted with autopoly-
ploid meiotic mutants are scarce, despite they can offer important
new insights into the meiotic recombination mechanisms (Tian
et al., 2011; Roelens et al., 2015). This may be due to the technical
limitation of generating polyploid individuals in most species. In A.
thaliana, the conversion of diploid into autotetraploid plants by
using colchicine is relatvely easy (Santos ez al, 2003; Yu er al,
2009; Pecinka et al, 2011; Parra-Nunez et al., 2020).

In this study, we have analyzed the consequences of chromo-
some doubling by colchicine in different A. thaliana mutants
with an altered CO frequency but no chromosomal fragmenta-
tion defects. We want to address whether the presence of more
homologous chromosomes in the mutants increases the chances
of finding homologous sequences to recombine in a homologous
recombination-limited situation. For this purpose, eight different
meiotic mutants have been selected: (1) asyl (defective for an
axis-associated protein required for synapsis and CO formation);
(2) zip4, msh5, mer3, and heil0 (ZMM mutants that are profi-
cient for synapsis but only have class II COs); (3) m/h3 (in which
the endonuclease activity critical for the formation of class I COs
is missing), and mus81 (defective for an structure-specific endo-
nuclease required for class II CO formation); (4) fancm (hyper-
recombinant mutant with an increased frequency of class II
COs). All these mutants have been previously described at the
cytological level during meiosis (Mercier ez al., 2005; Jackson
et al., 2006; Chelysheva er al, 2007, 2012; Sanchez-Moran
et al., 2007; Higgins et al., 2008a,b; Knoll ez al., 2012). Here, we
have extended the study of these mutants in a polyploid context,
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in order to compare the response of the different mutants with
respect to the chiasma frequency and chromosome configurations
at metaphase .

Materials and Methods

Plant material and growing conditions

The following Arabidopsis thaliana (L.) Heynh T-DNA insertion
lines were used to produce mutant autopolyploid lines: asyl-I
(SALK_144182), zip4-2 (SALK_068052), msh5-1 (SALK_
110240), mer3-1 (SALK_045941), heil0-2 (SALK_014624),
mih3-1 (SALK_015849), mus81-2 (SALK_107515), and fancm-
1 (SALK_069784). The accession Columbia (Col-0) was used as
the wild-type (WT) reference. The lines were obtained from the
T-DNA mutant collection at the Salk Institute Genomics Analy-
sis Laboratory via Nottingham Arabidopsis Stock Centre (NASC,
Nottingham, UK). The primer sequences used for genotyping
are listed in Supporting Information Table S1.

Seeds were sown on a sterilized mix of soil (75%) and vermicu-
lite (25%) and grown under controlled environmental conditions:
16 h:8h, light: night photoperiod, 19°C temperature, and 60%
relative humidity. After checking the genotype, the synthetic autop-
olyploids were generated according to the one-drop method
described in Yu ez 4/ (2009) and Parra-Nunez et al. (2020), apply-
ing a drop (10 pl) of colchicine (0.25% w/v) at the center of the
plant rosette, before the first flowering. The chromosome number
(27n=20) of the surviving plants (¢. 10-20%) was verified by cyto-
logical analyses. Aneuploid plants were discarded for the analyses.
Due to the meiotic instability caused by chromosome doubling,
the cytogenetic study was conducted in the same generation in
which colchicine was applied, using three plants per genotype.

Cytogenetic analyses

Immature flower buds were fixed in Carnoy (6 ethanol:3
chloroform : 1 acetic acid) and stored in fixative until required.
The spreading technique was conducted following the procedure
previously described by Fransz et al. (1998), with modifications
included in Parra-Nunez ez 4/ (2020) in order to obtain high-
quality spreads of metaphase I chromosomes in which the chro-
mosomal configurations can be differentiated.

The fluorescence in situ hybridization (FISH) technique was
performed following the protocol described by Sanchez-Moran
et al. (2001), with minor changes described in Parra-Nunez
et al. (2020). The following rDNA probes were used: 55 rDNA
from A. thaliana cloned in the pCT4.2 plasmid (Campell
et al., 1992), and 45S rDNA from T7iticum aestivum cloned in
the pTa71 plasmid (Gerlach & Bedbrook, 1979). The probes
were labeled with modified dUTPs conjugated with Cy3 (Merck,
Darmstadt, Germany) or FITC (Agrisera, Vinnas, Sweden) by
nick-translation. Slides were mounted in 10 pl DAPI (1 pg ml™")
in Vectashield mounting medium (Vector Laboratories, Newark,
CA, USA) and imaged using an Olympus BX61 epifluorescence
microscope equipped with a digital camera CCD (Olympus
DP71; Evident Corporation, Tokyo, Japan).
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Metaphase I images from each genotype were scored for the
frequency of chiasmata as well as for the chromosomal configura-
tions. At least two plants of each genotype were analyzed. The
criteria used are described in Sybenga (1975), Sanchez-Moran
et al. (2001), Santos et al. (2003), and Parra-Nunez ez 2/ (2020).

For immunostaining of pachytene spreads, we conducted the
protocol described by Sanchez-Moran et 4l (2007) and Arm-
strong et al. (2009), with minor modifications. The following
primary antibodies were used: a-MLH1 (rabbit, 1 : 500, Jackson
et al., 2006), o-HEI10 (rabbit, 1:500, Lambing ez al, 2015),
and o-ZYP1 (rat, 1:1000, Higgins ez al., 2005). Closed flower
buds from at least three different plants were used. The following
secondary antibodies were used at 1:500 dilutions: a-rabbit-
Alexa Fluor 555 (Agrisera), and o-rat-Alexa Fluor 488 (Agrisera).
Individual cell images were acquired as Z-stacks (Olympus
BX61, DP71), and the maximum intensity projection for each
cell was rendered using IMAGE] (Z project). Image deconvolution
was implemented using the iterative algorithm Richardson-Lucy
(DeconvolutionLab2, IMAGE] plugin). We scored all images blind

to genotype.

RNA extraction and reverse transcription-quantitative PCR

Total RNA was obtained from both 10-d seedlings (c. 50 seed-
lings per sample) and immature flower buds (from at least 10 dif-
ferent plants per sample) using the commercial kit InviTrap®
Spin Plant RNA Mini Kit (Invitrogen) according to the manufac-
turer’s instructions. Reverse transcription-quantitative PCR (RT-
qPCR) was performed using the LightCycler®480 system (Hsich
et al., 2016) in the facilities provided by ‘Parque Cientifico de
Madrid’ (Universidad Auténoma de Madrid, Madrid, Spain).
The probes applied belong to the Universal Probe Library (UPL,
Roche). The genes assessed, primers, and UPL probes used are
listed in Table S2. Three technical replicates of one or two inde-
pendent RNA extractions obtained from different biological sam-
ples were performed, and two reference genes were used for data
normalization: ACTIN2 and YLS8. These reference genes were
selected due to their adequacy in analyses involving diploid and
tetraploid individuals according to the data published by Wang
et al. (2014). The data were analyzed using the double delta C,
method (Livak & Schmittgen, 2001). To calculate the AC,, the
mean C, value was normalized using the average of the mean
C, values obtained for both reference genes (average of mean
C, actin2and mean C, yzsg Riedel ez al, 2014).

Results

Chromosome identification and chiasma frequency analysis
in autotetraploid crossover-deficient mutants

Although the mean cell chiasma frequencies of CO-deficient
mutants selected for this study had been previously determined
(Sanchez-Moran et al, 2001; Mercier et al, 2005; Jackson
et al., 2006; Chelysheva et al., 2007, 2012; Higgins ez al., 2008a,
b; Knoll ez al., 2012), we analyzed their values under our labora-
tory conditions and using FISH to improve the interpretation of
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the chiasmata present in the observed bivalents (Figs S1, S2).
Moreover, a simultaneous comparison of these mutants with each
other has not been carried out so far. It is important to note that
chiasma scoring is a valuable, direct, and rapid approach to quan-
tify reciprocal recombination at a genome-wide level in a poly-
ploid context (Santos er al., 2003; Higgins er al., 2014; Bomblies
et al., 2016; Parra-Nunez et al., 2019, 2020). Indeed, alternative
methodologies based on the use of reporter lines and either pollen
tetrad or seed analysis are not feasible here because the neo-
tetraploids were analyzed in the same generation in which colchi-
cine was applied and they did not produce tetrads but polyads.

Due to the existence of differences among all genotypes regard-
ing mean cell chiasma frequency (Welch’s ANOVA, W(8.0,
212.5)=831.6.1, P<0.001), pairwise comparisons using the
Dunnett’s T3 post hoc test were made. As expected, asyl 2x
(2.10£0.13, »=101, P<0.001), zp4 2x (1.65=+0.08,
n=255, P<0.001), msh5 2x (1.77 £0.14, n=57, P<0.001),
mer3 2x  (3.36%£0.22, n=36, P<0.001), heil0 2x
(2.07 £0.24, n=29, P<0.001), and mih3 2x (4.18 £0.19,
n=91, P<0.001) presented a significant decrease in CO forma-
tion respect to the WT (10.20 £ 0.14, »=70, Figs S1, S2). On
the contrary, neither mus81 2x (10.314+0.12, »=101,
P>0.999) nor fancm 2x (10.49 £0.23, n=67, P=0.918)
showed differences compared with the WT (Figs S1, S2). It is
worth mentioning that the corresponding mutant alleles had
already been characterized as showing apparently normal meiosis
and near WT chiasma frequency (Higgins er 4/, 2008a; Knoll
et al., 2012). We also conducted a comparison of the mean cell
chiasma frequency among the zmm mutants (£3.0, 373.0) =
20.49, P<0.001), since all of them are defective for the same
type of COs (class I) and, in principle, they should only maintain
class II COs. mer3 2x displayed a mean cell chiasma frequency
significantly higher than those observed in zip4 2x (£<0.001 vs
mer3 2x), msh5 2x (P<0.001 vs mer3 2x), and heil0 2x
(P=0.001 vs mer3 2x). On the contrary, we did not detect any
differences among the latter (P=0.505, zip4 2X vs msh5 2X;
P=0.235, zip4 2x vs heil0 2x; P=0.500, msh5 2% vs heilO
2x; Table S3).

We also performed chiasma frequency analyses on colchiploids
(W18.0, 193.9)=1272, P<0.001). In this case, we not only
observed univalents and bivalents at metaphase I, but also multi-
valents (Fig. 1). Like in diploids, the application of FISH signifi-
cantly helped in the interpretation of chromosomal
configurations and in the estimation of the number of chiasmata
at metaphase I (Sanchez-Moran ez al, 2001; Parra-Nunez
et al., 2019, 2020). Differences in chiasma frequency with respect
to the control (19.99 & 0.11, »=186) were again detected in all
those mutants that had already shown a different behavior respect
to the WT in the diploid condition (Dunnett’s T3 post hoc test):
asyl 4x (6.02 £0.32, n=>54, P<0.001), zip4 4x (3.85 + 0.43,
n=26, P<0.001), msh5 4x (2.58 £0.17, n=113, P<0.001),
mer3 4x  (8.31£0.56, n=42, P<0.001), heil0 4x
(6.92£0.37, n=61, P<0.001), and mih3 4x (9.57 £0.32,
n=061, P<0.001; Fig. 2a). Interestingly, fancm 4x (18.54 £
0.21, =96, P<0.001) showed a significantly lower chiasma fre-
quency than the WT, unlike what happens in diploid condition.
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Fig. 1 Cytological analysis of Arabidopsis thaliana male meiocytes at metaphase | in colchiploid mutants with altered crossover frequency. Representative
examples of metaphases | from Columbia (Col-0) 4x and the tetraploid mutants. (a) Col-0 4x: chromosomes 2, 3, and 4 are associated as I, whereas chro-
mosomes 1 and 5 are forming IV; (b) asy? 4x: all groups of four homologous chromosomes appear as Il + 2 |, except for chromosomes 3 that are associated
forming a IV; (c) zip4 4x: chromosomes 4 and 5 appear as |, whereas chromosomes 1, 2, and 3 are present as Il +2 |; (d) msh5 4 x: all groups of four
homologous chromosomes appear as Il +2 |; () mer3 4x: all groups of four homologous chromosomes appear as Il +2 |; (f) hei10 4x: chromosomes 1
and 4 appear as |, chromosomes 2 and 3 as Il + 2 |, and chromosomes 5 are associated forming a 1V; (g) mlh3 4x: chromosomes 1 and 5 are forming Il + 2
I, chromosomes 2 are associated as a IV, chromosomes 3 appear as Ill + 1, and all chromosomes 4 appear as I; (h) mus81 4x: chromosomes 2, 3, and 5 are
associated as IV, chromosomes 1 as I, and chromosomes 4 as Il + 2 I; (i) fancm 4 x: chromosomes 1 and 2 are associated as I, chromosomes 3 and 5 appear
as lll +1, and chromosomes 4 are forming a IV. Chromosomes were identified by fluorescence in situ hybridization (FISH) using 5S (magenta) and 45S
rDNA (green) probes. Bars, 5 um.

On the contrary, mus81 4x (19.52 £ 0.22, n=66, P=0.343) msh5 4%, mer3 4%, and heil0 4x) were also different from each
was the only mutant that did not display differences with respect other (W(3.0, 75.30) =61.16, <0.001). As well as in diploid
to the tetraploid control. The zmm tetraploid mutants (zip4 4x,  condition, zip4 4x and msh5 4x presented similar mean cell
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Fig. 2 Analysis of chiasma frequency and
chromosome configurations at metaphase |
in Arabidopsis thaliana colchiploid mutants
with altered crossover frequency. (a) Scatter
plots representing the total mean chiasma 0
frequency per cell corresponding to the
different mutants analyzed. Error bars
represent the SE of the mean. Statistical
comparison with the control is shown for
those mutants in which differences were
detected (Dunnett's T3 post hoc test;

*kk P <0.001). (b) Fold change between the
corresponding tetraploid and diploid chiasma
frequencies per cell. Error bars represent the
SE of the mean. Statistical comparison with
the control is shown for those mutants in
which differences were detected (Dunnett's
T3 post hoc test; *, P<0.05; *** P <0.001).
(c) Proportion of the different chromosomal
configurations (I, univalents; Il, bivalents; Ill,
trivalents; 1V, quadrivalents) per meiocyte at
metaphase I.

Fold change of chiasmata per cell

T
Col-0

0.5+

Proportion

0.0-
Col-0

chiasma frequencies (P=0.057). However, beil0 4x showed a
different behavior with respect to heil0 2x: no difference from
mer3 4x (P=0.223), and a higher chiasma frequency than zip4
4x and msh5 4x (P<0.001 in both cases; Table S3). Despite
the change in chiasma frequency in /eil10 4 x with respect to the
other zmm mutants, distribution of chiasmata between cells fitted
a Poisson distribution (Kolmogorov—Smirnov test, D=0.242,
P=0.287), just as in hei102x (P=0.878; Fig. S3).

To understand the change in chiasma frequency after genomic
duplication, the fold change between the corresponding tetra-
ploid and diploid chiasma frequencies (4x/2x) was calculated
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(Fig. 2b). Overall chiasma frequency was approximately doubled
in the WT (1.96 & 0.01). Post hoc pairwise comparisons showed
that asyl (2.87 £ 0.15, P<0.001), mer3 (2.47 £ 0.17, P<0.05),
heil0 (3.34+0.18, P<0.001), and mlh3 (2.29£0.08,
P<0.001) had a significantly higher fold change than that of the
WT. On the contrary, msh5 (1.45 £ 0.10, P<0.001) and fancm
(1.77 £0.02, P<0.001) exhibited the opposite behavior, with a
significantly lower fold change variation than the control. zip4
(2.334+0.26, P=0.741) and mus81 (1.89 =0.02, P=0.05)
were very similar to the WT and doubled their chiasma frequency
after chromosome duplication.
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Quantitative analysis of chromosomal configurations at
metaphase | in tetraploid crossover-deficient mutants

We conducted FISH using rDNA probes on chromosomal
spreads in metaphase I. The exhaustive cytological analysis of the
morphology of the chromosomal configurations together with
the position of the probe signals allowed us to infer the minimum
number of chiasmata needed to produce the observed chromoso-
mal associations (Sybenga, 1975; Santos er al, 2003; Parra-
Nunez ez al., 2020). In the diploids, we only observed bivalents
and univalents in the genotypes studied (Figs S1, S2). By con-
trast, in the colchiploids, in addition to bivalents (II) and univa-
lents (I), we observed trivalents (III) and quadrivalents (IV)
(Figs 1, 2). In WT 4x cells, the chromosomes were predomi-
nantly associated as either II or IV. IV formation was more fre-
quent than II formation and, very rarely, a group of four
homologous chromosomes appeared as a III plus a I (16/186;
8.60%:; Fig. 2¢). This pattern of chromosomal configurations was
also observed in the mutants with higher frequencies of chiasmata
(mus81 4x and fancm 4x). The results from the ANOVA test
(A2, 345)=0.39, P=0.680) followed by Dunnett’s post hoc test
indicated that the II frequency per cell was not significantly dif-
ferent comparing either mus81 4x (2.46 £0.21, P=0.982) or
Jancm 4x (2.22 £0.20, P=0.676) with the WT (2.41 £ 0.15).
However, significant differences were found in IV frequency
(F2, 345)=8.47, P<0.001). In this case, mus81 4x
(3.62 +£0.11, P=0.825) showed no difference with the control
(3.70 £0.08), but the frequency in fanem 4x (3.16 £0.12,
P<0.001) was significantly lower than that detected in the WT.

The III frequency in fancm 4x (0.63 £ 0.08) was higher than
in the control (0.09 = 0.02, 2<0.001), and the same was con-
firmed for I (1.02+0.11 vs 0.11 +0.03, P<0.001). In this
mutant, we observed almost 50% of the cells with at least one III
(46/96; 47.92%), and even > 10% with > 1 III (13/96; 13.54%).
Cells with >1 III were not detected in either the control or
mus81 4x. mus81 4x showed no difference with the control in
either I (0.29 4 0.09, P=0.348) or III (0.11  0.04, >0.999).
Therefore, mus814x did not differ from the control with respect
to chromosomal configurations, while fancm 4x presented a
decrease in the IV frequency due to the presence of more I
and III.

In the other mutants analyzed, as expected due to their reduc-
tion in the chiasma frequency, we found significant differences
with the WT in the frequency of III (W(8.0, 190.3) =15.75,
P<0.001) and I (W(8.0, 180.4) =656, P<0.001; Fig. 2¢c). The
mutants asyl 4x (0.54 £0.11, P<0.01), mer34x (0.69 £0.13,
P<0.001), heil0 4x (0.56£0.10, P<0.001), and mlh3 4x
(0.70 £0.10, P<0.001) exhibited considerably higher frequen-
cies than Col-0 4x (0.09+0.02). However, zip4 4x
(0.31 £0.11, P=0.334) and msh5 4x (0.21 = 0.04, P=0.064)
did not present an increase in III frequency, probably due to their
very low chiasma frequencies. Accordingly, these mutants dis-
played the highest frequencies of I: zip4 4x (14.15 £ 0.56,
P<0.001) and msh54x (15.01 £ 0.26, P<0.001). A significant
increase in the I frequency with respect to the control was also
observed in asyl 4x (10.63 +£0.41, P<0.001), mer3 4x
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(8.91 £0.61, P<0.001), heil0 4x (9.53 +0.50, P<0.001),
and mlh34x (7.10 £ 0.36, P<0.001).

The I frequency in zmm tetraploid mutants (zip4 4X, msh5
4x, mer3 4x, and heil0 4x) was also different from each other
(W(3.0, 79.66) =51.10, P<0.001). We did not detect differ-
ences between zip4 4x and msh5 4x (P=0.669), but these
mutants showed more I than /ei104x, and mer3 4x (P<0.001
in all the cases). No differences were also detected between heil0

4x and mer34x (P=0.964).

Analysis of class | crossovers in fancm 4x and Col-0 4 x

As mentioned above, we detected a doubling of the number of
chiasmata in the tetraploid control with respect to the diploid con-
trol, whereas the number of chiasmata did not double in fancm 4x
with respect to fancm 2x (Fig. 2b). Immunolocalization of
MLHI, a class I CO marker (Lhuissier ez al., 2007), was applied to
determine the number of ZMM-dependent chiasmata in fanem
4x to get further insights into the behavior of this mutant after
chromosome duplication. MLHI1 foci at late pachynema were
scored, using the transverse filament protein of the synaptonemal
complex (ZYP1) as a cytological marker (Fig. 3). In fancm 2%, we
did not find a significant variation with respect to the number of
MLHI1 foci in control cells (7.46 & 0.38, n=24 vs 8.33 + 0.31,
n=27; P=0.390; Fig. 3¢), in agreement with previous studies
(Crismani ez al, 2012; Knoll ez al., 2012). As in the diploid condi-
tion, no differences in the number of MLHI foci were detected
between fancm 4x and Col-0 4x (P=0.875), since Col-0 4x dis-
played an average of 11.50 £ 0.76 (n=24) and fancm 4x an aver-
age of 10.44+0.66 (n=18). Even though in the tetraploid
mutants there was an increase in the number of MLH1 foci with
respect to those observed in the diploid mutants (Col-0 2x vs Col-
0 4%, P<0.01; fancm 2x vs fancm 4x, P<0.01), this increase
was lower than that detected in chiasma frequency, not even reach-
ing an increase of 50%. We further confirmed this result by per-
forming a HEI10 immunolocalization. HEI10 is detected as large
foci at sites of class I CO formation at late pachynema, colocalizing
with MLH1 (Chelysheva er 4/, 2012; Ziolkowski ez al, 2017;
Morgan et al, 2021). The results were very similar to those
obtained for MLH1. An increase in HEI10 foci was detected in
Col-0 4x (13.90£0.65, n=21) with respect to Col-0 2x
(8.14 +0.21, n=77; Welch’s test, t=8.43, P<0.001), but the
differences did not reach twofold (Fig. S4). This means that in the
colchiploid class I COs did not increase in the same proportion as
total COs did, suggesting changes in the ratio between both types
of COs after chromosome duplication.

Expression analysis of meiotic genes in hei10 4x, fancm
4x, and Col-0 4 x

To explore patterns of gene expression after chromosome dupli-
cation, we decided to assess transcription levels of some meiotic
genes in heil0 4% (mutant that more than doubled the chiasma
frequency after chromosome duplication), fancm 4x (mutant in
which no doubling in chiasma frequency was reached after chro-
mosome duplication), and the control (in which the chiasma
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Col-0 2x Col-04x  fancm 2x  fancm 4x

Fig. 3 Class | crossovers in Arabidopsis thaliana Columbia (Col-0) 4x and fancm 4x detected by MLH1. Double immunolocalization of ZYP1 (green) and
MLH1 (magenta) on meiotic chromosome spreads. Representative examples of pachynemas from (a, b) Col-0 2x; (c, d) Col-0 4x; (e, f) fancm 2x; (g, h)
fancm 4x. Bars, 5 um. (i) Quantification of MLH1 foci in Col-0 2x, Col-0 4x, fancm 2x, and fancm 4x. Each dot represents an individual cell, bars indicate
the mean, and error bars represent the SE of the mean. Welch's ANOVA showed statistical differences among the four lines (W(3, 44.0)=10.3, P<0.001).
Dunnett's T3 post hoc test for pairwise comparisons showed statistical differences between Col-0 2x and Col-0 4x, and also between fancm 2x and
fancm 4 x (see the text for more details). However, the number of foci in fancm 2 x is not significantly different from Col-0 2x. The same applies to fancm
4x and Col-0 4x (ns, nonsignificant; **, P<0.01).

© 2023 The Authors New Phytologist (2023)

New Phytologist © 2023 New Phytologist Foundation www.newphytologist.com



(a) (b)

81 81

*
o, o -
. * * .

o 2l . .......................... o 2
E ¢« * E -
S L S I S
g g
o o -

New
Phytologist

Fig. 4 RT-qPCR analyses for several meiotic
genes involved in homologous
recombination in Arabidopsis thaliana hei10
4x and fancm 4 x. Relative transcription
(RQ) levels of meiotic genes in samples from
flower buds of (a) fancm 4x with respect to
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Columbia (Col-0) 4x, and (b) hei10 4 x with
respect to Col-0 4. Error bars represent the
* SD of the RQ value. The solid lines indicate

: the RQ reference value (Col-0 4x). The
dotted lines indicate the cut-offs
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frequency is doubled in the tetraploid). Several RT-qPCR ana-
lyses were conducted in flower bud samples from diploid and tet-
raploid individuals. Specifically, we evaluated mRNA levels of
genes involved in the formation and processing of DSBs (SPO11,
RAD51, and DMCI); class I CO formation (MLH3 and HEI10);
class II CO formation (MUS81); and CO/NCO regulation
(FANCM and RECQ4A).

By comparing gene expression in diploids with that of their corre-
sponding polyploids, we found hardly any variations in the genes
selected in the study (Fig. S5). No changes were detected in the com-
parison between Col-0 2x and Col-0 4. In the case of heil10 4,
only SPO11 showed a very slight increase in expression in the tetra-
ploid with respect to the diploid (RQ =1.55). Regarding the com-
parison between fancm 2x and fancm 4x, we only detected a slight
decrease in the RECQ4A transcription levels in fanom 4x
(RQ=0.81). The fold change was not >2- or <0.5-fold in any case.

However, we found more significant results in the comparison
of heil0 4x with the tetraploid control. The expression of SPOI1
(RQ=3.69), RAD5I (RQ=2.28), DMCI (RQ=1.66), and
MLH3 (RQ = 1.74) presented a significant increase (Fig. 4). These
changes in gene expression do not seem to be due to the genetic
background itself, since in the comparison of hei102x with Col-0
2x we did not find changes in mRNA levels for these genes
(Fig. S5). On the contrary, the >2-fold increase in expression of
SPO11 and RADS51 in heil0 4x appears to be meiosis-specific, as
neither of these genes showed changes in mRNA levels in the seed-
ling samples (SPO11: RQ=1.11; RAD51: RQ=1.17).

Finally, fancm 4x exhibited significantly reduced mRNA
levels for HET10 (RQ = 0.43) with respect to Col-0 4x (Fig. 4),
but this reduction was also detected in seedling samples
(RQ=0.17). HEI10 also showed a reduction in expression in the
diploid mutant fancm 2x  with respect to the control
(RQ=0.31; Fig. S5). Therefore, this variation in HE/10 mRNA
levels would not be specific to chromosome duplication and
would be an alteration associated with the fancm mutation.

Discussion

Polyploidy affects chromosomal behavior during meiosis. It has
fundamental consequences on this cell division since, due to the
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corresponding to a fold change >2-fold or
<0.5-fold (*Significant differences, 99%
confidence interval).

presence of four homologous chromosomes, multivalents can be
formed in addition to the bivalents observed in a diploid genetic
background. This situation is even more favored in autopoly-
ploids than in allopolyploids since there are no differentiated sub-
genomes. Indeed, these two types of polyploids use different
strategies during the meiotic stabilization process (Bom-
blies, 2023). Polyploidy may be useful in the study of mutants
whose frequency of CO formation is altered. The presence of
more than two homologous chromosomes that can pair, synapse,
and recombine with each other, together with the fact that the
gene dose is increased, and the expression of some genes altered,
may contribute to a better understanding of the potential effects
of meiotic mutations. The meiotic mutants can exhibit new phe-
notypes in addition to their behavior in diploid condition. For
example, Arabidopsis autotetraploid mutants for NSE2 and
NSE4A (subunits of the STRUCTURAL MAINTENANCE OF
CHROMOSOMES 5/6, SMC5/6) had more severe meiotic
defects and generate aneuploid offspring (Yang et al, 2021).
Recently, Desjardins ez al. (2022) have demonstrated that in
wheat, an allopolyploid, FANCM not only suppresses class II
COs, but also promotes class I COs. In the current work, we have
analyzed autopolyploids and found that there are Arabidopsis
mutants in which chromosome doubling is accompanied by a
chiasma frequency duplication (zip4, mus81), as in the control.
In other CO-deficient mutants, the presence of additional homo-
logous chromosomes leads to a higher-than-expected increase in
chiasma frequency (asyl, mer3, heil0, and mih3). Finally, there
are other mutants in which the rise in chiasma frequency pro-
duced by the presence of extrachromosomal sets is less than

doubled (msh5 and fancm; Fig. 2).

Polyploidy reveals differences in chiasma frequencies
among zmm mutants

The ZMM epistatic group defined by Borner ez al. (2004) is
composed in Arabidopsis by ZIP4, MSH4/5, MER3, and HEI10,
among others. The corresponding mutants suppress ¢. 85% of
the COs (Higgins e al., 2004, 2008b; Chen ez al., 2005; Chely-
sheva et al., 2007, 2012), except mer3 which suppresses ¢. 75%
(Mercier et al., 2005). In our analyses, we have confirmed this
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result, since mer3 2% presented a significantly higher chiasma fre-
quency than that of the other three zmm mutants analyzed
(Fig. S2). Chen ez al. (2005) suggested that other genes may have
functions overlapping with those of MER3. This difference in
chiasma frequency persisted in colchiploids, although in this case,
heil0 4x did not differ in the number of chiasmata from mer3
4x. zip4 4x and msh5 4x showed the lowest chiasma frequen-
cies and the highest frequencies of univalents (Fig. 2). In addi-
tion, in the current study, only mer3 and beil0 mutants increase
their chiasma frequency > 2-fold after chromosome duplication
(Fig. 2). It is therefore possible that ZMAM genes are not equiva-
lent in the interference-sensitive CO pathway, and MER3 and
HEI10 may act downstream of the other ZMM proteins. In this
context, Shen ez al. (2012) reported that ZIP4 and MER3 work
cooperatively in rice meiosis, but their specific contribution to
CO formation is not identical. ZIP4 could be playing an earlier
function, contributing to a proper environment to recruit other
proteins required to mature recombination intermediates.
Furthermore, Luo e 4l (2013) found that MSHS5 is needed for
the correct localization of ZIP4 and MER3 during rice prophase
I. Further investigations using double mutants are required to
clarify the implication of these proteins in the main CO pathway
in Arabidopsis.

The peculiar behavior of /eil0 after chromosome duplication
could be related to the coarsening dynamics of the protein and its
function in CO positioning and (Morgan
et al., 2021; Durand et al, 2022). In this mutant, when there is
more than one homologous chromosome, despite the absence of
HEI10, more chiasma formation may occur than when other
ZMM are absent. Most likely, these additional chiasmata in
heil0 4x belong to class II, as revealed by chiasma distribution
analyses (Fig. $3). Interestingly, the proportion of class I and class
IT COs varies after chromosome duplication, as shown by the
results obtained for Col-0 4x (Figs 3, S4). At the diploid level,

class I COs would represent ¢. 85% of the total amount of chias-

interference

mata, whereas in the tetraploid this percentage drops to 60% (12
MLHI1 foci and 20 chiasmata). In zmm mutants, the formation
of class I COs is compromised, but the number of class II COs in
heil0is greater than that in zip4 or msh5 (only in tetraploids).
Another factor to consider is the possible variation in gene
expression because of chromosome duplication. For example, in
autotetraploid Brassica rapa 6.3% of the genes differentially
expressed with respect to the diploid in immature buds have a
meiotic function (Braynen er al, 2017). SPOII1 and genes
involved in DSB formation displayed a similar expression level in
both autotetraploid and diploid B. rapa, whereas the recombinase
DMCI is significantly downregulated in the autotetraploid. On
the contrary, the genes ZYPI (transverse filaments of the synapto-
nemal complex) and SYNI (meiosis-specific cohesion) are upre-
gulated in autotetraploid Arabidopsis arenosa and B. rapa (Yant
et al., 2013; Braynen et al., 2017). For the genes analyzed in this
study, we have found that there are no variations in expression
levels after polyploidy in the WT (Fig. S5). However, in heil0
4x we detected a meiosis-specific enhanced expression of SPOI1
and RADS5I (and of DMC1 and MLH3, although <2-fold in this

case). Although this variation does not explain the cytogenetic

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation

Research"9 ™

behavior of the mutant after chromosome duplication, it reveals
that gene expression regulation in /eil0 after chromosome dou-
bling is different from that of the control. It is possible that in
this mutant, problems in CO formation lead to a more pro-
longed formation of DSBs over time, as occurs in yeast (Thacker
et al., 2014). Perhaps this would increase the number of class II
COs above what is possible in other ZMM mutants. Further

experiments would be needed to confirm this.

mlh3 4x and mus81 4x mutants behave similarly to mer3
4x and Col-0 4x, respectively

Chromosomal analysis of m/h3 4x revealed that this mutant is
very similar to mer3 4x. In diploid condition, the mean number
of chiasmata of mlh3 2x is similar to that of mer3 2x (Chen
et al., 2005; Mercier et al., 2005; Jackson et al., 2006). The col-
chiploids of these mutants were also very similar with respect to
the mean chiasma frequency, the fold change between the corre-
sponding tetraploid and diploid chiasma frequencies, and the
chromosome configurations observed at metaphase I (Fig. 2). In
mih3 4%, as well as in mer3 4%, after chromosome duplication
the number of chiasmata increased >2-fold. As in the case of
mer3 4%, this may be due to the different proportion of class I/
class IT COs in tetraploids (Fig. 3).

On the contrary, mus81 2x and mus81 4x presented similar
chiasma frequencies compared with their respective controls
(Figs 2, S2). Besides, mus81 4x and Col-0 4x displayed similar
numbers for the different chromosome configurations observed
at metaphase I (Fig. 2). These results and the increase in the pro-
portion of class II COs in Col-0 4x (Fig. 3) seem to indicate that
there are alternative pathways, MUS81-independent, involved in
the formation of class II COs. Kurzbauer ez al. (2018) proposed
that some of the recombination intermediates that are processed
by MUS81 could be processed by FANCD?2 in mus81. Interest-
ingly, this protein, FANCD?2, is also involved in regulating the
distribution of class I COs among chromosomes (Li ez al, 2021).

Chiasma frequency and chromosomal configurations are
altered in fancm 4x with respect to Col-0 4x

The FANCM helicase limits class II COs in plants by unwinding
recombination intermediates. In Arabidopsis, the mutation fancm
hardly affects bivalent formation (Crismani ez 4/, 2012; Knoll
et al., 2012). However, in allopolyploid wheat, FANCM is
required for CO assurance, since 64% of metaphase I cells in the
tetraploid and 37% in the hexaploid show univalents (Desjardins
et al., 2022). We have also observed differences in the chromoso-
mal configurations of fancm 4x with respect to those observed in
Col-0 4x (Fig. 2). We have detected a significant increase in uni-
valents and trivalents at the expense of a decrease in quadriva-
lents. It would be interesting to analyze whether the increase in
the frequency of univalents and trivalents also occurs in tetraploid
mutants defective in anti-CO proteins involved in different path-
ways to FANCM, such as recqgd4a recq4b or fidgll (Girard
et al., 2015; Séguéla-Arnaud ez al., 2015). In addition, fancm 4x

displayed a significant decrease in chiasma numbers with respect
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to the tetraploid WT (Fig. 2). Immunolocalization results show
that the number of MLHI foci, that is class I CO, in fancm does
not change with respect to the control (neither in diploid nor in
tetraploid condition), suggesting that the chiasma reduction in
Jancm 4% is probably due to a loss of class II COs (Fig. 3). On
the contrary, the modification in the type of chromosomal con-
figurations could also point to the distribution pattern of class I
COs being altered in fancm 4x, as suggested for fancm 2x (Li
et al., 2021). This function of FANCM could be related to the
reduction in HEI/10 expression detected in RT-qPCR analyses.
This reduction was present in both fancm 2x and fancm 4x
(Figs 4, S5).

The increase in chiasma frequency is higher-than-expected
inasy7 4x

In asyl, chiasma frequency is more than doubled after chromo-
some duplication, in contrast to the control (2.87 vs 1.96,
Fig. 2). Tian et al. (2011) reported an increase in the fertility
levels of asyl 4x compared with its diploid counterpart. These
results might indicate an advantage in asy 4x over asy 2X.
Indeed, ASYT has been identified as a candidate gene for meiotic
stabilization in A. arenosa tetraploids (Morgan ez al., 2020). In
addition, ASY1 is involved in promoting spaced CO formation
along the chromosomes and functions as a gene dosage-
dependent antagonist of telomere-led recombination (Lambing
et al., 2020; Pochon er al., 2022). The increased proportion of
class II COs in tetraploids and the altered distribution of class I
COs due to the absence of ASY1 could explain the cytological
behavior of asyl 4x (Fig. 2). Despite pairing and synapsis are
severely compromised in asyl, telomere clustering is not affected,
and recombination becomes largely restricted to telomeric and
subtelomeric regions (Sanchez-Moran ez al, 2007; Lambing
et al., 2020; Pochon ez al., 2022). In this landscape, an increased
chance of recombination with a homologous chromosome (in
asyl 4x each chromosome has three potential partners to recom-
bine with) could explain the increased chiasma frequency
observed in asyl 4x (Fig. 2).

Concluding remarks

Cytogenetic studies in A. thaliana meiotic mutants have signifi-
cantly contributed to providing essential knowledge on the func-
tionality of key meiotic proteins (Gutiérrez Pinzén e al., 2021).
Arabidopsis thaliana is a powerful model, but it should be consid-
ered that it is a diploid species and that most crops are polyploid
species. Owing to the presence of more than two homologous
chromosomes, polyploid meiosis faces a great variety of chal-
lenges, and in this context, mutations in meiotic genes may have
a different effect than in a situation where each chromosome has
only one partner to recombine with, as evidenced by the results
obtained. This work provides an opportunity to test whether par-
ticular mutants may enable the formation of stable polyploids.
This can lay the groundwork for future studies about the effects
of such mutations in autopolyploid crops, which offer more com-
plexities for cytogenetic analyses.
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