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Abstract

The seed-setting rate has a significant effect on grain yield in rice (Oryza sativa L.). Embryo sac development is
essential for seed setting; however, the molecular mechanism underlying this process remains unclear. Here, we
isolated defective embryo sac1 (des1), a rice mutant with a low seed-setting rate. Cytological examination showed
degenerated embryo sacs and reduced fertilization capacity in des1. Map-based cloning revealed a nonsense mu-
tation in OsDES1, a gene that encodes a putative nuclear envelope membrane protein (NEMP)-domain-containing
protein that is preferentially expressed in pistils. The OsDES1 mutation disrupts the normal formation of functional
megaspores, which ultimately results in a degenerated embryo sac in des7. Reciprocal crosses showed that fertili-
zation is abnormal and that the female reproductive organ is defective in des71. OsDES1 interacts with LONELY GUY
(LOG), a cytokinin-activating enzyme that acts in the final step of cytokinin synthesis; mutation of LOG led to defective
female reproductive organ development. These results demonstrate that OsDES1 functions in determining the rice
seed-setting rate by regulating embryo sac development and fertilization. Our study sheds light on the function of
NEMP-type proteins in rice reproductive development.
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Introduction

In addition to its role as a primary staple for more than half cotyledons. Rice yield is typically determined by the grain
the world’s population, rice (Oryza sativa L.) serves as a model  weight, panicle number, number of grains per panicle, and
species for studies of plant development and biology in mono-  seed-setting rate. In the past few decades, significant advances
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have been made in understanding the molecular mechanisms
that control the grain weight, panicle number, and number of
grains per panicle (Zuo et al., 2014). Studies have shown that
adverse environmental conditions can dramatically reduce the
seed-setting rate in rice, resulting in serious yield reduction (Li
et al.,2013). Recent findings have shed light on the molecular
mechanisms that regulate the seed-setting rate in rice, and sev-
eral genes related to this trait, such as PSS1, PTB1, OsSPX1,
OsCNGC13, OsOAT, OsALMT?7, DPS1, OsROS1, OsMLH3,
and ESD1, have been reported (Zhou et al., 2011; Li et al.,
2013; Zhang et al., 2016; Xu et al., 2017; Heng et al., 2018; Liu
et al., 2018; Zafar et al., 2019; Xu et al., 2020; Mao et al., 2021;
Wang et al., 2021). The low seed-setting rate in indica—japonica
hybrids has become a major roadblock that restricts further
improvements in grain yield (Li ef al., 2016). Hence, more re-
search is needed to explore the molecular mechanisms under-
lying seed setting in rice.

The seed-setting rate in rice is affected by many genetic
and environmental factors, including defective embryo sac de-
velopment, malformed floral organ morphology, disordered
pollen grain formation, inadequate anther dehiscence, game-
tophytic incompatibility, and abnormal temperature (Xu ef al.,
2017). Embryo sac development is vital to the correct func-
tioning of steps in the reproductive process such as pollen tube
guidance, double fertilization, induced seed development, and
maternal control of seed development after fertilization (Ray
et al., 1997; Christensen et al., 1998; Drews et al., 1998; Yade-
gari and Drews, 2004). Embryo sac development is impacted by
various physiological and environmental factors, such as plant
hormones (Pischke ef al., 2002; Bencivenga et al., 2012; Cheng
et al., 2013) and climatic conditions (Li et al., 2013). Many
genes controlling female reproductive organ development in
plants have been studied. For example, Arabidopsis WUS and
SPL and maize MAC1 regulate the differentiation of somatic
cells into germ cells (Sheridan et al., 1996; Yang et al., 1999;
Lieber ef al.,2011). Several meiosis-related genes function in fe-
male fertility, including SWI1 (Boateng et al., 2008) and ARP6
(Qin et al., 2014) in Arabidopsis, and PAIR1 (Nonomura et al.,
2004a), PAIR2 (Nonomura et al., 2004b), PAIR3 (Yuan et al.,
2009), OsRPA1a (Chang et al., 2009), RAD51C (Kou et al.,
2012), OsMSH4 (Wang et al., 2016), OsSHOC1 (Ren et al.,
2019), OsMFS1 (Lu et al., 2020), and OsMLH3 (Mao et al.,
2021) in rice. MYB64 and MYB119 (Rabiger and Drews, 2013)
and BLH1 (Pagnussat et al.,2007) in Arabidopsis, and OsAPC6
(Kumar ef al.,2010; Awasthi ef al.,2012) and OsDEES1 (Wang
et al., 2012) in rice, are associated with mitosis and regulate
the development of the embryo sac and seed. The cytokinin-
activating enzyme encoded by LONELY GUY (LOG) is es-
sential for ovule and pistil formation (Kurakawa et al., 2007;
Yamaki et al., 2011). Recently, OsROS1, ESD1, and OsMLH3
have been reported to function in rice embryo sac development
(Xu et al.,2020; Wang et al., 2021; Mao et al., 2021).

In most angiosperms, embryo sac development gener-
ally includes megasporogenesis and megagametogenesis. The

megasporocyte develops into a seven-celled structure through
two meiotic divisions and three consecutive mitotic divisions
(Yadegari and Drews, 2004; Drews and Koltunow, 2011; Naka-
jima, 2018). These cells make up four groups that function in
fertilization, embryogenesis, and nutrition of the embryo sac
and embryo (Reiser and Fischer, 1993; Chen et al., 2007; Li
et al., 2015; Higashiyama and Yang, 2017; Meng et al., 2020;
Sun ef al., 2021). The male and female gametes undergo fu-
sion and develop into the embryo and endosperm. The integ-
uments go through structural and biochemical specialization
as the ovule forms into a seed (Robinson-Beers et al., 1992;
Li et al., 2013; Dresselhaus et al., 2016; Sankaranarayanan and
Higashiyama, 2018). The embryo sac is embedded in sporo-
phytic tissues of the ovule, making it difficult to directly isolate
embryo sac tissue for research (Jones-Rhoades ef al., 2007). In
the past two decades, due to the difficulty of mutant acquisi-
tion and morphological identification and the complexity of
genetic mechanisms, progress in research on female sterility
has lagged. Therefore, we decided to evaluate female-sterility-
related genes and apply them to target developmental mutants
in rice.

In this study, we report on the role of a putative nuclear enve-
lope membrane protein (NEMP) domain-containing protein,
DEFECTIVE EMBRYO SAC1 (OsDES1), in seed setting by
regulating embryo sac development. The loss-of-function mu-
tant des1 displayed a significant reduction in seed-setting rate
due to embryo sac degeneration and defective fertilization. We
propose that the abnormal formation of functional megaspores
in des1 causes embryo sac degeneration and reduced fertility.
Our study provides insights into the roles of OsDEST in fe-
male reproductive development and seed setting in rice.

Materials and methods

Plant materials and growth conditions

The rice plants used in this study were grown in paddy fields at the China
National Rice Research Institute, Hangzhou, Zhejiang Province, and in
Lingshui, Hainan Province, China. The des1 mutant, which shows an ab-
normal seed-setting rate, was isolated from a “’Co-y-radiation-induced
mutant library of the indica rice cv. ‘Zhonghui8015’ (ZH8015). An F,
mapping population was derived from a cross between the japonica rice
cv. 02428 and the homozygous des1 mutant. The mutant plants showed
genetic stability in both Zhejiang and Hainan.

Preparation of embryo sacs

Wild-type (WT) and mutant spikelets were collected at different stages of
embryo sac development based on the length of the floret. The spikelets
were fixed in ethanol:formaldehyde:glacial acetic acid (18:1:1) solution
(FAA) and vacuum infiltrated. The samples were kept in 70% ethanol
for embryo sac observation. The spikelets were dissected in 70% ethanol,
hydrated sequentially in 50% ethanol, 30% ethanol, and distilled water,
and then transferred to 2% aluminum potassium sulfate for 20 min. The
samples were stained with 10 mg I"' eosin B solution dissolved in 4%
sucrose overnight at room temperature, pretreated with 2% aluminum
potassium sulfate for 20 min, and then washed with distilled water fol-
lowed by dehydration using ethanol solutions at concentrations of 30, 50,



70, 90, and 100%. The samples were transferred into a mixture of meth-
ylsalicylate and absolute ethanol (1:1) for 1 h and then moved to 100%
methylsalicylate solution for 8 h (Zhao et al., 2007; Zeng et al., 2009).
Finally, the ovaries were imaged with a Zeiss LSM710 laser scanning
confocal microscope.

Histological analysis

The developmental stages of the rice anthers were identified as previously
described (Zhang and Wilson, 2009; Zhang et al., 2011). Spikelets at dif-
ferent developmental stages were selected and fixed in FAA for semi-thin
sectioning. Anthers at different developmental stages were selected and
embedded in a standard resin for semi-thin sectioning according to a pre-
viously published protocol (Li et al., 2006). The samples were dehydrated
in a graded ethanol series from 50% to 100% and embedded in Tech-
novit 7100 resin (Heraeus, Kulzer, Germany), which was then allowed
to solidify at 50 °C for 3—4 days. Transverse sections of 2 pm thickness
were cut using a Leica RM2265 fully automated rotary microtome,
stained with 0.25% toluidine blue O, and photographed under a Leica
DM2000 light microscope. The observation of embryo sac development
was performed as previously described (Yamaki et al., 2011). All samples
were dehydrated in a graded ethanol series, substituted with xylene and
embedded in paraffin, then cut at 8 pm thickness, and finally stained with
hematoxylin, hyalinized, and sealed. The sealed sections were imaged with
a Zeiss LSM710 laser scanning confocal microscope.

Acetocarmine and DAPI staining

For observations of microspore development, spikelet samples were
chosen from the premeiotic to mature stages and fixed in FAA. The
microspores from crushed anthers were stained with 1% (w/v) aceto-
carmine solution. After 2 min, microspores were observed under a Leica
DM2000 light microscope. To observe the microspores of the mature
stages better, DAPI (4’,6-diamidino-2-phenylindole) staining was used
on mature pollen grains, which were imaged using a Leica DM5000 B
fluorescence microscope as previously described (Yu et al., 2018).

Evaluation of pollen fertility

To evaluate mature pollen fertility, WT and des 1 mutant anthers were col-
lected and stained with 1% (w/v) iodine—potassium iodide solution (I,-
KI) and the accumulation of starch in pollen grains was observed using a
Leica DM2000 microscope.

In vitro pollen germination assay

An in vitro pollen germination assay was performed as described previ-
ously (Zhou et al.,2011). Briefly, pollen grains were placed on Brewbaker
and Kwack medium (10% sucrose, 200 mg I"! magnesium sulfate, 300 mg
I" calcium nitrate, 100 mg I"' boric acid, and 100 mg I"' potassium ni-
trate) for 1 h at 25 °C.The pollen grains were observed for germination
using a Leica DM2000 light microscope. We defined successful germi-
nation as when the elongated length of the pollen tube exceeded the
diameter of the pollen grain. The germination rate of the WT and the
des1 mutant was calculated by examining at least 200 pollen grains per
genotype.

Observation of pollen germination on the stigma

Observation of pollen germination on the stigma was performed as
described previously (Xu et al.,2017).The pistils of WT and des? mutants
were fixed in FAA, dehydrated with an ethanol series, incubated in 10 M
sodium hydroxide at 56 °C for 8 min, and then stained with 0.1% aniline
blue solution. The pistils were imaged using a Zeiss LSM880 laser scan-
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ning confocal microscope. Pollen tube growth was defined as when at
least one pollen tube in the ovule reached the micropyle.

Transmission and scanning electron microscopy

Mature anthers from WT and des? plants were collected and fixed in
2.5% glutaraldehyde (pH 7.2) for 24 h, fixed in 1% OsO, in phosphate
buffer solution, and dehydrated with an ethanol series. Ultra-thin sections
were stained with uranyl acetate and aqueous lead citrate solution, and
then examined with a Hitachi H-7650 transmission electron microscope.
For scanning electron microscopy, the mature anthers and pistils were
fixed overnight with 2.5% glutaraldehyde (pH 7.2), rinsed three times
using 0.1 M phosphate buffer solution, fixed in 1% OsO, for 1.5 h, and
dehydrated through an ethanol series. Subsequently, the samples were
subjected to CO, critical point drying, plated with gold by a sputter
coater, and observed with a Hitachi TM-1000 scanning electron micro-
scope.

Map-based cloning

To map the OsDEST1 locus, eight individual plants with abnormal spike-
lets were chosen from the F, population derived from the cross of 02428
and the des1 mutant for preliminary mapping using ~200 genome-wide
insertion—deletion and simple sequence repeat markers. To fine map the
OsDEST locus, a total of 393 plants with the mutant phenotype were
selected from the F, population and 27 new molecular markers were
designed by comparing the nucleotide polymorphisms in the reference
sequences between cultivars 9311 and ‘Nipponbare’ (NIP). All primers
used for mapping are listed in Supplementary Table S1.

RNA extraction and quantitative real-time reverse
transcription-PCR

Total RNA was extracted from flag leaves at the heading stage and from
pistils at different developmental stages using a RINAprep pure Plant kit
(Tiangen Biotech Co. Ltd, Beijing, China) following the manufacturer’s
instructions. First-strand cDNA was synthesized with a ReverTraAce®
qPCR RT Master Mix with a gDNA Remover kit (Toyobo Co. Ltd,
Osaka, Japan) using 1.5 pg of RINA. Quantitative real-time reverse
transcription—-PCR (QRT-PCR) assays were performed with a SYBR
premix Ex Taq Kit (Takara Bio Inc., Kusatsu, Shiga, Japan). The relative
mRNA levels of the investigated genes were normalized to Ubiquitin
(0503¢0234350) and Actin (Os03g0718100) by the 27**CT calculation
method with three replicates, respectively. The primers used for qRT—
PCR are shown in Supplementary Table S1.

Vector construction and plant transformation

For overexpression of OsDEST, the WT full-length cDNA was ampli-
fied and subcloned into the pCUbil1390 plasmid under the control
of the maize Ubiquitin 1 promoter. The resulting construct was trans-
formed into the des! mutant by Agrobacterium-mediated transformation.
The CRISPR/Cas9 system was used to knock out the OsDEST gene
as previously reported (Miao et al., 2013; Huang ef al., 2017). The vector
pBWA(V)HS_cas91i2 containing the target sequence was transformed
into NIP callus tissue through Agrobacterium-mediated transformation. In-
dividual plants carrying mutations were identified by sequencing before
further analysis. For the promoter activity assay of OsDES1, a 2444 bp
DNA fragment upstream of the OsDEST start codon was amplified and
ligated into the binary vector pCAMBIA1305 to serve as the OsDES1
promoter to drive the expression of the f-glucuronidase (GUS) reporter
gene. The construct was transformed into the japonica variety NIP. The
names and sequences of all primers used for vector construction and
sequencing are listed in Supplementary Table S1.
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B-Glucuronidase histochemical staining

Different tissues from OsDES1-promoter-GUS transgenic plants of NIP
were collected at different developmental stages and stained as previously
described (Jefferson, 1989). Images were obtained using a scanner (MRS~
9600TFU2L) and a stereomicroscope (Leica MC120HD) with a digital

camera.

RNA in situ hybridization

WT spikelets at different developmental stages were fixed overnight in
an FAA (RNase-free) fixative solution at 4 °C. After being dehydrated in
a graded ethanol series and xylene, pistils were embedded in paraffin. An
OsDES1 cDNA fragment was amplified using primers (listed in Supple-
mentary Table S1) and cloned into the pGEMT Easy vector. The anti-
sense and sense probes were then transcribed in vitro using a DIG RNA
Labeling Kit (SP6/T7) (Roche) according to the manufacturer’s instruc-
tions. RINA hybridization and immunological detection of the hybrid-
ized probes were performed as previously described (Kouchi and Hata,
1993).

Subcellular localization

To determine the subcellular localization of OsDES1, AOsDES1 (the
mutant OsDES1 protein), and the NEMP domain, the coding sequence
(CDS) of OsDES1, AOsDES1, and NEMP was amplitied and inserted
into the GFP vector pYBA1132. Rice leaf protoplasts were isolated from
10-day-old ZH8015 seedlings. The empty vector (as control) and the
recombinant construct plasmids were transfected into protoplasts and
incubated for 24 h in the dark (Yoo et al., 2007). The Ghd7-CFP con-
struct was used as a nuclear marker. FM4-64 solution (8.2 pM; Molecular
Probes) was added to protoplasts, which were incubated for 15 min to
label the membranes and then observed immediately (Wang et al., 2018).
The recombinant construct plasmids were co-expressed with Ghd7-
CFP in Nicotiana benthamiana leaves. After 48 h, the fluorescent signal was
detected with a Zeiss LSM710 confocal laser scanning microscope. All
primers used are shown in Supplementary Table S1.

Yeast two-hybrid assay

The CDS of LOG was amplified and inserted into the prey vector
pPR3-N.The CDS of OsDES1 was amplified and cloned into the bait
vector pBT3-SUC. A yeast two-hybrid assay was performed according to
the manutfacturer’s instructions (Clontech). The DUALmembrane system
was used for conducting the assays. All primers are listed in Supplemen-
tary Table S1.

Split luciferase complementation assay

The CDS of OsDES1 was cloned into the pCAMBIA-split_nLUC
vector, and the CDS of LOG was cloned into pCAMBIA-split_cLUC.
The constructs were transformed into Agrobacterium tumefaciens GV3101
and transiently expressed in N. benthamiana leaves. The primers used to
construct nLUC-OsDEST and ¢(LUC-LOG are listed in Supplementary
Table S1.

Co-immunoprecipitation assay

The full-length ¢cDNA sequences of OsDES1 and LOG were ampli-
fied by PCR and fused with sequences encoding GFP and the Myc
tag driven by the 35S promoter, respectively. The specific primer pairs
used to amplify GFP-OsDES1 and Myc-LOG were GFP-OsDES1-F
and GFP-OsDES1-R, and Myc-LOG-F and Myc-LOG-R, respectively.
Leaves of N. benthamiana were transfected by injection with A. tume-
faciens GV3101 containing the 35S:GFP-OsDES1 and 35S:Myc-LOG

constructs as previously described (Voinnet et al., 2003). Total protein
was extracted in extraction buffer [20 pg mlI™ MG132, 50 mM Tris—-HCl,
pH 7.5, 150 mM NaCl, 2% Triton X-100, 20% glycerol, 1X complete
protease inhibitor cocktail (Roche), and 1 mM EDTA], and incubated
with GFP-Trap A agarose beads for 60 min at 4 °C. The beads were
rinsed three times with washing buffer [1X complete protease inhibitor
cocktail (Roche), 150 mM NaCl, 50 mM Tris—=HCI, pH 7.5, and 0.1%
Triton X-100]. The immunoprecipitated proteins were separated by 10%
SDS-PAGE and analyzed by immunoblot analysis with anti-Myc (LOG)
and anti-GFP (OsDES1) antibodies. All primers used are shown in Sup-
plementary Table S1.

Results
Identification of a low seed-setting rate rice mutant

In an effort to characterize rice sterility phenotypes, we iden-
tified a low-seed-setting rice mutant, named defective embryo
sac 1 (des1), from a “’Co-y-irradiated library of the indica rice
cv. ZH8015. Compared with the WT, des1 plants were slightly
shorter in height and showed earlier heading but were other-
wise normal in vegetative development (Supplementary Fig.
S1A).The seed-setting rate of the WT was ~84%, whereas des1
showed a much lower seed-setting rate (~16%) under normal
field conditions (Fig. 1A, B, G). In addition, des1 plants pro-
duced shorter brown panicles (Fig. 1B). However, no clear dif-
ference in pistil morphology was observed in des1 compared
with the WT (Fig. 1C; Supplementary Fig. S2A, B). The WT
embryo sacs contained egg cells, synergids, polar nuclei, and
antipodal cells, whereas des1 embryo sacs degenerated and did
not have these characteristic structures (Fig. 1H, I). In addition,
the most obvious differences in the male reproductive organs
between des! and the WT were the number of stamens and
pollen fertility. Seven different types of stamens were detected
in des1 spikelets, and the numbers of stamens differed in each
spikelet, whereas only six stamens were typically found in WT
spikelets (Supplementary Fig. S1C, E). The stamen lengths were
also shorter, whereas the development of other floral organs
appeared normal, in des1 (Fig. 1D; Supplementary Fig. S2C,
D). At anthesis, spikelet development in des1 was similar to that
of the WT (Supplementary Fig. S1B). Pollen viability was ap-
proximately 98% in the WT but only 64% in des? (Fig. 1E, F;
Supplementary Fig. S1D).To determine the causes underlying
the reduced fertility observed in des1, we performed reciprocal
cross experiments. The results showed that the seed-setting
rate of WT@XWTQ and des1@Xdes13 crosses with full polli-
nation were 74.4% and 29.3%, respectively. When the WT was
pollinated with des? pollen, the hybrid seed-setting rate was
57.3%. However, when des1 was used as the pollen recipient,
the hybrid seed-setting rate was 35.4% (Supplementary Fig.
S3).This finding suggests that the low seed-setting rate of des1
is mainly due to a maternal defect. The F, population showed
an approximate 3:1 segregation ratio of normal (108) and low
(28) seed-setting (y*=0.235<y>"=3.84, % test). These results
indicate that female sterility in des? was inherited as a single
recessive mutation.
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Fig. 1. Phenotypic characterization of des7 rice. (A) Comparison of WT and des7 plants at maturity. Scale bar=20 cm. (B) Mature panicles of WT and
des1 plants. Scale bar=5 cm. (C) Pistils of WT and des at maturity. Scale bar=0.125 cm. (D) Anthers of WT and des7. Scale bar=1.25 mm. (g, F) I,-KIl
staining of pollen grains in WT (E) and des7 (F). Scale bars=25 pm. (G) Statistical analysis of the seed-setting rates in WT and des7 plants. Data are
means +SD (n=8 plants). Asterisks indicate significant differences (**P<0.01; Student’s t-test). (H, I) Microscopic observations of mature embryo sacs in
WT (H) and desT (l). Arrows indicate the eight-cell components in the embryo sac: A, antipodal cell; E, egg cell; P, polar nucleus; S, synergid cell. Scale

bars=50 um.

Disrupted embryo sac development in des1

To uncover the cytological basis of female sterility, we com-
pared the formation and development of the embryo sac of the
WT and des1 using whole-mount stain-clearing laser scanning
confocal microscopy. In the WT, megasporocytes undergo two
meiotic divisions to produce a tetrad of megaspores (Fig. 2A,
B). Subsequently, three megaspores situated at the micropylar
end degenerate and the remaining megaspore remains func-
tional and develops further by enlargement at the functional
megaspore formation stage (Fig. 2C).The mono-nucleate em-
bryo sac undergoes three rounds of mitotic division to form
a two-nucleate, four-nucleate, and eight-nucleate embryo sac
(Fig. 2D—G). Finally, the mature embryo sac forms, with polar
nuclei, the egg cell, synergids, and antipodals (Fig. 2H). The
megasporocyte and tetrads form normally in des? (Fig. 2, J),
but some embryo sacs exhibit defects at the functional mega-

spore formation stage. The megaspore near the chalaza in des1
did not continue to grow into a functional megaspore. Instead,
it gradually degenerated along with the other three megaspores
near the micropyle (Fig. 2K). The aberrant nuclei then also
began to degenerate along with the embryo sac in des1. Subse-
quently, only degenerated footprints of nuclei were observable,
and these remained visible for a long time until embryo sac
maturity. During the final developmental stage, the embryo
sac ultimately developed into undifferentiated tissue, likely due
to impaired mitotic processes (Fig. 2L-N). Additionally, ~97%
of mature embryo sacs in the WT successfully formed eight-
nucleate embryo sacs, whereas in des1, only ~50% of mature
embryo sacs fully matured to this stage and the remaining em-
bryo sacs degenerated (Fig. 20). Furthermore, we observed
the embryo sac in the WT and des1 by microscopic examina-
tion of paraffin sections. Consistent with the above results, des1
showed normal formation of the megasporocyte and tetrads,
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Fig. 2. Development of the embryo sac in WT and des7 rice. (A-N) Different developmental stages of the embryo sac are shown in WT (A-H) and des?
(I-N). Arrows indicate nuclei during megasporogenesis and megagametogenesis. Scale bars=50 um. (O) Statistical analysis of normal mature embryo
sac formation in WT and des7. Data are means +SD (n=3) (ovule number: WT 271, des1 607). (P-R) Morphology of embryo sacs 24 h after pollination
in WT and des7: (P) Normal WT embryo sac with a multicellular globular embryo (MGE) and free endosperm nuclei (FEN); (Q, R) Abnormal des? embryo
sacs displaying a degenerated embryo sac (Q) and non-fertilized embryo sac (R). A, Antipodal cell; E, egg cell; P, polar nucleus. Scale bars=50 um. (S)
Statistical analysis of embryo sac morphology 24 h after pollination in WT (left) and des7 (right).



but no functional megaspores and undifferentiated embryo sacs
were detected at maturity (Supplementary Fig. S4).

We also observed embryo sac development during the 24 h
following pollination in both the WT and des1. Both mul-
ticellular globular embryos and free endosperm nuclei were
observed in the WT, whereas fertilization did not occur in
many of the des1 embryo sacs and most embryo sacs had degen-
erated or were not fertilized. Approximately 20% of embryo
sacs developed normally and became fertilized in des1, whereas
the proportion of successfully fertilized embryo sacs was 77%
in the WT (Fig. 2P-S). This finding indicates that a reduced
capacity for fertilization contributed to the low seed-setting
rate observed in des1 (Fig. 1G). Together with our phenotypic
observations, this suggests that the mutation in OsDEST causes
multiple defects in embryo sac formation and fertilization. In
addition, we also observed the embryo sacs in des1/ZH8015
F, plants. The results showed that normal embryo sacs were
detected in 96.1% (n=179) of ovules and F; plants were fertile
(Supplementary Fig. S5), consistent with a des1 having a spo-
rophytic effect on embryo sac development.

Abnormal stamen development and pollen tube
growth in desT

We observed anther and pollen development in the WT and
des1 and found that the number of aborted pollen grains iden-
tified by I,-KI staining was lower in the WT than in des? (Fig.
1E, F; Supplementary Fig. S1D). We also performed in vitro
pollen germination assays and found that, compared with
WT pollen (~92% viable), only ~61% of des1 pollen grains
successfully germinated, consistent with the results of 1,-KI
staining (Supplementary Fig. S6). Subsequently, we observed
pollen germination on the stigma and pollen tube growth in
the ovary in both the WT and des1. In the WT, 84% of pollen
tubes in the ovule were able to grow and reach the micropyle,
compared with 80% in des! (Supplementary Fig. S7; Supple-
mentary Table S2). To further characterize the differences in
pollen development in the WT and des1, we examined micro-
spores using acetocarmine and DAPI staining. Observations
of microspores showed no clear differences between the WT
and des1 until the mono-nucleate stage (Supplementary Fig.
S8A-E, H-L). In des1, only a proportion of the pollen grains
were able to undergo the first and second mitoses normally,
while the remaining pollen grains maintained a single brightly
staining nucleus at the bicellular stage (Supplementary Fig. S8F
M). The abnormal pollen grains in des? also formed irregular
shapes, and became abortive at maturity (Supplementary Fig.
S8G, N-P).

No obvious differences between the WT and des1 were
observed in semi-thin sections until the early microspore stage
(Supplementary Fig. SOA-I, M). In des1, the pollen underwent
vacuolization and the tapetum appeared much thicker and did
not undergo complete degeneration (Supplementary Fig. S9J,
K, N, O). Only a proportion of des! microspores ultimately
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exhibited normal development, and the remaining microspores
degenerated (Supplementary Fig. S9L, P). We also compared
mature anther and pollen grain morphology between des?
and the WT by scanning and transmission electron micros-
copy. Compared with the WT, the des1 anther epidermis was
more compact (Supplementary Fig. S2E, F) and the number
of Ubisch bodies was higher (Supplementary Fig. S2G, H). A
subset of des1 pollen grains exhibited a normal plump appear-
ance (Supplementary Fig. S2I, ], L, M), while the remaining
pollen grains were shrunken and had abnormal annular pro-
trusions (Supplementary Fig. S2K, N).The pollen grains in the
WT had a plump morphology and their internal structure was
normal in appearance and contained starch granules (Supple-
mentary Fig. S10A, B). By contrast, the shrunken pollen grains
in des1 contained no starch granules (Supplementary Fig. S10D,
E).The tectum and foot layer of des1 pollen grains were thicker
than those in the WT, and the columella was degraded in des1
(Supplementary Fig. S10E) In addition, the tapetum in des1
was not completely degraded at maturity, as it was in the WT
(Supplementary Fig. S10C, F). These results indicate that the
des1 mutation affects anther and pollen development.

Map-based cloning of OsDES1

To identity the causal gene responsible for female sterility, we
first crossed the des1 mutant with the japonica rice cultivar
02428 to generate an F, mapping population. Using 393 re-
cessive plants from the F, population, we mapped OsDEST to
a 329.5 kb region on chromosome 3 located between marker
loci H35 and H58, where a total of 24 open reading frames
were predicted (Fig. 3A). Genomic sequence analysis revealed
that LOC_Os03¢31570 carried a nonsense mutation in the
seventh exon in des1 (Fig. 3B). LOC_Os03¢31570 was pre-
dicted to contain 10 exons and nine introns and encodes a 485
amino acid protein with a putative NEMP domain at amino
acid residues 157—403 (https://www.ncbi.nlm.nih.gov/Struc-
ture/cdd/wrpsb.cgi). The mutation in des? led to a truncated
amino acid sequence lacking the NEMP domain.

To verify whether the mutation in OsDEST is responsible for
the des1 mutant phenotype, we overexpressed OsDEST under
the control of the maize Ubiquitin1 promoter in the des1 back-
ground. As expected, the seed-setting rate in OsDES1-overex-
pressing plants was substantially increased compared with des?
(Fig. 3C-E). In addition, developmental defects observed in the
spikelet, mature embryo sac, anther, and pollen grain were largely
rescued in the transgenic plants grown under natural field con-
ditions (Fig. 3F—]; Supplementary Fig. S11A-F).To further con-
firm that the mutation in OsDEST is responsible for the mutant
phenotype, we used CRISPR/Cas9 to generate five knockout
mutant lines in the NIP background (Fig. 4A). Sequencing anal-
ysis revealed that these lines harbored three different types of
independent homozygous mutations. All of these mutations
resulted in predicted translational frame shifts (Fig. 4A). As ex-
pected, all knockout transgenic plants had the same phenotype
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Fig. 3. Map-based cloning of OsDEST. (A) Mapping of the OsDEST locus. The molecular marker loci and numbers of recombinant plants are shown
above and below the line, respectively. The candidate gene OsDES1/LOC_0s03g31570 is shown in red. ORF, Open reading frame. (B) Schematic
representation of the OsDEST gene. White boxes, black boxes, and black lines indicate untranslated regions, exons, and introns, respectively. The single-
base substitution of A for G in the seventh exon is shown. (C) Morphology of mature WT, des7, and OsDES7-overexpressing (OE-1 and OE-2) plants.
Scale bar=20 cm. (D) Mature panicles of WT, des7, and OE plants. Scale bar=5 cm. (E) Seed-setting rates in WT, des7, and OsDES1-overexpressing
plants. Data are means +SD (n=8 plants). Different letters indicate significant differences (P<0.05; Duncan’s test). (F-I) Microscopic observations of
mature embryo sacs in WT (F), des? (G), and OE lines (H, I). A, antipodal cell; E, egg cell; P, polar nucleus; S, synergid cell. Scale bars=50 pm. (J)
Statistical analysis of normal mature embryo sac formation in WT, des7, and OE plants. Data are means +SD (n=3) (ovule number: WT 177; des1 162;
OE 267). Different letters indicate significant differences (P<0.05; Duncan’s test).

as the des 1 mutant, with the characteristic decreased seed-setting
rate. The seed-setting rate of the WT (NIP) was ~87%, while
both the ko-3 mutant (~8%) and ko-1 mutant (~2%) showed a
significantly lower seed-setting rate (Fig. 4B—D). Similarly, ~92%
of NIP mature embryo sacs successfully formed eight nuclei,
whereas in the ko-3 and ko-1 lines only ~26% and ~32%, re-
spectively, of mature embryo sacs had a normal appearance, and
the rest developed into undifferentiated tissue (Fig. 4E-H). In
addition, smaller brown panicles, shorter anthers, and abortive
pollen grains were observed in the homozygous knockout lines
(Supplementary Fig. S12). Together, these results confirmed that
LOC_0Os03¢31570 corresponds to OsDES1, and mutation of
this gene resulted in a low seed-setting rate.

Subcellular localization of OsDES1 protein and
expression pattern of the OsDES1 gene

OsDES1 encodes a putative NEMP containing seven putative
transmembrane regions. To determine the subcellular localiza-
tion of OsDES1, we fused the full-length CDS of OsDEST to
the N-terminus of GFP driven by the CaMV35S promoter. In
rice leaf protoplasts, GEP signals were clearly detected in the nu-
clear membrane, nucleus, plasma membrane, and cytoplasm (Fig.
5A). Notably, the AOsDES1 and NEMP domain showed a sim-
ilar subcellular localization pattern to that of OsDEST in rice leaf
protoplasts (Supplementary Fig. S13). These results indicated
that the mutation of OsDES1 did not change the subcellular
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Fig. 4. CRISPR/Cas9 mutation of OsDEST. (A) Three types of mutations detected in the target site in the knockout (ko) lines. (B) Comparison of mature
plants of NIP and the ko lines. Scale bar=20 cm. (C) Panicles of NIP and ko plants at maturity. Scale bar=5cm. (D) Seed-setting rate of NIP and ko plants.
Data are means +SD (n=10 plants). Different letters indicate significant differences (P<0.05; Duncan’s test). (E-G) Microscopic observations of mature
embryo sacs in NIP (E) and ko (F, G) plants. A, antipodal cell; E, egg cell; P, polar nucleus; S, synergid cell. Scale bars=50 um. (H) Statistical analysis of
the numbers of normal mature embryo sacs in NIP and ko plants. Data are means +SD (n=3) (ovule number: NIP 140; ko 292). Different letters indicate

significant differences (P<0.05; Duncan’s test).

localization of its protein product and the NEMP domain may
play a crucial role for the function of OsDES1. The results of
these experiments were further confirmed in N. benthamiana
leaves, which displayed similar results to the rice leaf protoplasts.

We then examined whether OsDEST is transcription-
ally expressed in specific tissues or during specific develop-
mental stages in rice. To this end, we generated transgenic
plants expressing the OsDES1,,,:: GUS reporter construct. Our
results showed that OsDEST is expressed in a range of rice
tissues. Notably, the expression was strong in anthers (Fig. 5B)
and pistils (Fig. 5C) from meiosis to maturity, whereas expres-
sion was found to be relatively weak in the culms (Fig. 5D),
young roots (Fig. 5E), leaf sheaths (Fig. 5F), and leaves (Fig.
5G).To further elucidate the function of OsDES1 during em-
bryo sac development, we analyzed the expression of OsDES1
in pistils of the WT and des1 using qRT-PCR at different de-
velopmental stages. In the megasporocyte (ES1), dyad (ES2),
tetrad (ES3), functional megaspore formation (ES4), and mi-
tosis (ES5) stages, the expression of OsDEST in the WT was

significantly greater than that in des1; however, the expression
of OsDEST was obviously lower in the WT at the mature stage
(ES6) (Fig. 5H, I), which was consistent with the results of
GUS staining (Fig. 5C).

To further elucidate the temporal and spatial expression pat-
terns of OsDES1, we performed RINA in situ hybridization with
WT pistil sections. The hybridization signals were detected in
whole ovules, including embryo sacs, inner integuments, and
outer integuments. As expected, strong signals were observed in
the ovule at the megasporocyte stage, tetrad, functional mega-
spore formation stage,and mature embryo sac stage (Supplemen-
tary Fig. S14). The results of in situ hybridization are consistent
with those of GUS staining and qRT-PCR, indicating that
OsDEST functions in ovules in reproductive development.

OsDES1 interacts with LOG

Previous studies showed that the mutation of LOG, a gene
encoding a cytokinin-activating enzyme, resulted in similar
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Fig. 5. Subcellular localization of OsDES1 and expression analysis of the OsDEST gene in rice tissues. (A) Subcellular localization of OsDES1-GFP fusion
protein in N. benthamiana leaf epidermal cells (top two rows) and rice leaf protoplasts (bottom three rows). Ghd7-CFP fusion protein was used as a
nuclear marker. The plasma membrane was stained with FM4-64. (B-G) GUS staining of various tissues of proOsDES7-GUS transgenic plants: spikelets
(B) and pistils (C) at different developmental stages, stem (D), primary root (E), leaf sheath (F), and leaf (G). The lengths of the spikelets from left to right

in (B) and (C) are 2.5-3.0 mm, 3.0-3.4 mm, 3.4-4.5 mm, 4.5-5.6 mm, and 5.6-6.2 mm. Scale bars=50 ym and 5 ym in (A), 2 mmin (B), 200 pm in (C),
and 1 cm in (D-G). (H, I) Expression levels of OsDEST in WT and des? during embryo sac development. ES1, spikelet lengths 5-5.9 mm; ES2, spikelet
lengths 6-6.9 mm; ES3, spikelet lengths 7-7.9 mm; ES4, spikelet lengths 8-9.9 mm; ES5, spikelet lengths >10 mm; ES6, mature spikelets. The UBQ
and Actin genes were used as internal controls for the data in (H) and (1), respectively. Data are the means +SD of three independent biological replicates.

Asterisks indicate significant differences (**P<0.01; Student’s t-test).

phenotypic defects to des1 (Kurakawa ef al., 2007;Yamaki et al.,
2011). To identify potential interaction partners involved in
OsDES1-mediated female organ development, we conducted
yeast two-hybrid screening for OsDEST-interacting proteins.
These assays revealed that LOG interacts with OsDES1 in yeast
cells in vitro (Fig. 6A). To further verify this interaction, we car-
ried out split luciferase complementation assays. Leaves of N.
benthamiana co-transtected with nLUC-OsDEST and ¢LUC-

LOG constructs showed significant luciferase activity, whereas
the negative control produced no luciferase signal, indicating
that OsDES1 interacts with LOG in vivo (Fig. 6B). To further
confirm the association between OsDES1 and LOG in planta,
we used co-immunoprecipitation analysis to detect their inter-
actions in vivo.We transiently co-expressed 35S: GFP-OsDES1
and 35S8:Myc-LOG in N. benthamiana, with 35S:GFP and
358:Myc-LOG serving as negative controls. As shown in Fig.



6C, we found that Myc-LOG interacts with GFP-OsDES]
but not with GFP in vivo. Thus, these results demonstrate that
OsDEST interacts with LOG both in vivo and in vitro.

LOG encodes a cytokinin-activating enzyme that acts in bi-
oactive cytokinin synthesis (Kurakawa et al., 2007). Hence, we
examined endogenous cytokinin levels in pistils of the WT and
des1 at maturity by HPLC, and found that the levels of sev-
eral cytokinins were significantly higher in the pistils of des?
compared with those of the WT (Supplementary Fig. S15A).
We also assessed the expression levels of genes involved in the
cytokinin signaling pathway, including cytokinin-response
histidine protein kinases (OsHKS), histidine phosphotransfer
proteins (OsHPs), and cytokinin response regulators (OsRRs).
OsRR1, OsRR4, OsRR9, OsRR10, OsRR16, OsRR19,
OsRR20, OsHK3, OsHK4, OsHP1, OsHP2, OsHP3, OsHP4,
and OsHP5 were up-regulated in des? (Supplementary Fig.
S15D-G). The expression levels of LOG were significantly
reduced in the pistils of des1 compared with the WT (Supple-
mentary Fig. S15B, C). The expression levels of OsDEST in
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des1 were significantly increased at the mature embryo stage,
and were significantly higher than in the WT (Fig. 5H, I).
Hence, we speculated that OsDEST is involved in the regula-
tion of cytokinin.

Discussion

The seed-setting rate is a major agronomic character that directly
contributes to grain yield. Defective female reproductive organs
lead to reduced fertility, which is one of the most common rea-
sons for a reduction in the seed-setting rate in rice (Ren ef al.,
2019; Xu et al., 2020). In this study, we used map-based cloning
to isolate a des? rice mutant that exhibited an extremely low
seed-setting rate. Cytological and genetic studies suggested that
the low seed set in des? is mainly caused by abnormal embryo
sac development (Figs 20, 3E, 4D). Similar cases have been re-
ported previously. OsMLH3, which encodes a MutL-homolog
3 protein in rice, positively controls the panicle seed-setting rate
by regulating embryo sac development (Mao ef al., 2021). A
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Fig. 6. Physical interaction of the OsDES1 and LOG proteins. (A) Yeast two-hybrid assay to detect the interaction between OsDES1 and LOG. The
pPR3N/pBT3-SUC pair was used as the negative control. SD/-TL, Synthetic dropout medium lacking Trp and Leu; SD/-TLHA, synthetic dropout medium
lacking Trp, Leu, His, and Ade. (B) Split luciferase complementation assay showing the interaction between OsDES1 and LOG in N. benthamiana. nLUC-
OsDEST and cLUC-LOG were co-expressed in N. benthamiana leaves. Luciferase activity was tested 24 h after infiltration. nLUC and cLUC were used
as negative controls. (C) Co-immunoprecipitation assay confirming the interaction between OsDES1 and LOG. 35S:GFP-OsDES1 and 35S:Myc-LOG
constructs were co-expressed in N. benthamiana. Proteins were immunoprecipitated (IP) using GFP beads and analyzed by immunoblotting (IB) with

anti-Myc and anti-GFP antibodies.
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reduced seed-setting rate can also result from different mecha-
nisms. The female sterile variation 1 (fsv1) mutant shows low seed
set, which is attributed to non-functional embryo sacs, while the
low seed-setting rate of des1 is due to degeneration of the em-
bryo sac and a reduced capacity for fertilization.

In OsDES1-overexpressing plants, the seed-setting rate and
fertility were substantially increased compared with des? (Fig.
3E, J; Supplementary Fig. S11F). However, the overexpression
construct was driven by the maize Ubiquitin1 promoter in-
stead of the endogenous promoter, and the relative transcrip-
tion levels of OsDEST were significantly higher than in the
WT (Supplementary Fig. S11G, H), which may have interfered
with seed setting, thus preventing a complete rescue. In our
study, seed set was lower than embryo sac fertility in des? (Figs
1G, 20). When des1 was used as the maternal parent, varying
degrees of reduced seed-setting rates (ranging from 29.3% to
35.4%) were identified. This finding suggests that low seed set
in des1 is mainly due to a maternal effect. In addition, when
the WT was used as the maternal parent in a cross with des1,
we found a lower seed-setting rate than with WT self-crosses
(Supplementary Fig. S3). These data suggest that fertilization is
abnormal in both des1 and reciprocal crosses. Thus, we can hy-
pothesize that there are other factors influencing seed setting
in the des1 mutant besides embryo sac fertility.

Fertilization is a complex and robust process that is the core
process in the reproductive development of angiosperms. The
key to the success of fertilization is that two sperm cells can
individually migrate to the egg cell and polar nuclei for kary-
ogamy, ultimately forming viable seeds (Russell, 1996;Yadegari
and Drews, 2004; Skinner and Sundaresan, 2018). Reduction in
fertilization ability is another cause of the low seed-setting rate
in des1. Approximately 51% of the embryo sacs were normal in
des1. However, only ~20% of the normal embryo sacs in des?
were fertilized, compared with 77% in the WT. These findings
suggest that both the egg cell and the polar nuclei do not un-
dergo successful fertilization in some des1 normal embryo sacs
at 24 h post fertilization and, as a result, seed set is reduced (Fig.
2P-S). Previous studies have shown that the fertilization pro-
cess 1s affected by many factors, such as gametogenesis, pollen
tube growth in the ovule, pollen tube reception, sperm cell
release, and the recognition, activation, and fusion of male and
female gametes (Berger, 2011; Dresselhaus et al., 2016; Sanka-
ranarayanan and Higashiyama, 2018; Manrique et al.,2019; Sun
et al., 2021). We observed pollen germination on the stigma
and pollen tube growth in the ovule at 2 h after pollination
in the WT and des1. The pollen tube could arrive at the mi-
cropyle at 2 h after pollination in des1, as in the WT (Supple-
mentary Fig. S7; Supplementary Table S2). We speculate that
there may be one or more points that could fail after the pollen
tubes reach the micropyle, for example, in sperm cell delivery
or the recognition, activation, or fusion of the gametes. Further
studies are required to address this issue.

Through cytological and genetic studies, we found that ste-
rility in des1 is mainly caused by abnormal development of the

embryo sacs. Ultimately, des! embryo sacs failed to divide or
differentiate correctly, resulting in plant sterility (Fig 2A-N).
Furthermore, reciprocal cross experiments also indicated that
there are functional defects in the female reproductive organ
of des1 (Supplementary Fig. S3). The expression of OsDES1
in the pistil was consistent with its functions (Fig. 5C, H, I;
Supplementary Fig. S14). Therefore, OsDES1 plays a vital role
in the regulation of embryo sac development in rice. Several
studies have shown that defects in pollen and embryo sac devel-
opment lead to sterility in indica—japonica hybrids (Song et al.,
2005; Long et al., 2008; Zeng et al., 2009; Yang et al., 2012).
Embryo sac fertility and pollen fertility are considered to be
the most critical factors affecting spikelet fertility (Song et al.,
2005; Zeng et al., 2009). The egg cell and central cell in the
embryo sac develop into the embryo and endosperm by fertil-
ization. Studies of the female gametophyte in flowering plants
promote understanding of the molecular mechanism for cell
specification, cell—cell interaction, and programmed cell death
(Heydlauff and Gro3-Hardt, 2014; Tekleyohans et al., 2017).

The process of embryo sac development involves the devel-
opment of the archesporial cell and megaspore mother cell,
functional megaspore formation, and gamete cell differenti-
ation. Functional megaspore formation, which is known as
the origin of the gametophytic lineage, is essential for em-
bryo sac development (Demesa-Arévalo and Vielle-Calzada,
2013). Disruption of functional megaspore formation may
cause female sterility. The osrpala, Osmsh4, and fsv1 mutants
show defects in the megaspore at the tetrad stage, which lead
to failures in functional megaspore formation (Chang et al.,
2009; Wang et al., 2016; Mao et al., 2021). Cytological obser-
vation has shown that, unlike in the osrpala, Osmsh4, and fsv1
mutants, the megasporocyte can give rise to a tetrad mega-
spore in des1. However, the megaspore at the chalaza degener-
ated, together with the other three degenerating megaspores
nearer the micropylar end, at the functional megaspore for-
mation stage. Ultimately, the selected megaspore was unable to
develop into a functional megaspore, which subsequently led
to the formation of an undifferentiated embryo sac and female
sterility (Fig. 2I-IN). Intriguingly, female sterility in des? is sim-
ilar to that observed in plants in which DEFECT IN EARLY
EMBRYO SAC1 (OsDEEST) has been silenced by RNA{,
since both show normal tetrad megaspore and abnormal em-
bryo sac formation (Wang ef al., 2012). However, des1 shows
defects during functional megaspore formation, whereas the
OsDEES1 RNAI plants exhibit normal functional megaspore
formation and severe defects in mitosis.

Previous results indicated that LOG regulates the develop-
ment of the pistil and ovule. LOG activates cytokinin by cata-
lyzing the conversion of inactive cytokinin species to active
forms (Kurakawa et al., 2007; Yamaki et al., 2011). Therefore,
the log-3 mutant is mainly considered to be a female-sterile
mutant (Yamaki ef al.,2011). Our results revealed a physical in-
teraction between OsDES1 and LOG in vitro and in vivo (Fig.
6). Furthermore, LOG functions in the cytosol (Kurakawa
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et al., 2007), and OsDES1 was also detected in the cytoplasm
(Fig. 5A). In addition, we found that the des? and log mutants
showed similar phenotypes in female gamete development.
Therefore, we speculated that OsDES1 and LOG have a com-
plex interaction in the regulation of cytokinin synthesis, and
then both of them participate in the whole developmental
process of embryo sacs from initiation to maturity. OsDES1
was also found to be localized to the nuclear membrane and
plasma membrane in rice leaf protoplasts (Fig. 5A). This ob-
servation implies that OsDES1 might function in other bio-
logical pathways in rice reproductive development. Cytokinin
is involved in diverse physiological functions, including cell
proliferation, differentiation, shoot apical meristem function,
seed germination, delayed leaf senescence, and plant immunity
(Argueso et al., 2012; Hwang et al., 2012). In Arabidopsis, cy-
tokinin signaling at the chalazal end of the developing embryo
sac appears to be necessary for the selection of the functional
megaspore. When cytokinin signaling in the sporophyte is dis-
turbed, it leads to abnormalities in the functional megaspore.
It has been shown that there is an uneven distribution of cy-
tokinin signaling and biosynthesis in the ovule, particularly in
the chalaza during megasporogenesis (Cheng et al., 2013). In
maize, cytokinin signaling is not detected in the embryo sac,
but in the outer periphery of the antipodal cells (Chettoor and
Evans, 2015). Our results showed that the levels of several cyto-
kinins were significantly higher in the mature pistils of des?
compared with the WT (Supplementary Fig. S15A). Hence,
we speculate that cytokinin may participate in the regulation
of female reproductive organ development. Future studies are
needed to determine how cytokinin regulates female repro-
ductive organ development in rice.

OsDES1 encodes a putative NEMP domain-containing
protein. The nuclear envelope not only protects the genome
from detrimental agents but also governs genome organiza-
tion (Yang et al., 2017). The NEMP family includes a group
of nuclear envelope integral membrane proteins in animals
and plants. Nup154 is similar to known nucleoporins, and it
is localized both at the nuclear envelope and in the nuclear
interior, which further confirms its numerous roles in nuclear
functions. In the ovary, Nup154 is required for egg chamber
development and oocyte growth (Gigliotti et al., 1998). In
Arabidopsis, loss of function of nucleoporin 1 (NUP1) causes
defects in both female and male gametogenesis (Bao et al.,
2019). Recently, two new homologs of rice OsDES1 (PNET1
and PNET?2) have been characterized in Arabidopsis. PLANT
NUCLEAR ENVELOPE TRANSMEMBRANE (PNET1)
interacts with the nuclear pore complex outer ring complex
nucleoporin Nup160 and is required for embryo development.
nup160/pnet1 double mutants are embryo lethal and show un-
developed ovules and a reduction in seed set. However, the
single pnet1 and nup160 mutants show normal development
and seed set (Tang et al., 2020). PNET2 plays essential roles in
establishing chromatin architecture and transcription program-
ming. Both pnet2 single and triple mutants showed distinct
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defects in plant growth and development (Tang et al., 2022).
In our study, des? and the CRISPR/Cas9-based knockout
lines had a low seed-setting rate. In addition, OsDES1 local-
ized to the nuclear membrane, consistent with the previous
localization of PNET1 and PNET2. The same-origin gene
mutation causes diverse phenotypes. These results suggest that
the NEMP protein OsDES1 in rice regulates embryo sac de-
velopment and seed set. Our study provides new insight into
the function of a NEMP protein in regulating reproductive
development in a monocot, unlike other known and charac-
terized NEMP proteins. In summary, our findings elucidate the
essential regulatory mechanism of OsDES1 in embryo sac and
pollen development, which may contribute to applications in
rice production and the improvement of rice yield.
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