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Abstract

Wild rice (Oryza rufipogon) has a lower panicle seed setting rate (PSSR) and gamete fertility than domesticated rice (Oryza
sativa), but the genetic mechanisms of this phenomenon remain unknown. Here, we cloned a null allele of OsMLH1, an
ortholog of MutL-homolog 1 to yeast and mammals, from wild rice O. rufipogon W1943 and revealed a 5.4-kb retrotrans-
poson insertion in OsMLHT is responsible for the low PSSR in wild rice. In contrast to the wild-type, a near isogenic line
NIL-mlh1 exhibits defective crossover (CO) formation during meiosis, resulting in reduced pollen viability, partial embryo
lethality, and low PSSR. Except for the mutant of mismatch repair gene postmeiotic segregation 1 (Ospms1), all other MutL
mutants from O. sativa indica subspecies displayed male and female semi-sterility similar to NIL-mlh1, but less severe than
those from O. sativa japonica subspecies. MLH1 and MLH3 did not contribute in an additive fashion to fertility. Two types
of MutL heterodimers, MLH1-PMS1 and MLH1-MLH3, were identified in rice, but only the latter functions in promoting
meiotic CO formation. Compared to japonica varieties, indica cultivars had greater numbers of CO events per meiosis. Our
results suggest that low fertility in wild rice may be caused by different gene defects, and indica and japonica subspecies
have substantially different CO rates responsible for the discrepancy between the fertility of mlh1 and mlh3 mutants.
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Introduction

Rice (Oryza sativa L.) is one of the most important staple
foods for more than half of the world’s population. Panicle
seed setting rate (PSSR) is one of the main determinants of
rice grain yield (Li et al, 2013). Rice domestication is mainly
associated with an increase in fertility and PSSR. It is be-
lieved that cultivated rice has higher fertility and PSSR than
its close progenitor wild rice (Oryza rufipogon). It is revealed
that the average pollen fertility was 25.6%, and PSSR under
natural conditions was 3.0%-53.1% through investigation on
40 wild populations of O. rufipogon collected from the north
part of Hainan Province (Yan et al, 2014). Whole-mount
stain-clearing confocal laser scanning microscopy (WCLSM)
analysis revealed that the mean percentage of abnormal em-
bryo sacs of 141 O. rufipogon accessions collected from
Guangdong Province was 11.1% and the highest was 67.9%
(Yang et al., 2006). Because of the high genetic diversity and
variation, the mechanisms underlying the semi-sterility in O.
rufipogon remain poorly understood.

The low PSSR in rice could result from spikelet sterility
due to abnormal floret structures, defective pollen grain or
embryo sac development, impaired anther dehiscence, ga-
metophytic incompatibility, or inappropriate temperature at
the reproductive stage (Xu et al, 2017). Meiosis is an essen-
tial and conserved process for eukaryotic sexual reproduc-
tion (Mercier et al, 2015; Serra et al, 2018). Several key
events including homologous pairing, synapsis, and recombi-
nation during prophase of the first meiotic division are es-
sential for efficient reciprocal exchange of homologs, termed
crossover (CO) (Mercier et al, 2015). Loss of many meiotic
genes will result in low PSSR, even complete sterility (Zhou
et al, 2011, 2017; Wang et al, 2012; Ren et al, 2019; Zhang
et al, 2020a, 2020b). Meiotic CO initiating from DNA
double-strand breaks induced by sporulation 11 transester-
ases (Mercier et al, 2015), occurs via at least two distinct
pathways in most species (Higgins et al, 2004; Lhuissier
et al, 2007; Li et al, 2018). In plants, the majority of COs are
formed via the Class | pathway, which depends on the
ZMM proteins (zipper1-4, meiotic recombination 3 [MER3],
MutS-homolog 4 [MSH4], MSH5), and MLH1-3 (MutLy)
nuclease, and are subject to interference (Copenhaver et al,
2002; Lhuissier et al, 2007; Falque et al, 2009; Wang et al,
2012, Wang and Copenhaver, 2018). The remaining COs are
formed via a minor noninterfering Class Il pathway, orches-
trated by the methyl methanesulfonate and UV-sensitive
protein 81-essential meiotic endonucleasel structure-specific
endonuclease (Boddy et al,, 2001; Mercier et al, 2005; Wang
and Copenhaver, 2018).

In eukaryotes, including yeast and mammals, four MutL
homolog (MutL) proteins (postmeiotic segregation 1 [PMS1]
and MLH1-3) are identified and involved in multiple path-
ways of DNA repair and recombination (Kolodner and
Marsischky, 1999; Wang et al, 1999; Kadyrova et al, 2020).
In yeast, mutating each of these genes results in reduced
spore viability by 3.4%-21.2% depending on the mutant,
compared with wild-type (WT) (Wang et al, 1999). In
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contrast, Mus musculus mutants of MutL genes show severe
infertility (Lipkin et al., 2002; Toledo et al., 2019). Three types
of complexes are revealed among yeast and mammal MutL
homologs: those between MLH1 and each of the other three
family members (Wang et al, 1999; Kadyrova et al,, 2020).
Among these, only the MLH1-3 heterodimer (MutLy) is im-
plicated specifically in meiotic CO and promotes the CO
formation by interacting with MutSp (MSH2-3) (Kadyrova
et al, 2020) and/or MutSy (Msh4-Msh5) (Cannavo et al.,
2020). In plants, only three MutL homologs are known to be
present (Dion et al, 2007). The phenotypes of single-gene
mutants via T-DNA insertion (Jackson et al, 2006; Dion
et al, 2007 Li et al, 2009), over-expressing mutated alleles
(Alou et al, 2004 Xu et al, 2012a), or gene editing (Mao
et al, 2021; Xin et al,, 2021), reveal distinct functions for the
three MutL homologs in plants, but their biological func-
tions remain to be characterized. Moreover, a thorough in-
vestigation on protein—protein interactions among three
MutL genes in plants has not been carried out, although re-
cently, an interaction between the C-termini of OsMLH1
and OsMLH3 was reported (Mao et al, 2021; Xin et al,
2021).

In this work, we used a classical forward-genetics approach
to clone a quantitative trait locus (QTL), PSSR1, from a wild
rice W1943 and showed that the semi-sterile phenotype of
pssr1 was the consequence of mutation of MutL-homolog 1
(OsMLHT). Although the functions of MutL genes have been
revealed in yeast and mammals using single-gene mutants
(Wang et al, 1999; Lipkin et al, 2002; Kadyrova et al, 2020),
their functions in plants, especially in rice, need to be char-
acterized. So, we utilized yeast two-hybrid, bimolecular fluo-
rescence complementation assay (BiFC), and genetic assays
via clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein9 (Cas9) (CRISPR-Cas9)
technology to address: (1) if the mutation of each MutlL
gene can cause fertility defects in rice as reported in other
taxa? (2) do MutL genes have divergent functions and have
an additive effect on fertility? (3) which protein(s) of MutL
homologs can assemble and involve in MER in rice? We
unraveled that mutating mih1/3 in japonica leads to more
severe reduced fertility and lower percentage of meiocytes
harboring 12 bivalents than in indica, indicating that these
mutants from indica may have more residual COs than
those from japonica under destruction of partial class | COs
by the mutation of MLH1/3. This discovery prompted us to
address whether indica has more CO events per meiosis,
that is a higher CO rate than japonica.

Results

Morphological characterization of the mlh1 mutant
and map-based cloning of MLH1

By examining the PSSR of each line and subsequent QTL
analysis, two major QTLs for low PSSR were identified with
a threshold of logarithm of the odds (LOD) = 2.5 in the
population from a cross between an indica variety GLA4
and a wild rice accession W1943 (Figure 1A), with the PSSR1

2202 4940120 L€ UO JasSN Jojua) UIUPY JOquisjy Joquosans "pesL TLSN A £690299/21.1/€/06 L /2101e/sAyd|d/woo dno-olwapeoe)/:sdjy woly papeojumod



Loss of MLH1 causes semi-sterility in wild rice

PSSR
17.0
13.6 |
|
10.2 |
o
Q
—
6.8
34| 55 |
ol 4 A, " iy y
1 2 3 4 5 B T 8 8 10 11 12
Chromosome
Chr 1 @
o8 8 3
Markers >f >|< >‘< >f<
1 T 1 !
f 0 ThmaaL.
e
3 o
7 o
o~ P~ o« = I
Markers (ﬁ% IQ g IQ.E’(
1 T 1 1 T
REC 20 10 8 4 4
=" o] orf2 o3 orfd  orf5orf6orf7
- — 1 Ll L] H
C 0.25 =
2 E GLA4
S 1 NIL
1l
c 020 a
o a
%’ |
o ~ g
£ 0415} 2 n
: 3 3
ﬁ n
= Q.
2 o010
=
& ©
< =] S
] n 1
0 - a 8 'y
3

orf1 orf2

=]

Fs
S
[
o

=1
o

orf7

]

PLANT PHYSIOLOGY 2022: 190; 1747-1762 1749

I3..

GLA4 NIL-mih 1

G 200

P =1.49E-46 P=0.8681

iy
Q
o

[==]

[=]
—
o
(=]

ST Y

o O
[92]
(=

Grain number per panicle
T
o
(=]

Panicle seed setting rate (%]-n
@
(=]

o
o

GLA4 NIL-mih1 GLA4 NIL-mih1

P=649E-19

iy

o o

(=) (=]
T T

Pollen fertility (%)
@
o

40¢
20¢
0
GLA4 NIL-mih1
L o
g
= 80 =
=] =£
8 0 g5
8 24
g 40 L ] |
=
o
E 20
L

0 GLA4 NIL-mih1

GLA4 NIL-mif 1

Figure 1 Mapping and characterization of OsMLH1. A, QTL mapping for PSSR. B, The positional cloning of MLH1. The candidate region was
mapped to a ~49-kb genomic DNA region lying between markers XG10 and XG12 and co-segregated with XG11 and XG3 in a large population
(n = 1,536). In total, seven genes were predicted within the 49-kb region. Rec, number of recombinants. C, The relative expression levels of the
seven candidate genes in panicles of GLA4 and NIL-mlh1 like plants. Values are means = sem, n = 4. Significance was assessed by Student’s t test. D,
Comparison of a GLA4 plant and a NIL-mlh1 plant. Bar = 10 cm. E-G, Comparison of panicles of GLA4 and NIL-mlh1 (E). Bar = 5cm. Histograms
of PSSR (F) and grain number per panicle (G) are shown beside. Values are means +sem, n = 30. Significance was assessed by Student’s t test. H,
Comparison of a GLA4 and a NIL-mlh1 spikelet after removing the lemma and palea. Bar = 2 mm. |, KI-I, staining of GLA4 pollen and NIL-mlh1
pollen. Bar = 100 um. J, Quantifications of the pollen fertility in GLA4 and NIL-mlh1. Values are means +sem, n = 20. Significance was assessed by
Student’s t test. K, Comparison of GLA4 mature embryo sac and NIL-m/h7 abnormal mature embryo sac spikelet. Bar = 50 um. L, Quantifications

of the fertility of embryo sac in GLA4 and NIL-mlh1.

locus located at the distal region of the long arm of chro-
mosome 1. To fine map this locus, one backcross inbred line
BIL86 with low PSSR, harboring the PSSRT locus and carrying
several other segments from W1943, was selected for further
backcrossing to GLA4. The F, progeny showed a 1:3
(121:404, x* = 0.8 < 3.84) segregation ratio between semi-
sterile and fertile lines, suggesting that the semi-sterile phe-
notype was controlled by a single recessive gene. We then

carried out high-resolution mapping using 1,152 BC,F; indi-
viduals, and the locus was finally delimited to a 49-kb region
between the two markers XG10 and XG12, containing seven
predicted genes in total (Figure 1B). We measured the ex-
pression levels of these genes in the panicle (Figure 1C) and
flag leaf (Supplemental Figure S1) by reverse transcription
quantitative PCR (RT-qPCR), and found that only orf4/
LOC_0Os01g72880 markedly differentially expressed in the

2202 4940120 L€ UO JasSN Jojua) UIUPY JOquisjy Joquosans "pesL TLSN A £690299/21.1/€/06 L /2101e/sAyd|d/woo dno-olwapeoe)/:sdjy woly papeojumod


https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac378#supplementary-data

1750 I PLANT PHYSIOLOGY 2022: 190; 1747-1762

panicle and leaf of GLA4 and NIL plants (P < 0.0001), with
nearly no expression in the NIL plants. Therefore, we de-
duced that the gene LOC_Os01g72880 encoding a DNA
mismatch repair protein MLH1 (hereafter referred to as
OsMLHT1) is PSSR1.

The NIL-mlh1 exhibited normal plant architecture and
could not be distinguished from the WT (GLA4) during the
vegetative stage, but with low PSSR at the mature stage
(Figure 1, D and E). Under normal field conditions, the PSSR
of GLA4 was >90%, while it was 42.7% in NIL-mlh1
(Figure 1F). The PSSR in the heterozygotes is not reduced,
similar to that of GLA4 (Supplemental Figure S2). In addi-
tion, the grain number per panicle showed no difference be-
tween GLA4 and NIL-mlh1 (Figure 1G). Other agricultural
traits also exhibited no obvious differences between them
(Supplemental Table S1). NIL-mlh1 had normal floral organs
(Figure 1H) but produced more abortive pollens (Figure 1).
The pollen fertility was 94.2% in GLA4. In contrast, the
value was 63.2% in NIL-mlh1 (Figure 1J). Some spikelets of
NIL-mlh1 did not form the normal eight-nuclear embryo sac
(Figure 1K), and the embryo sac fertility of NIL-mlh1 was
52.4% (Figure 1L). These results suggested that both male
and female gametophytes of NIL-mlh1 might develop
abnormally.

To clarify the causation of male semi-sterility, we first ex-
amined anther transverse section to characterize develop-
mental defects in NIL-mlh1 (Supplemental Figure S3). The
early stages of anther meiosis were indistinguishable be-
tween GLA4 and NIL-mlh. The microsporocytes of both are
located at the center of each anther locule, surrounded by
four layers of the anther wall (Supplemental Figure S3, A
and F). However, eventually, only about half of the micro-
spores showed normal development in the NIL-mlh1.

The aberrant pollen grains might suggest meiotic defects.
To further investigate the cellular cause of the male semi-
sterility in NIL-mlh1, we compared the meiotic chromosome
behavior of meiocytes in GLA4 and NIL-mlh1 (Figure 2A).
We found that several chromosomal defects were apparent
from diakinesis to the following meiotic stages in NIL-mlh1.
We observed no univalents in GLA4 meiocytes containing
12 bivalents in each cell (n = 142) (Figure 2B). However, in
Diakinesis

A

Metaphase | Anaphase |

LA4

G

NIL-mih1

Dyad
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NIL-mlh1, the number of bivalents varied from 8 to 12, and
~60% of pollen mother cells (PMCs) had less than or equal
to 11 bivalents (n = 172). This result suggested that CO for-
mation was affected in NIL-mlh1, and MLHT is required for
CO formation.

Complementary experiment and association analysis
To confirm that the putative gene is responsible for the mu-
tant phenotype, a complementary construct containing an
8,768-bp genomic DNA fragment covering the entire
LOC_Os01g72880 gene region was transformed into the
NIL-mlh1. The transgene could rescue the semi-sterility phe-
notype of the NIL-mlh1 (Supplemental Figure S4, A-C).
Compared to NIL-mlh1, transgene-positive plants showed a
significant increase in the PSSR and pollen fertility with both
being more than 90% (Supplemental Figure S4, D and E).
These results demonstrated that LOC_Os01g72880
(OsMLH1) was the gene locus of PSSR1.

Four nucleotide polymorphisms between the genomic
regions of OsMLH1 of GLA4 and NIL-mlh1, composed of
two single-nucleotide polymorphisms (SNPs) in the pro-
moter, one 5.4-kb insertion in the second exon and one
SNP in the ninth intron were detected (Figure 3A). To reveal
the association between these mutations and PSSR, we se-
quenced the OsMLH1 gene fragments of 112 diverse acces-
sions, grouped them into four types based on haplotype
analysis, and examined their seed setting rates (Figure 3B;
Supplemental Data Set 1). Compared to NIL-mlh1 (type5),
all four types have higher PSSR (Figure 3C).

Furthermore, we conducted transient expression assays of
the site-directed mutated promoter fragments of OsMLH1
to test the effects of the two SNPs in the promoter region.
Both the promoter fragment with one mutation (-171 posi-
tion) and the NIL-mlh1 promoter have almost equal relative
activities, same as GLA4 (Figure 3D). Moreover, compared
with the WT, both the transgenic plants with large fragment
deletion (-170 to —349; mIh1**"®") and small fragment de-
letion (-146 to -173; mlh1**"°?) in the promoter of
Nipponbare by CRISPR-Cas9 showed no difference in the
PSSR and pollen viability (Supplemental Figure S5). Taken
together, these results suggested that among the four
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Figure 2 Cytological Analysis of GLA4 and NIL-mlh1. A, Meiotic chromosome behaviors in GLA4 and NIL-mlh1. Some unpaired chromosomes in
NIL-mlh1 are indicated with white arrows. Bar = 5 um. B, Quantification of the number of bivalents in GLA4 and NIL-mlh1.
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P-values were calculated by one-way ANOVA.

variations, the 5.4-kb insertion resulted in the loss-of-
function of OsMLH1 and subsequent low PSSR in NIL-mlh1.
The 5.4-kb insertion was subsequently amplified from the
NIL-mlh1 genome (Supplemental Figure S6, A-C) and se-
quenced. Eight other backcross inbred lines having the mlh1
locus and low PSSR were also verified to harbor the 5.4-kb
insertion (Supplemental Figure S6D). We obtained a 5,429-
bp insertion sequence (Supplemental Data Set 2), which is a
typical LTR-retrotransposon (TE) as a member of the Gypsy
family. We searched for the TE in the genomic sequences of
3,000 rice varieties (Wang et al, 2018), the 32 high-quality
genomes of O. sativa (Qin et al, 2021) and the 16 diverse
genomes of O. rufipogon from our lab (Zhao et al, 2018).
There is only a single copy of this TE in domesticated rice
(Supplemental Table S2), but single or two copies of that in
wild rice, strongly implying that lineage-specific transposi-
tional bursts have not occurred for it (Supplemental Table
S$3). The proportion of cultivated rice harboring this TE was
~20%, which might be an underestimate due to incom-
pletely sequenced elements. We detected this TE in 13

accessions accounting for ~40.6% of the 32 accessions
with high-quality genomes (Qin et al, 2021). Surprisingly,
the position of the TE was almost specific to each cultivated
varietal group (Supplemental Table S2). In contrast, the
position of the TE in nine wild rice accessions differed and
presented tremendous diversity. Furthermore, we found
that no PCR products were amplified from the 250 other di-
verse O. rufipogon accessions using the primers NIL-F/5'-R
and 3'-F/NIL-R.

MLH?1 interacts with two other MutL genes and the
chromatin remodeling complex subunit SWIB
Three MutL paralogs (OsMLH1, OsPMS1, and OsMLH3)
were detected in rice via comparison of homologous
sequences. Phylogenetic analysis across some plant species
also revealed three subgroups of MutL proteins correspond-
ing to MLH1, PMS1, and MLH3 clades, respectively
(Supplemental Figure S7).

To gain deep insight into the molecular mechanism un-
derlying MLH1 during meiosis, we screened for MLH1-
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interacting proteins via yeast library screening. Many positive
clones were first obtained, but only three full-length coding
sequence (CDS) clones were further verified to have actual
interactions with OsMLH1, two of which are its homologs,
OsPMS1 and OsMLH3. Another is OsSWIB/OsBAF60/
LOC_Os04g31320, a subunit of the SWI/SNF (SWITCH/
SUCROSE NONFERMENTING) chromatin remodeling com-
plex and an putative ortholog of mammalian BRAHMA-
associated factors (BAF60s), called CHC1, SWP73B, or BAF60
in Arabidopsis (Sacharowski et al, 2015), belonging to the
SWIB/MDM2 domain superfamily protein in rice.

All four GFP fusion proteins (OsMLH1-GFP, OsPMS1-GFP,
OsMLH3-GFP, and OsSWIB-GFP) were detected in the nu-
cleus (Figure 4A; Supplemental Figure S8). RT-qPCR analysis
revealed that OsMLH1 transcripts were highly accumulated
in seedlings, flag leaves, and young panicles during meiosis
stage (Supplemental Figure S9). To further examine the pos-
sible interaction domains among these proteins, we per-
formed two-hybrid assay with their different truncated
fragments. The assay indicated that the N-terminal region of
OsMLH1 did not interact with any truncated OsPMS1 and
OsMLH3, whereas the C-termini of OsMLH1 could interact
with each of truncated OsPMS1 and OsMLH3 (Figure 4, B
and C). It was also revealed that the interaction between
OsMLH1 and OsSWIB was mediated by the MutL domain
of OsMLH1 (Figure 4, B and C). We further conducted BiFC
assays to confirm the interactions in Nicotiana benthamiana
epidermal cells. Yellow fluorescent protein (YFP) signals
were detected in cells co-expressing each vector pair, except
for the negative control (Figure 4D). Then, luciferase (LUC)
assay also verified these interactions (Figure 4E). Due to no
interaction between OsPMS1 and OsMLH3 revealed by our
BiFC test, it was suggested that none of the three MutL pro-
teins in rice interactions with members of the family other
than OsMLH1, and two types of heterodimers OsMLH1-
OsPMS1 and OsMLH1-3 exist in rice, supporting the previ-
ous report from yeast that MLH1 playing a pivotal, coordi-
nating role, functions in combination with each of the other
MutlL proteins (Wang et al.,, 1999).

Targeted disruption of MutL genes reveals lower
male and female fertility in mutants of japonica
than indica

To further clarify the function of MutL genes in rice, firstly,
we generated single, double, and triple MutL gene mutants
in the japonica variety Dongjing, due to the relative simplic-
ity of genetic transformation of japonica compared with ind-
ica varieties. Our analysis showed that among the three
single mutants of MutL genes, Osmlh1 and Osmlh3 displayed
significantly low PSSR, while that was almost unaffected in
Ospms1. All double and triple mutant plants had almost
equal and low PSSR, similar to single Osmlh1 and Osmlh3
mutants (Figure 5, A and B). In WT and OspmsT, the pollen
fertility was no less than 90%, while that in all other
mutants was ~40% (Figure 5C).
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Using 4',6-diamidino-2-phenylindole (DAPI) staining on
chromosomes of PMC spreads, we observed no univalents
in WT meiocytes (n = 109). Except for the Ospmsi, the
number of bivalents varied from 7 to 12 in the other six
mutants. We found univalents in ~80% of all analyzed cells
of Osmlh1 (n =105), Osmlh3 (n = 122), Osmlh1 Ospms1
(n=111), Osmlh1 Osmlh3 (n=131), Ospms1 Osmlh3
(n =157), and Osmlh1 Ospms1 Osmlh3 (n = 123), with on
average 10.39-10.48 bivalents per meiocyte in these mutants
(Figure 5, D and E). However, it is perplexing that compared
to NIL-mlh1 with indica background, loss of MLHT in japon-
ica variety Dongjing leads to more severely reduced viable
pollens and lower PSSR. In comparison with only ~20% of
the meiocytes with 12 bivalents in Osmlh1 of japonica, this
percentage was two-fold higher in indica (NIL-mlhT).

To confirm that these discrepancies between Osmih1
(japonica background) and NIL-mlh1 (indica background)
were indeed the results with no statistical bias, we further
generated all corresponding mutants in indica GLA4 and
examined their phenotypes. The data showed that
Ospms1 exhibited high fertility identical to WT, and all
other mutants from indica had similar phenotypes as
NIL-mlh1, with the PSSR and pollen viability reduced to a
little >40% and 60%, respectively (Figure 6, A-C). Except
for Ospms1, analysis of DAPI-stained meiotic chromo-
somes of all other mutants revealed 10.70-11.03 bivalents
per cell (Figure 6, D and E), consistent with the above
observations in NIL-mlh1.

We calculated averages of the percentage of PMCs with
different numbers of bivalents under loss of mlh1/3 (includ-
ing Osmlh1, Osmlh3, Osmlh1 Ospms1, Osmlh1 Osmlh3,
Ospms1 Osmlh3, and Osmlh1 Ospms1 Osmlh3, the same be-
low) in both indica and japonica. We found that the majority
(60%-70%) of PMCs had 12 or 11 bivalents in indica. In com-
parison, ~60% of PMCs had ten or 11 bivalents in japonica
(Figure 7A), suggestive of a more severe defect of male meio-
sis in japonica than indica under mlh1/3 mutation.

Because the meiosis process of megaspore mother cells
(MMGs) is challenging to observe, instead, we examined the
fertility of mature embryo sacs in WT and all mutants. We
observed only a few abnormal embryo sacs in WT and
Ospms1 of both subspecies. In contrast, we detected many
abnormal embryo sacs in other mutants (Supplemental
Table S4; Supplemental Figure S10), with most of them
(>90%) being abortive with no cell differentiation
(Supplemental Figure S10, A and B). No function of MLH1/3
resulted in lower embryo sac fertility in japonica than indica
(41.5% versus 51.4%; Figure 7B), indicating that mutants of
japonica also had more severe defects in female meiosis.

Taken together, we could conclude that three MutL genes
in rice have divergent functions, only MLHT and MLH3 were
involved in MER; meiocytes from mlh1/3 mutants of japon-
ica displayed fewer bivalents than those of indica, strongly
indicating that mutants from indica had more residual COs
than those from japonica under destroying of partial class |
COs due to lack of MLH1/3. Because both MLHT and MLH3
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Figure 4 Protein sub-cellular localization and protein-protein interactions. A, Sub-cellular localization of OsMLH1-GFP fusion protein in rice pro-
toplasts. Bar = 5 um. B, The illustration of the conserved domains of three MutL proteins and OsSWIB in rice. C, Yeast two-hybrid assay to exam-
ine interactions among MutL proteins and chromatin remodeling complex subunit SWIB. Transformed yeast cells were grown on a synthetic
medium lacking Trp and Leu (DDO) or Trp, Leu, His, and Ade (QDO). AD, GAL4 activation domain; BD, GAL4 DNA-binding domain. D, BiFC
analysis of the interaction between MLH1 and each of PMS1, MLH3, and SWIB. Bar = 20 um. E, LUC complementation assay between MLH1 and
each of PMS1, MLH3, and SWIB.

participate in the formation of class | COs (Lhuissier et al,
2007; Mercier et al, 2015), the phenomenon motivated us
to speculate that the number of COs per meiosis is higher
in indica than japonica.

CO rates in indica and japonica

To confirm the above hypothesis, we analyzed the CO num-
ber per meiosis of both cultivated rice subspecies. As a first
step in analyzing CO events, the newly generated 435 japon-
ica F, plants were genotyped, and an indica F, population
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Figure 5 Targeted mutation of MutL genes in japonica (Dongjing). A, Gross morphology of mature plants (upper parts) and pollen grains with
KI-1, solution (lower parts) of WT and mutants. Bar = 10 cm (upper). Bar = 100 um (lower). B, Histograms of PSSR. Values are means = sem, n = 40.
The presence of the same lower letter denotes a nonsignificant difference among them (P > 0.01). P-values were calculated by one-way ANOVA.
C, Histograms of pollen fertility. Values are means+sem, n = 20. The presence of the same lower letter denotes a nonsignificant difference among
them (P > 0.01). P-values were calculated by one-way ANOVA. D, Representative images of metaphase | cells are shown. Bar = 5pum. E,
Quantification of the number of bivalents in WT and mutants. Bivalents, as a readout for CO formation, were assessed in chromosome spreads of

the indicated mutant lines.

with 384 individuals from our previous report (Huang et al,
2016) was also re-genotyped. Then, we constructed two bin
maps based on the recombination CO breakpoints detected
in these two F, populations, which generated 2,812 and

2,559 bins in the indica (Supplemental Data Set 3) and ja-
ponica (Supplemental Data Set 4) population, respectively.
The physical length of each recombination bin ranged from
100kb to 3Mb in the indica map with an average of
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Figure 6 Targeted mutation of MutL genes in indica (GLA4). A, Gross morphology of mature plants (upper) and pollen grains with Ki-l, solution
(lower) of WT and mutants. Bar = 10cm (upper). Bar = 100 um (lower). B, Histograms of PSSR. Values are means+sem, n = 40. The presence of
the same lower letter denotes a nonsignificant difference among them (P > 0.01). P-values were calculated by one-way ANOVA. C, Histograms of
pollen fertility. Values are means+ sem, n = 20. The presence of the same lower letter denotes a nonsignificant difference among them (P > 0.01).
P-values were calculated by one-way ANOVA. D, Representative images of metaphase | cells are shown in WT and mutants of indica. Bar = 5 pum.
E, Quantification of the number of bivalents in WT and mutants of indica. Bivalents, as a readout for CO formation, were assessed in chromosome

spreads of the indicated mutant lines.

132.13kb, and from 100kb to 2.95Mb in the japonica map
with an average of 144.96 kb. From these two crosses, a total
of 25,600 COs were detected in 819 F, plants, 14,093 and
11,507 COs for indica and japonica populations, respectively.

The average number of CO events (36.7, ranging from 18 to
60) per F, individual of indica was markedly higher than
that (26.5, ranging from 12 to 63) in japonica F, individuals
(t test, P < 0.001; Figure 8A). The mean COs for each
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chromosome pair varied from 1.6 to 5.0 in the indica popu-
lation, and from 1.5 to 3.8 in the japonica population
(Figure 8B). As expected, the average CO number per chro-
mosome pair was positively correlated with the physical
length of the chromosome (r =068, P < 0.05 for indica;
r =070, P < 0.05 for japonica), indicating that longer chro-
mosomes have more CO events, consistent with previous
studies (Salome et al, 2012; Si et al, 2015). The total
amount of observed COs per F, corresponded to a total ge-
netic distance of 1,8349cM in indica population, higher
than that in japonica population (1,322.6 cM). By assuming
constant genome size in indica and japonica, we could esti-
mate their average CO rates were 4.92 and 3.55cM Mb~T,
respectively.

Discussion

pssr1 is a rare allele
In this study, we report the positional cloning of pssr1 caus-
ing low fertility from the wild rice and show that the semi-

sterile phenotype of pssr1 is the consequence of a 5.4-kb
LTR-retrotransposon insertion in the exon 2 of OsMLH1
which leads to a failed cDNA transcript. Because the pssr1
allele was not detected in other collected wild rice acces-
sions, we speculated that it was a rare allele, suggesting that
the low PSSR and fertility in different wild rice populations
or accessions might be caused by reasons, which remain to
be further elucidated.

Functional divergence of MutL genes

Previous studies on the function of MutlL genes in plants
and nonplant organisms did not focus on double and multi-
ple MutlL gene mutants. In this study, we analyzed the
effects of single, double, and triple MutL gene mutants in
two rice subspecies, indica and japonica. Loss of function
analysis demonstrates functional divergence of MutlL genes
in rice. In contrast to Osmlh1 and Osmlh3, Ospms1 confers
no marked defects in either chromosome segregation or
male and female fertility. The spore viability in pms1 mutant
of yeast showed only ~10% reduction (Wang et al, 1999).
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However, Arabidopsis plants lacking PMS1 displayed a se-
verely reduced seed set and a high proportion of collapsed
pollen (Li et al, 2009). In rice, the heterozygotes of Osmih1
mutant exhibited unreduced PSSR (Supplemental Figure S2).
However, the seed set rate in heterozygotes of Atmlh1 mu-
tant was reduced by ~50% (Dion et al, 2007). These results
also suggest that some functional specificity of MutL genes
exists among organisms.

In comparison with Osmlh1 or Osmlh3, the Osmlh1
Osmlh3 double mutant shows indistinguishable reductions
in fertility and the number of bivalents per meiocyte, indi-
cating that OsMLH1 and OsMLH3 do not have an additive
effect on fertility. Immunolocalization studies have revealed
that AtMLH3 and HvMLH3 localize as discrete foci at zygo-
tene of meiosis, and the loading of AtMLH1 is dependent
on AtMLH3, as AtMLH1 foci are not observed in the
Atmlh3 mutants, indicating that MLH3 is recruited earlier
than MLH1 to the newly formed axes potentially during syn-
apsis (Jackson et al, 2006; Colas et al,, 2016). Irrespective of
indica or japonica, the fertility and the mean numbers of
bivalents in PMCs of Osmlh1/3 are much higher than those
in ZMM protein mutants like Osmsh4, Osmsh5, and Oshei10
(Wang et al, 2012, 2016; Luo et al, 2013), supporting previ-
ous studies that both MLH1 and MLH3 function down-
stream of MSH4/5 and HEI10. Taken together with the
interaction studies described above, it was strongly sug-
gested that OsMLH1 and OsMLH3 act in the same pathway,
and form an OsMLH1-3 heterodimer implicated in MER
and CO formation.

Osmlh1/3 mutants have similar male and female
semi-sterility

More recently, two independent labs reported Osmlh1 and
Osmlh3 single mutants’ phenotypes(Mao et al, 2021; Xin
et al, 2021). A spontaneous mutant of Osmlh3, also called
female sterile variation 1, in Mao et al.” study exhibited dif-
ferent male and female gamete fertility, that is, severe female
gamete sterility (86.5% of embryo sacs are nonfunctional)
and slightly reduced pollen fertility (no statistical data)
(Mao et al, 2021). In contrast, the Osmlh1 and Osmlh3 sin-
gle mutants in Xin et al. displayed substantially reduced
male fertility (~40%) and partially destroyed female gametes
(no statistical data), so the authors thought that the mark-
edly reduced PSSR in these mutants was largely attributed
to the abnormal development of pollens, that is, male
defects (Xin et al, 2021). However, in our study, both male
and female gametes in Osmlh1/3 single and double mutants
have similar semi-sterile phenotypes, which were less severe
in indica mutants than in japonica mutants. About 40%-
60% pollen fertility in NIL-mlh1 and Osmlh1/3 mutants
should be sufficient for seed set due to excessive pollens, as
revealed in Mao et al’ (2021) study, suggesting the low PSSR
in NIL-mlh1 and Osmlh1/3 mutants may be mainly attrib-
uted to the substantial reduction of embryo sac fertility.
Few PMCs having 12 bivalents were found in the mutants
of their study. In our study, however, we revealed that
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~20%—-40% of PMCs had 12 bivalents in Osmlh1/3 mutants
of indica and japonica with on average 10.39-11.03 bivalents
per meiocyte, corresponding to 35%—65% viable pollens
(Figures 5 and 6), indicating that the semi-sterility of male
gametes should be maintained by a considerable percentage
of meiocytes with 12 bivalents.

Inter-subspecific difference of COs per meiosis may
be driven by a near-uniform increase in recombina-
tion across the genome
Meiotic CO is not only a major force in evolution and cre-
ates genetic diversity and is also an important facilitator
during plant breeding by combining favorable alleles into
elite varieties (Zelkowski et al, 2019; Kivikoski et al., 2021).
To our knowledge, no detailed comparative analysis on CO
rate of both rice O. sativa indica and japonica subspecies
has been carried out until now. Only the historical recombi-
nation maps of indica and japonica using 150 re-sequenced
genome data from the 3000 Rice Genome Project was con-
structed (Marand et al,, 2019), providing a historical measure
of meiotic COs regarding multiple generations of both sub-
species. In this study, we revealed on average 36.7 and 26.5
CO events per F, individual per meiosis in indica and japon-
ica hybrids, respectively. These values are very similar to pre-
vious reports or the estimates calculated from other rice
maps. An average of 33 COs were detected in 24 F, un-
stressed individuals from F; seeds of a super hybrid rice
LYP9 obtained from the cross between indica cultivars
PAG4s and 9311 (Si et al, 2015). Based on 44,049 high-
quality SNPs between two indica varieties ZS97 and MH63,
a map with 1,850 recombination bins was generated in the
7597 x MH63 F, population with 163 individuals, corre-
sponding to a total genetic map length of 2,081cM (Li et al,
2017), which is equivalent to ~ 41.6 COs per nucleus. This
CO number is slightly higher than the CO frequency of
indica F; hybrid in our study. From the genotyped data of
an intra-subspecific F, population with 150 plants from the
cross between japonica Nipponbare and Dongjing (Mieulet
et al, 2018), we quantified on average 31.8 COs per F, plant
per meiosis in the japonica population (Supplemental Data
Set 5), which was also higher than that in our japonica pop-
ulation, indicating the variations of CO rate among intra-
subspecific individuals. These data also showed that indica
has a higher CO rate than japonica, supporting our hypothe-
sis. Previous studies revealed that the nucleotide diversity
and linkage disequilibrium (LD) decay rates were higher in
indica than japonica (Huang et al, 2010; Xu et al, 2012b;
Wang et al, 2018). Because recombination can break down
LD and is mutagenic (Nachman, 2001), it is expected that
indica population may have a higher CO rate than japonica
population, contributing to higher nucleotide diversity and
LD decay rate in the former. This is verified by this study.
Our genetic analysis demonstrates that indica has, on av-
erage, ~39% higher CO rates than japonica in chromosome
level. Some previous works have reported that the variation
of inter-populations and inter-individuals in CO rate may be
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the result of allelic variation in meiosis-related gene(s) (Kong
et al, 2008; Ziolkowski et al, 2017; Lawrence et al, 2019).
Further research is needed to discover the modifier(s),
resulting in the difference in CO rate, and then utilize
it/them to elevate the genetic CO rate and increase genetic
variation during rice breeding, especially japonica breeding.

Materials and methods

Plant materials and QTL analysis

To understand the genetic mechanisms of low PSSR in wild
rice, we developed a set of backcross recombinant inbred
lines derived from a cross between a cultivated rice variety
O. sativa ssp. indica Guangluai4 (GLA4) and a wild rice
accession O. rufipogon (W1943) with low fertility
(Supplemental Figure S11). We investigated the PSSR of all
250 lines, with three panicles per plant and six plants per
line, that is 18 panicles per line. Subsequent QTL analysis
revealed the presence of two QTLs of PSSRT and PSSR9,
both of which are responsible for low PSSR.

The 112 cultivated rice varieties used in the association
mapping analysis are listed in Supplemental Data Set 1.
Sequences of all primers used in genetic mapping are listed
in Supplemental Data Set 6. All plant materials were grown
in paddy fields in Shanghai or Hainan Province, China.

Plasmid construction

To generate the complementation construct, an entire
8768-bp PSSR1/MLH1/LOC_Os01g72880 genomic region was
amplified from WT (GLA4) and then inserted into the bi-
nary vector pCAMBIA1300. The resulting plasmid was then
transformed into NIL-mlh1.

For the CRISPR-Cas9 targeting of three MutlL genes, the
intermediate vector SK-gRNA and the CRISPR-Cas9 binary
vector pC1300-cas9 were used. We first generated a single
mutant (Osmlh1), two double mutants (Osmlh1 Ospms1
and Osmlh1 Osmlh3), and a triple mutant (Osmlh1 Ospms1
Osmlh3) in japonica variety (Dongjing), and then three sin-
gle mutants (Osmlh1, Ospms1, Osmlh3) and a triple mutant
(Osmlh1 Ospms1 Osmlh3) in indica variety (GLA4). The
other corresponding single or double mutants were segre-
gated from the triple heterozygous Osmlh1 Ospms1 Osmlh3.
Finally, for each subspecies, seven types of mutants were
generated.

For mutation in promoter sequences of MLH1, a construct
carrying two gRNAs targeting the promoter of a japonica va-
riety Nipponbare was generated.

The target sequences used in CRISPR/Cas9 are listed in
Supplemental Data Set 6. The resulting plant lines and F;,
F,, or F; plants from crosses were genotyped by PCR using
primers described in Supplemental Data Set 6.

RNA extraction and RT-qPCR analysis

For gene expression analysis, samples were ground in liquid
nitrogen, and total RNA was extracted using the Trizol re-
agent (Invitrogen, Carlsbad, CA, USA). In vitro reverse tran-
scription was performed using ReverTra Ace qPCR RT
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Master Mix (TOYOBO, Osaka, Japan). RT—qPCR analysis was
performed on an ABI QuantStudio 5 instrument using the
THUNDERBIRD SYBR gPCR Master Mix (TOYOBO). Rice
Actin was used as the internal control. Primers are listed in
Supplemental Data Set 6.

Semithin section

Observation of anther development was performed as previ-
ously described by Zhou et al. (2011). In brief, spikelets of
different developmental stages were fixed in formaldehyde:
acetic acid (FAA: 50% [v/v] ethanol = 5: 5: 90) for >24h
and then dehydrated through an ethanol series. Samples
were embedded in Eponate 12 (Ted Pella) and sectioned.
Images were captured using Zeiss Axio imager.M2.

Fertility examination

Six plants of the WT and mutants were used to estimate
the pollen and embryo-sac fertility. At the heading stage,
the spikelets from three panicles per plant were fixed in
FAA for >24h at room temperature, after which they were
stored in 70% (v/v) ethanol at 4°C. Pollen fertility was exam-
ined with the I,-KI staining method, using mixed pollens
from all six anthers of each spikelet. Three independent mi-
croscope fields were observed by light microscopy, and the
average of percentage of stained pollens from three fields
was expressed as the fertility of each spikelet. To evaluate
the embryo-sac fertility, 100-200 ovaries were inspected us-
ing WCLSM method (Zhou et al, 2011). Three or four
panicles per plant at maturity were harvested to investigate
PSSR.

Meiotic chromosome preparation

Young panicles of all the WT and mutant lines were fixed in
Carnoy’s solution (ethanol:glacial acetic acid = 3:1). Meiotic
chromosome was prepared as described previously (Cheng,
2013). After counterstaining with DAPI (Vector Laboratories;
H-1200), cytological analysis was performed under confocal
laser scanning microscopy (Leica SP8).

Dual-LUC assay

To generate LUC expression constructs, the promoters of
MLH1 amplified from NIL-mlh1 and GLA4, together with a
directed-mutant promoter (“A” insertion) from NIL-mlh1
were cloned into the pGreenll 0800-Luc expression vector.
The plasmids were introduced into rice stem protoplasts,
and then the transformed protoplasts were incubated over-
night. The dual-LUC assay is performed by sequentially
quantifying the firefly LUC and Renilla LUC activities of the
same sample using Dual-Luciferase Reporter Assay System
(Promega, Madison, WI, USA).

Subcellular localization

To determine the subcellular localization of the MLH1,
PMS1, MLH3, and SWIB proteins, we cloned their full-length
CDSs from GLA4 into the p1300-GFP vector. The NLS se-
quence was fused with RFP into PA7-355-RFP as a nuclear
marker. We co-transformed the p1300-MLH1-GFP and
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PA7-355-NLS-RFP into rice protoplasts. We also transformed
the four generated plasmids with GFP fusion protein into
N. benthamiana leaves via infiltration. The subcellular locali-
zation and colocalization of these proteins were examined
using confocal microscopy (Leica SP8). GFP signals were ex-
cited at 488 nm and emission was detected at 515-545 nm.
RFP signals were excited at 552nm and emission was
detected at 580-620 nm. The relevant primers are listed in
Supplemental Data Set 6.

Library screening and Y2H assay

The yeast prey library was constructed using the purified to-
tal RNA from the young rice panicles during the meiotic
stage. The full-length CDS of MLH1 was cloned into the
pGBKT7 vector to construct the bait plasmid pGBKT7-
MLH1, then which was transformed into yeast strain Y2H.
Transformed cells were further transformed with plasmids
from the prey library. Co-transformants were selected on
SD/Trp-Leu-His—Ade culture medium. Surviving clones
were further screened on SD/Trp-Leu-His—Ade/X-a-gal me-
dium to examine the LacZ activity. Then, positive clones
were used for colony PCR, and the products were sequenced
and analyzed. For the interaction verification, the full-length
or truncated CDSs of related genes were inserted into the
vector pGADT7 or pGBKT7, and then the plasmids were
transformed into Y2H Gold. These verification assays were
repeated 3 times. The relevant primer sequences are shown
in Supplemental Data Set 6.

BiFC assay

To conduct BiFC assays, the full-length CDS of MLH1 was
cloned into pUC-nYFP, and the full-length CDSs of PMS1,
MLH3, and SWIB were cloned into pUC-cYFP. Constructs
were transformed into Agrobacterium tumefaciens strain
GV3101 (pSoup-p19), and then infiltrated into young but
fully expanded N. benthamiana leaves. After 48-h dark incu-
bation, leaves were excised and fluorescence was examined
using a confocal microscope (Leica SP8). YFP signals were
excited at 514nm and emission was detected at 520-
545nm. The relevant primer sequences used in this assay
are listed in Supplemental Data Set 6.

Split-LUC complementation assay

The cDNA of MLH1 was cloned to the N-terminal Luc fu-
sion vector JW771-nLUC, and the coding region sequences
of PMS1, MLH3, and SWIB were cloned to the C-terminal
Luc fusion vector JW772-cLUC. LUC assays were performed
as described previously (Chen et al., 2008). LUC activity was
measured using a cooled CCD-image system (Tanon 5200).
These assays were independently repeated >3 times.
Primers used in this assay are listed in Supplemental Data
Set 6.

Genotyping by whole-genome resequencing and CO
number counting

Two sets of F, population from japonica—japonica cross
(Wuyungeng7A x R254) and indica—indica cross
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(TianfengA x Guanghui998) were applied to estimate the
CO rate and CO numbers in japonica and indica, respec-
tively. The indica—indica cross included 384 plants and se-
quencing data was reported previously (Huang et al, 2016).
The japonica—japonica cross was newly generated and con-
tained 435 individuals. Genomic DNA was extracted from
the fresh leaf of each F, plant. A sequence library was con-
structed and sequencing was conducted at [lllumina
Hiseq2500 platform as described previously (Huang et al,
2016). Each F, plant was resequenced with ~0.2 X genome
coverage. Genotyping was conducted following a previous
report (Huang et al, 2009). The sequencing data of the pa-
rental lines were aligned against the reference genome se-
quence (IRGSP release build 1.0) to identify high-quality
SNPs by BWA (version 0.7.17) and GATK (version 4.1.8.1).
The custom-made parental pseudomolecules were generated
by replacing the bases of the reference genome sequence
(IRGSP release build 1.0) with identified SNPs. Raw reads of
each F, individual were aligned back to corresponding pa-
rental pseudomolecules using BWA (version 0.7.17) and re-
combination map was constructed by a customized Perl
script. CO rate and CO numbers were counted based on
the recombination map using customized Per! script.

Statistical analyses

Statistical significance was determined by Student’s t test.
Statistical comparisons among samples were performed us-
ing one-way analysis of variance. The multiple sequence
alignment was conducted using MAFFT version 7 online ser-
vice (https://mafft.cbrcjp/alignment/server/indexhtml). The
neighbor-joining method was used to construct phyloge-
netic tree with 1,000 bootstrap replicates in MEGA version
6.0. The protein domains were predicted by SMART (http://
smartembl-heidelberg.de/).

Accession numbers

Sequence data of the major genes from this article can
be found in the GenBank data libraries under the
following accession numbers: OsMLH1, Os01g0958900;
OsPMS1, 0s02g0592300; OsMLH3, Os09g0551900; OsSWIB,
Os04g0382100. Accession numbers of the homologs of
MLH1, PMS1, and MLH3 used for phylogenetic analysis are
as follows: Aegilops tauschii subsp. tauschii, XP_020166257.1,
XP_020182843.1, XP_020180293.1; A. thaliana, NP_567345.2,
NP_567236.1, NP_001328253.1; Brachypodium distachyon,
XP_003565112.1, XP_003575262.1, XP_010238476.1; Glycine
soja, XP_028230240.1, XP_028207543.1, XP_028240586.1;
Hordeum vulgare subsp. vulgare, BA)99147.1, KAE8773953.1,
AFP73613.1; Oryza brachyantha, XP_015691074.1, XP_00664
7441.1, XP_015696863.1; O. sativa subsp. japonica, XP_01564
9867.1, XP_015627646.1, XP_015612513.1; Populus tricho-
carpa, XP_024446715.1, XP_002321013.1, XP_024456729.1;
Prunus persica, XP_020410162.1, ONH93891.1, XP_020423
821.1; Setaria viridis, TKW18956.1, TKW40036.1, XP_0345783
89.1; Sorghum bicolor, XP_002456964.1, XP_021316187.1,
XP_021310121.1; Triticum turgidum subsp. durum, VAH857
15.1, VAI57965.1, VAI20910.1; Vitis vinifera, XP_003633884.2,
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XP_010652175.1, XP_010649441.1; Zea mays, XP_0086568
53.1, XP_008678747.1, XP_020404133.1.

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. The relative expression levels of
the seven candidate genes in flag leaves of GLA4 and
NIL-mlh1 like plants.

Supplemental Figure S2. Comparison of WT (GLA4) and
heterozygote plant.

Supplemental Figure S3. Comparison of male gameto-
genesis in the WT and NIL-mlh1.

Supplemental Figure S4. Complementary test of MLHT.

Supplemental Figure S5. The mutation in the promoter
of OsMLH1 by CRISPR-Cas9.

Supplemental Figure S6. Identification of the 5.4-kb ret-
rotransposon insertion in mlh1 allele of NIL-mlh1 line.

Supplemental Figure S7. Phylogenetic analysis of MutL
family proteins.

Supplemental Figure S8. Subcellular localization of MutL
family proteins and OsSWIB.

Supplemental Figure S9. Expression pattern of OsMLH1.

Supplemental Figure S10. Representative abnormal em-
bryo sacs.

Supplemental Figure S11. KI-I, staining of GLA4 and
W1943 pollens.

Supplemental Table S1. Comparison of morphological
traits between WT (GLA4) and NIL-mlh1.

Supplemental Table S2. Tracking results for the retro-
transposon in 3000 rice genomes.

Supplemental Table S3. Tracking results for the retro-
transposon in wild rice genomes.

Supplemental Table S4. Examination of mature embryo
sacs in WT and Mutl genes knockout lines.

Supplemental Data Set 1. PSSR of rice accessions.

Supplemental Data Set 2. The 5,429-bp retrotransposon
sequence inserted in mlh1 gene.

Supplemental Data Set 3. The bin map of indica
population.

Supplemental Data Set 4. The bin map of japonica
population.

Supplemental Data Set 5. The CO number per chromo-
some pair of 150 F, plants from cross between Nipponbare
and Dongjing.

Supplemental Data Set 6. Primers used in this study.
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