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Abstract 

Background The Glucan synthase-like (GSL) genes are indispensable for some important highly-specialized develop-
mental and cellular processes involving callose synthesis and deposition in plants. At present, the best-characterized 
reproductive functions of GSL genes are those for pollen formation and ovary expansion, but their role in seed initia-
tion remains unknown.

Results We identified a rice seed mutant, watery seed 1-1 (ws1-1), which contained a mutation in the OsGSL2 gene. 
The mutant produced seeds lacking embryo and endosperm but filled with transparent and sucrose-rich liquid. In 
a ws1-1 spikelet, the ovule development was normal, but the microsporogenesis and male gametophyte develop-
ment were compromised, resulting in the reduction of fertile pollen. After fertilization, while the seed coat normally 
developed, the embryo failed to differentiate normally. In addition, the divided endosperm-free nuclei did not migrate 
to the periphery of the embryo sac but aggregated so that their proliferation and cellularization were arrested. 
Moreover, the degeneration of nucellus cells was delayed in ws1-1. OsGSL2 is highly expressed in reproductive 
organs and developing seeds. Disrupting OsGSL2 reduced callose deposition on the outer walls of the microspores 
and impaired the formation of the annular callose sheath in developing caryopsis, leading to pollen defect and seed 
abortion.

Conclusions Our findings revealed that OsGSL2 is essential for rice fertility and is required for embryo differentiation 
and endosperm-free nucleus positioning, indicating a distinct role of OsGSL2, a callose synthase gene, in seed initia-
tion, which provides new insight into the regulation of seed development in cereals.
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Background
Endosperm is the main component of cereal grain and 
the primary source of calory for humans. Endosperm 
development is initiated by the fertilization of two cen-
tral cells with one sperm in the embryo sac, followed by 
a process of five stages: coenocyte (or free nuclei) gen-
eration, cellularization (cell wall formation), cell differen-
tiation, grain filling, and maturation (Olsen 2004; Sabelli 
and Larkins 2009). In rice, these five stages take place in 
the first 2 days after pollination (DAP), from 3 to 5 DAP, 
from 6 to 9 DAP, from 6 DAP onwards, and by 21 DAP, 
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respectively (Wu et al. 2016b). The coenocyte and cellu-
larization stages are comparatively shorter, but determine 
the cell number and lay the foundation for grain filling 
(Dante et al. 2014). The rate and duration of endosperm 
proliferation during the syncytial phase are important 
determinants of final seed size (Garcia et  al. 2005), and 
the timing of endosperm cellularization affects grain 
yield (Olsen 2004). The initial phase plays a key role in 
cereal endosperm development, but its genetic regulation 
program remains largely unknown (Olsen 2020). Embryo 
and endosperm can interact during different develop-
mental stages in plants (Nowack et al. 2006). Endosperm 
is essential for embryogenesis with the function of nour-
ishing the early embryo (Olsen and Becraft 2013; Zheng 
and Wang 2015).

Callose is a β-1,3-linked homopolymer of glucose resi-
dues with some β-1,6-branches. Callose is accumulated 
mainly in the special cell wall and cell wall-associated 
structures, is involved in a wide range of biological pro-
cesses, and executes important functions in development 
and stress responses in plants (Hong et  al. 2001; Chen 
and Kim 2009; Thiele et  al. 2009; Zavaliev et  al. 2011; 
Nedukha 2015; Wang et  al. 2022). During reproductive 
development, callose is synthesized and deposited to the 
cell plate, cell wall, and other locations within microspo-
rocytes and megaspores, functioning as a molecular or 
nutritional filter and a physical barrier to temporarily iso-
late the microsporocytes and megaspores from the influ-
ence of surroundings (Wang et  al. 2004; Chen and Kim 
2009; Shi et  al. 2016). Callose between the primary cell 
wall and the plasma membrane can maintain the mor-
phology of the microspore mother cell and prevent the 
fusion and aggregation of tetrad cells during microspore 
development (Dong et  al. 2005; Chen et  al. 2009; Wang 
et al. 2020). Accurate deposition and degradation of cal-
lose are crucial for normal reproductive development. 
Either excessive or insufficient callose and premature 
or delayed degradation of callose will lead to sterility in 
flowering plants (Franklin-Tong 1999; Dong et  al. 2005; 
Albert et  al. 2011; Qin et al. 2012; Liu et  al. 2015; Song 
et  al. 2016; Zhang et  al. 2018; Somashekar et  al. 2023). 
Therefore, callose is essential for sporogenesis and male/
female gametophyte formation in plants.

Callose is synthesized by plasma membrane-located 
callose synthase (CalS; also referred to as glucan syn-
thase-like, GSL) complex (Verma and Hong 2001). GSL 
genes widely exist in various plant species, and each 
species contains multiple members. There are 12 and 
10 GSL genes predicted in Arabidopsis and rice, respec-
tively (Verma and Hong 2001; Yamaguchi et  al. 2006). 
Studies on the function of GSL genes in Arabidopsis 
have been focused on pollen formation. Five out of the 
12 AtGSL genes (CalS5/GSL2, CalS9/GSL10, CalS10/

GSL8, CalS11/GSL1, and CalS12/GSL5) were shown to 
be involved in microsporogenesis and male gametophyte 
development (Shi et al. 2016; Wang et al. 2020). AtGSL1 
and AtGSL5 are related to the formation of callose walls 
in the tetrad, and AtGSL1 might act as an auxiliary pro-
tein to assist AtGSL5 (Enns et al. 2005). AtGSL2 is spe-
cifically responsible for callose deposition in the pollen 
mother cell and pollen tube (Dong et al. 2005; Nishikawa 
et  al. 2005). AtGSL8 and AtGSL10 are independently 
required for asymmetric microspore division and the 
entry of microspores into mitosis (Töller et al. 2008). In 
rice, OsGSL5, a homolog of AtGSL2, was also found to be 
responsible for pollen development (Shi et al. 2015). The 
protein OsGSL5 is located on the plasma membrane of 
pollen mother cells and is responsible for the biogenesis 
of callose in anther locules through premeiotic and mei-
otic stages (Somashekar et al. 2023).

The above studies have revealed that GSL genes play 
critical roles in pollen formation and fertility. Besides, 
GSL genes have also been found to play roles in other 
developmental processes, including stomatal pattern-
ing (Guseman et  al. 2010), hypocotyl tropic response 
(Han et  al. 2014), inflorescence growth (Barratt et  al. 
2011), leaf vein development (Slewinski et al. 2012), and 
so on. The information indicating the role of GSL genes 
in the female reproductive process and seed formation 
is still very limited (Chen et  al. 2009; Janas et  al. 2022). 
CRR1/OsGSL8 is the only well-characterized GSL gene 
that plays a pivotal role in seed development, which 
determines the initial expansion of the ovary by affecting 
vascular cell patterning in rice (Song et al. 2016).

In this study, we identified a rice mutant ws1-1, which 
showed reduced fertile pollens and produced seeds with-
out embryo and endosperm but filled with transparent 
liquid. We found that the OsGSL2 gene in ws1-1 was 
disrupted, which reduced the callose deposition on the 
outer walls of the microspore and disrupted the annular 
callose sheath in developing caryopsis, so as to impact 
microsporogenesis and seed development except for seed 
coat formation. These findings revealed that OsGSL2 is 
essential for fertility and seed initiation in rice, suggesting 
a distinct role in embryo differentiation and seed filling, 
thus providing insights for regulating seed production in 
crops.

Results
ws1‑1 Produced Seeds Filled with Sucrose Liquid Without 
Starch
During tillering and flowering stages, ws1-1 plants exhib-
ited no obvious differences from Nipponbare (wild-type, 
WT) plants (Additional file 1: Fig. S1). The number and 
appearance of spikelets in ws1-1 were normal, but its 
seed setting rate was extremely low (< 2%; in comparison, 
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the seed setting rate in WT was 90.8%; Fig.  1A–C). At 
anthesis, anthers dehisced to release mature pollen grains 
normally in ws1-1 (Fig.  1D). After anthesis, seed coats 
developed normally in length in ws1-1, but the upper 
part of caryopsis became apparently narrower from ~ 3 
DAP until maturity (Fig. 1E). Besides, unlike WT seeds, 
most (~ 75%) ws1-1 seeds did not contain milky or 
starchy endosperm but were filled with transparent liq-
uid (Fig.  1F, G), which was rich in sucrose and other 
kinds of soluble sugar (Additional file 1: Fig. S2) and was 
eventually dried, leaving shrunken and inviable seeds at 
maturity. These results indicated that starch could not 
be synthesized and accumulated in ws1-1 seeds, but this 
defect was not due to the shortage of sugar supply. Occa-
sionally, watery seeds were also observed in WT, but the 
rate was very low (< 1%; Fig. 1H).

Observation of the transverse sections of WT and ws1-
1 caryopses at different developmental stages showed 
that the difference between ws1-1 and WT seeds was 
not visible at 1 DAP (Additional file 1: Fig. S3A, B), but 
gradually became obvious from 3 DAP onwards (Addi-
tional file 1: Fig. S3E–L). At later developmental stages, a 
WT caryopsis was filled with endosperm, while a mutant 
caryopsis enlarged without forming endosperm but 
remained hollow inside (Additional file  1: Fig.  S3K, L). 
These results indicated that endosperm failed to develop 
from the early stage of seed development in ws1-1.

Anther Development and Microsporogenesis were 
Defective in ws1‑1
To find out the causes of low seed setting rate in ws1-
1, we examined the functions of ws1-1 male and female 
gametophytes by performing reciprocal crosses between 
WT and ws1-1, with artificial and natural selfings as 
controls. The seed setting rate of artificial selfing was 
similar to that of natural selfing in both WT and ws1-1, 
indicating that the operation of artificial pollination had 
little influence on the seed setting rate in our experi-
ment. Both WT × ws1-1 and ws1-1 × WT yielded an 
intermediate seed setting rate, which was much higher 
than that of ws1-1 selfing (< 2%) but much lower than 
that of WT selfing (~ 90%; Additional file 1: Fig. S4). The 
results of reciprocal crosses indicated that the functions 
of male gametophyte and female gametophyte are both 
compromised in ws1-1, suggesting that WS1 is probably 
required for the development of both male and female 
gametophytes.

So, we further examined the reproductive develop-
ment in ws1-1. Compared with WT, ws1-1 had smaller 
anthers but normal pistils in appearance (Fig. 2A). Occa-
sionally, bilocular anthers were observed in ws1-1, while 
WT anthers always had four chambers (Fig.  2B). SEM 
images showed that WT anthers had a smooth surface, of 
which the cells were basically uniform in size and orderly 
arranged, while the surface of ws1-1 anthers was uneven 

Fig. 1 The phenotype of ws1-1 mutant. A–C Comparison of wild-type (WT) and ws1-1 panicles (A) and spikelets (B, C) at the mature stage. The 
white arrows (in A) indicate the starchy seeds in ws1-1. D Comparison of WT and ws1-1 panicles at the heading stage. E Morphology of seeds 
produced by WT and ws1-1 at different DAF. F, G Starchy endosperm in WT seeds and transparent liquid in ws1-1 seeds at 12 DAF stained with  I2-IK 
solution. H Cumulative percentages of normal seeds (NS), watery seeds (WS), and empty seeds (ES, containing no developed caryopsis) in WT 
and ws1-1 at the mature stage were obtained from statistics of 30 panicles each. Scale bars = 2 mm
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and its cells varied significantly in size (Fig. 2C). Anther 
dehiscence in ws1-1 was largely normal, but the num-
ber of pollen grains per anther was only ~ 35% of that in 
WT, and only about half of the pollens appeared normal 
in shape and  I2-KI staining (Fig.  2D). Collectively, these 
observations indicated that the WS1 mutation resulted in 
anther and pollen defects.

To investigate in detail the cellular defects in ws1-1 pol-
len development, we examined its transverse anther sec-
tions at different developmental stages according to the 
previous description (Zhang et  al. 2011). Anther devel-
opment in ws1-1 was overall normal prior to stage 8 or 
pollen mother cell meiosis (Additional file  1: Fig.  S5). 
At stage 8, the dyad and tetrad microspores generally 
displayed a uniform appearance in WT (Fig. 2E, G), but 
showed irregular morphology and sizes in ws1-1 (Fig. 2F, 
H). At stage 9, free spherical microspores were released 
from the tetrads in WT (Fig.  2I), but in ws1-1 most 
microspores adhered together in a disordered manner 
without clear borders among them (Fig. 2J). WT anthers 
generated vacuolated round microspores at stage 10 and 
falcate-shaped microspores at stage 11, whereas ws1-1 
microspores were markedly different from WT micro-
spores in size and shape at these two stages (Fig. 2K–N). 

Finally, plump pollens were produced in the WT, while 
most ws1-1 pollens were deformed or abnormal in size, 
with obvious reduction or even complete loss of starch 
granules (Fig.  2O, P). These observations indicated that 
the microspore abnormality in ws1-1 began from the 
dyad stage. Since glucan synthase might also play a role 
in starch biosynthesis, the reduction in pollen count 
could potentially be due to reduced starch filling.

The Initiations of Embryo and Endosperm were Abnormal 
in ws1‑1
To determine whether the abnormal pollen development 
was the major cause of the low seed setting rate in ws1-1, 
we examined the vigor of ws1-1 pollens in vivo by manual 
self-pollination and toluidine blue staining. In the WT, 
pollen grain germination, and pollen tube elongation 
until arriving at the nucellus for double fertilization were 
observed expectedly (Fig.  3A, B). In ws1-1, similar phe-
nomena without obvious abnormality were also observed 
in pollens with normal development, where these normal 
pollens could adhere to and germinate on the stigma, 
and pollen tubes could elongate and finally enter nucelli 
(Fig. 3C, D). These results suggested that the normal ws1-
1 pollens had a similar vitality to WT in  vivo, although 

Fig. 2 Male reproductive development was defective in ws1-1. A Spikelets of WT and ws1-1 with lemma/palea removed. B Anthers of WT 
and ws1-1. C SEM imagines of WT and ws1-1 anthers. D Comparison of WT and ws1-1 anthers and pollens at the mature stage; the pollens were 
stained with  I2-IK solution (normal pollens showed dark color). E–P Comparison of microsporogenesis in WT and mutant anthers by staining 
of transverse sections with 0.1% toluidine blue. The development stages were described by Zhang et al. (2011). Scale bar = 2 mm in (A–D, white 
bars), 100 µm in (D, red bars), and 25 µm in (E–P)
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their number was much smaller. We also examined ws1-1 
ovules by whole-mount staining. There was no significant 
difference in the structure of the embryo sac between the 
WT and ws1-1, suggesting that the embryo sac devel-
oped normally in ws1-1 (Fig.  3E, F). The above results 
together indicated that ws1-1 was normal in fertilization. 
Therefore, we suspected that its low seed setting rate was 
probably caused by defects in embryo and/or endosperm 
development after fertilization.

To verify this hypothesis, we observed WT and ws1-
1 seeds at early developmental stages by whole-mount 
staining. In a WT embryo sac, as reported (Wu et  al. 
2016b), endosperm nuclei were divided, rapidly sepa-
rated, migrated, and distributed to the peripheries of 
the endosperm cells during 1–2 DAP (Fig. 3G), and then 
the syncytial endosperm was cellularized during 3–5 
DAP (Fig. 3H). In ws1-1, the primary endosperm nuclei 
also proliferated, but they did not separate and failed to 
migrate to the periphery (Fig. 3I), leading to a clump of 
endosperm nuclei (Fig. 3J), which stopped the production 

of endosperm nuclei and was gradually degenerated. 
Besides, as reported (Wu et  al. 2016a), most nucellar 
cells degenerated during 1–5 DAP in WT (Fig.  3K, L), 
but there were still multicellular tissue residues in ws1-1 
nucellus (Fig. 3N, O), indicating that the degeneration of 
nucellus cells was delayed in ws1-1.

For embryogenesis, coupling with the process of starch 
deposition, a WT zygote developed by cell division into 
a proembryo at 1 DAP (Fig. 3K), and then into a globular 
embryo at 2 or 3 DAPs (Fig. 3L), and further into a pear-
shaped embryo at 4 DAPs (Fig. 3M). In ws1-1, a multicel-
lular proembryo was also produced at 1 DAP (Fig. 3N), 
but the proembryo developed into an abnormal embryo 
with a smaller size and irregular shape (Fig.  3O), which 
gradually degenerated and disappeared in the early stage 
(Fig. 3P).

WS1 Encodes a Putative Callose Synthase
Genetic analysis showed that the WT and mutant pheno-
types segregated at a 3:1 ratio in the selfed progeny lines 

Fig. 3 Comparison of the pollination, fertilization and early seed development between the WT and ws1-1. A–D Pollen germination and pollen 
tube elongation in the WT (A, B) and ws1-1 (C, D). E, F Mature embryo sac of the WT (E) and ws1-1 (F). G, H WT endosperms at 2 DAP (G) and 3–5 
DAP (H). I, J ws1-1 endosperms at 2 DAP (I) and 3–5 DAP (J). K–P The early-stage embryo in WT (K–M) and ws1-1 (N–P). White arrows in G–J 
and arrowheads in K–P indicate endosperms and embryos, respectively. The number of florets that were observed is over 10 for each figure. Scale 
bar = 100 µm in A–D or 50 µm in E–P 
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of heterozygotes, suggesting that the mutant phenotype 
was caused by a single recessive mutation. Linkage anal-
ysis based on 163 mutant plants from the  F2 generation 
of ws1-1 × Lemont mapped the WS1 locus to a 2.18 Mb 
region between markers InDel6 (29,122,791–29,122,812) 
and InDel8 (26,939,245–26,939,262) on the long arm 
of rice chromosome 1 (Fig.  4A). BSA-seq based on  F2:3 
lines verified the result of linkage analysis and indicated 
that WS1 was most likely located around the position 
of 2.18 Mb (Fig. 4B). Sequence comparison showed that 
there was only an SNP between Nipponbare (A) and ws1-
1 (T) in this region upstream of a gene (Os01g0672500) 

but rather inside a gene according to the annotation in 
RGAP (http:// rice. uga. edu/ index. shtml). However, by 
surveying the annotation in RIGW (http:// rice. hzau. edu. 
cn /rice_rs3/), we found that there was actually a longer 
ORF (OsMH_01T0462400) covering Os01g0672500 
in this region and the SNP (A/T), which resulted in a 
change from Lysine to a premature stop codon in ws1-1 
(Fig.  4C). So, we thought that OsMH_01T0462400 was 
likely to be WS1.

To validate the candidate gene, we introduced a com-
plementary plasmid carrying OsMH_01T0462400 
and its promoter into ws1-1. The mutant phenotype 

Fig. 4 Positional cloning and functional confirmation of WS1. A Result of WS1 mapping by linkage analysis. The number of recombinants 
at each marker is shown below the horizontal bar. WS1 was mapped to a region between markers InDel6 and InDel8. B Results of WS1 mapping 
by BSA-seq. The peak tip suggested the most probable position of WS1. C Results of candidate gene identification. An SNP (indicated by arrow) 
was found in WS1, with transversion of A to T in ws1-1, leading to a change of Lysine codon to a premature stop codon. D, E Functional validation 
of WS1 by genetic complementation and gene editing. CO, genetic complementation plant; ws1-2, WS1 knockout mutant generated by CRISPR/
Cas9 editing. The WT phenotype was recovered by genetic complementation in the CO plant, whereas ws1-2 showed a mutant phenotype 
similar to ws1-1. F–I GSL5CT-GFP was found to be localized to the plasma membrane. WS1-GFP and PIP2:DsRed (Plasma membrane marker) were 
cotransformed into rice protoplasts. Scale bars = 5 μm

http://rice.uga.edu/index.shtml
http://rice.hzau.edu.cn
http://rice.hzau.edu.cn
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was rescued and restored to that of WT in all 11 inde-
pendent transgenic lines (Fig.  4D, E; Additional file  1: 
Fig.  S6). In addition, we also generated 16 independent 
and effective knockout mutants of OsMH_01T0462400 
from Nipponbare by CRISPR/Cas9, which could be cat-
egorized into four alleles, including one-base insertion 
 (470th), five-base deletion  (461st-466th), four-base dele-
tion  (465th-468th), and one-base deletion  (464th). All these 
alleles were predicted to encode truncated proteins due 
to frameshifts that led to premature stop codons (Addi-
tional file  2: Table  S1). All these mutants exhibited the 
same phenotype as that of ws1-1 (Fig. 4D, E; Additional 
file 1: Fig. S6). We named them ws1-2 to ws1-5. The above 
results confirmed that OsMH_01T0462400 is WS1.

OsMH_01T0462400/WS1 is predicted to encode a 
callose synthase named OsGSL2, which contains a con-
served β-glucan synthase domain near the 3′-terminal 
(Additional file  1: Fig.  S7) highly similar to other fam-
ily members in rice and Arabidopsis (Yamaguchi et  al. 
2006). Phylogenetic analysis indicated that WS1 is closely 
related to AtGSL1 and AtGSL5 (Additional file 1: Fig. S8; 
Shi et al. 2015). The five mutant alleles, ws1-1 to ws1-5, all 
encoded non-functional truncated proteins that lacked 
the crucial callose synthase domain. Therefore, they all 
were null alleles of WS1. Subcellular localization analy-
sis of the GFP-WS1 fusion protein indicated that WS1 is 
localized in the cell membrane (Fig.  4F–I). This is con-
sistent with the predicted function of WS1.

WS1 has Higher Expression in Reproductive Organs
GUS expression driven by the promoter of WS1 indicated 
that WS1 is ubiquitously expressed in various tissues. 
During the vegetative period, GUS activity was strong in 
the young or developing root, stem, leaf blade, and leaf 
sheath, but markedly weakened or even undetectable in 
maturing tissues (Fig.  5A–D). During the reproductive 
period, WS1 was expressed in a young panicle (Fig. 5E). 
During spikelet formation, intense expression of WS1 
was mainly detected in developing pistils and recepta-
cles, but very weak in lemma/palea and extra glume. WS1 
expression intensity gradually increased in the stamen 
as it developed, but the trend was the opposite in the 
pistil (Fig.  5F). In mature spikelets, WS1 was expressed 
strongly in the stamen and pollen but weakly in the pis-
til, and almost none in other organs (Fig.  5F, G). WS1 
expression was high initially in developing caryopsis but 
significantly reduced in maturing seed (Fig.  5H). Inter-
estingly, strong GUS activity was observed in the ovular 
vascular throughout caryopsis development (Fig.  5H). 
Consistent with GUS activity detection, RT-qPCR also 
indicated that WS1 is ubiquitously expressed in various 
tissues or organs, with higher in reproductive organs 
and early caryopsis and the strongest in developing 

stamen (Fig. 5I). The rice genome contains ten predicted 
GSL genes. RT-qPCR analysis showed that compared 
with that during anther development, in the WT, GSL3, 
GSL5, and GSL8 expression in the ws1-1 was signifi-
cantly higher than that in the WT, while the expression 
of the other six GSL genes did not change (Additional 
file 1: Fig. S6). This suggested that GSL3, GSL5, and GSL8 
might be partially redundant with WS1 in function for 
microgametogenesis.

WS1 Affects the Deposition of Callose in Microspores
Considering that WS1 was predicted to be a callose 
synthase gene and displayed an effect on microspore 
development from the dyad stage onwards (Fig.  2), we 
investigated its role in callose accumulation in micro-
sporogenesis by aniline blue staining of the transverse 
sections of anthers. At stage 8, dyad and tetrad were 
formed with obvious callose deposition on the outer walls 
and in the cell plate of WT (Fig.  6A, B), but it appears 
that callose is gone at meiotic prophase I and very weak 
in dyad and tetrad (Fig. 6D, E). At stage 9, however, the 
released microspores in WT and ws1-1 showed similar 
weak callose deposition (Fig. 6C, F). This suggested that 
WS1 mainly affects callose deposition in the microspore 
of prophase I stage, dyad and tetrad. By direct staining of 
anthers, we obtained a clearer view of the callose deposi-
tion in dyad and tetrad. It could be seen that over 98% 
microspore cell in the dyad and tetrad was fully covered 
by callose with a high signal in the WT (Fig.  6G–L). In 
ws1-1, a strong callose signal was also observed in the 
cell plates of dyad and tetrad (though a little weaker than 
that in WT), but 78.9% of outer walls of dyad and tetrad 
had almost no callose (Fig. 6M–R), indicating that WS1 
is essential for callose deposition on the outer wall of 
microspore.

WS1 Impacts the Formation of an Annular Callose Sheath 
in Developing Caryopsis
The development of endosperm in rice requires a rel-
atively independent environment. Previous studies 
showed that a sheath-like callose structure between 
the epidermis of the nucellar tissue and the internal 
integument is formed after pollination. The formation 
of this structure shows a dynamic change during the 
endosperm development and may be closely related 
to the regulation of water and nutrients during the 
development of the embryo and endosperm (Wang 
et  al. 2004). By staining the cross-sections of develop-
ing caryopses with aniline blue, we observed a simi-
lar phenomenon in the WT. Callose was deposited 
between the epidermis of the nucellar tissue and the 
internal integument at 1 DAP, forming an almost closed 
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callose sheath (Fig.  7A). The sheath was kept for at 
least 10  days (Fig.  7B, C). Then, it began to be gradu-
ally degraded from 12 DAP (Fig.  7D) and finally com-
pletely disappeared in the mature seed. Compared with 
the WT, ws1-1 had much less callose deposition in the 
developing caryopsis, which resulted in very weak and 
discontinuous callose zones and therefore could not 
form a close callose sheath to provide an independ-
ent environment for the development of endosperm 

(Fig. 7E–H). This might be one of the main reasons for 
the endosperm abortion in ws1-1.

Discussions
It has been known that GSL genes are indispensable for 
some important highly specialized developmental and 
cellular processes involving callose synthesis and depo-
sition in plants. At present, the best-characterized func-
tions of GSL genes are those for pollen formation (Chen 
et al. 2009; Song et al. 2016). Knowledge about the roles 

Fig. 5 Expression pattern of WS1 in rice. A-H WS1 expression revealed by GUS staining. GUS activity was detected in the young root (A), developing 
culm (B), young leaf blade (C), young leaf sheath (D), developing spikelet and floral organs (E, F), maturing stamen and pollen (G), and developing 
caryopsis (H). I WS1 expression detected by RT-qPCR analysis in different organs/tissues. The RT-qPCR analysis was performed with three biological 
replicates. The error bars indicated the standard deviation. DAP, days after pollination; LB, leaf blade; LS, leaf sheath; Pi, pistil; SP1, SP3, and SP5, young 
panicles of 1 cm, 3 cm, and 5 cm in length; An7, An8, An10, and An14, developing stamen at four different stages according to Zhang et al. (2011); 
Car1, Car 3, Car 5 and Car 10, developing caryopsis at four different days after pollination
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of GSL genes in seed development is still very limited. In 
this study, we identified and characterized a GSL gene 
named WS1/OsGSL2 in rice. Although the expression of 
OsGS2 is ubiquitous, the aberrant phenotypes only mani-
fest during reproductive development, indicating that 
OsGSL2 has an auxiliary role in other organs, likely due 
to its low expression and the redundancy effect of other 
GSL genes in these organs. Our results indicated that 
OsGSL2 is crucial not only for pollen formation but also 
for embryo and endosperm development.

The Role of OsGSL Genes in Pollen Development in Rice
As a family with 12 members in Arabidopsis, multi-
ple GSL genes have been found to be involved in pollen 
development. AtGSL1 and AtGSL5 are requisite for sepa-
rating tetrad microspores and preventing microspore 
degeneration (Enns et  al. 2005). AtGSL2 plays a role in 
the cell wall formation of mother cells and in the pat-
terning of pollen exine (Dong et  al. 2005). AtGSL8 and 
AtGSL10 are independently required for the asymmetric 
division of microspores and for the entry of microspores 

into mitosis (Töller et al. 2008; Huang et al. 2009). Muta-
tion of these genes often leads to pollen abortion and low 
fertility.

In rice, only one GSL gene (OsGSL5, the homolog of 
AtGSL2) was previously found to play a vital role in pol-
len development (Shi et  al. 2015). OsGSL5 is expressed 
in most plant tissues but is highest in developing and 
mature pollens. Knockout or knockdown of OsGSL5 
causes defective callose deposition on the meiocyte cell 
wall and dyad/tetrad cell plates and therefore produces 
collapsed pollen grains without callose wall, leading to 
a severe reduction of pollen fertility (Shi et  al 2015). A 
recent study (Somashekar et  al. 2023) highlighted that 
the callose deposition is mediated by GSL5 during meio-
sis stages, in addition to the pollen stage (Shi et al. 2015). 
In this study, we revealed that OsGSL2 also affected pol-
len fertility. OsGSL2 is closely related to AtGSL1 and 
AtGSL5. Similar to OsGSL5, OsGSL2 was also expressed 
in various tissues, with the highest expression in devel-
oping anther and pollen (Fig.  5I). Disrupting OsGSL2 
also reduced callose deposition in dyad and tetrad, 

Fig. 6 Loss of WS1 function causes defective callose deposition during microsporogenesis. A–F Aniline blue stained anther sections of WT (A–C) 
and ws1-1 (D–F) from stage 8a (S8a) to stage 9 (S9). A1–F1 Magnified views of the boxed regions in (A–F) to show details. G–R Aniline blue-stained 
meiotic microspores in the WT (G–L) and ws1-1 (M–R); staining of WT microspores in dyads (G, H) and tetrads (I–L); staining of ws1-1 microspores 
of the dyad (M, N) and tetrad (O–R). Bright-field in (H, J, L, N, P, R). Bars = 10 μm



Page 10 of 14Qiu et al. Rice           (2023) 16:44 

resulting in pollen abortion and a decrease in fertile pol-
lens (Figs. 2, 6). However, the function of OsGSL2 is not 
exactly the same as that of OsGSL5. The most appar-
ent difference between the two genes is that while loss 
of OsGSL5 function can significantly reduce the callose 
deposition on cell plates (Shi et  al. 2015), mutation of 
OsGSL2 showed little influence on cell plates (Fig. 6). This 
was consistent with the cytological observation that dyad 
and tetrad microspores could be successfully produced in 
ws1-1 by meiosis (Fig. 2), which requires accurate callose 
deposition on the cell plate. Moreover, it appears that 
callose is gone at meiotic prophase I of ws1-1 (Fig. 6D), 
consistent with the Osgsl5 phenotype (Somashekar et al. 
2023), indicating that ws1-1 shows more severe callose 
accumulation defects during meiosis than at dyad and 
tetrad. Furthermore, ws1-1 likely shows more severe cal-
lose accumulation defects than Osgsl5, which explains 
about why callose is greatly reduced in ws1-1 in spite 
of the upregulation of GSL5 (Additional file  1, Fig.  S9). 
Together, these results inferred that OsGSL2 and OsGSL5 
must be partially redundant in function because callose 
does not completely disappear during microsporogenesis 
and there is still a small proportion of fertile pollens pro-
duced in either single mutant of them.

Apart from OsGSL2 and OsGSL5, most of the other 
OsGSL genes are also expressed in developing anthers 
(Yamaguchi et  al. 2006). It was found that knockout of 
OsGSL5 can increase the expression of OsGSL1, OsGSL2, 

OsGSL4, OsGSL8, OsGSL9, and OsGSL10 (Shi et  al. 
2015), and disruption of OsGSL2 could enhance the 
expression of OsGSL3, OsGSL5, and OsGSL8 (Additional 
file 1: Fig. S9). This implies that some of the other OsGSL 
genes might probably also play a role in pollen develop-
ment. Nonetheless, it has been confirmed that OsGSL8 
does not affect pollen fertility, although its loss-of-
function mutation results in smaller anthers (Song et al. 
2016).

The Role of OsGSL Genes in Seed Development in Rice
Seed development starts from the completion of dou-
ble fertilization. Ovules are female reproductive organs 
of angiosperms, containing sporophytic integuments 
and gametophytic embryo sacs. After fertilization, the 
embryo sac develops into the embryo and endosperm, 
and integument into the seed coat, whereas other nucel-
lus cells undergo a degenerative process known as pro-
grammed cell death (Krishnan and Dayanandan 2003; 
Hands et al. 2016; Wu et al. 2016a). In cereal crops, the 
endosperm is the main component of grain, and embryo-
genesis is dependent upon the accompanying endosperm 
development. The early development of endosperm com-
prises several short but critical events, including the for-
mation and division of the primary endosperm nucleus, 
positional distribution of free nuclei, and endosperm cel-
lularization (Hands et al. 2016), which largely determine 

Fig. 7 Absence of callose sheath during caryopsis development in ws1-1. A–D Aniline blue stained caryopsis sections of the WT at 1 (A), 5 (B), 8 
(C), and 12 DAP (D). E–H Aniline blue stained caryopsis sections of ws1-1 at 1 (E), 5 (F), 8 (G), and 12 DAP (H). Arrows indicate the zones of callose 
accumulation. Bars = 100 μm
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seed size and quality (Olsen 2004; Garcia et  al. 2005; 
Dante et al. 2014).

One OsGSL gene (OsGSL8/CRR1) has been identi-
fied to affect seed development in rice before (Song 
et  al. 2016). It is found that OsGSL8 regulates the vas-
cular cell patterning in ovaries and receptacles. Loss of 
OsGSL8 function makes ovary expansion arrested due 
to less efficient unloading of carbohydrates from the lat-
eral vasculature into the developing caryopsis, resulting 
in smaller grains. Compared with OsGSL8, it is obvious 
that OsGSL2 functions quite differently in seed develop-
ment. OsGSL2 is essential for embryo differentiation and 
endosperm-free nucleus positioning. It plays a distinct 
role in seed initiation and filling.

Embryo and endosperm development is a very com-
plicated biological process, in which many genes must 
be involved. Apart from the above two GSL genes, sev-
eral other genes showing similar functions in early seed 
development have been identified in rice. Knock-down 
or knock-out of these genes caused partially or totally 
similar cellular defects and seed dephenotypes to that 
of ws1-1 (Fig.  1). Rice LEAF AND FLOWER-related 
gene (OsLFR), which encodes an interaction partner of 
SWITCH/SUCROSE NON-FERMENTABLE (SWI/SNF) 
in the ATP-dependent chromatin-remodeling complex, 
is essential for early endosperm and embryo develop-
ment (Qi et al. 2020). In Oslfr, the embryo is reduced in 
size and fails to differentiate, the endosperm has fewer 
free nuclei and the cellularization is arrested. Mater-
nally expressed polycomb group gene OsEMF2a pro-
motes endosperm cellularization, which is associated 
with an unusual activation of type I MADS-box genes 
through OsEMF2a-PRC2 (Polycomb Repressive Complex 
2)-mediated H3K27me3. Osemf2a delays the cellulari-
zation of endosperm cells and halts embryo develop-
ment (Cheng et  al. 2021). By contrast, OsMADS78 and 
OsMADS79 inhibit endosperm cellularization. Over-
expressing OsMADS78 or OsMADS79 causes delayed 
endosperm cellularization, while knockout of either of 
them leads to precocious endosperm cellularization, and 
no viable seeds can be produced when the two genes are 
disrupted simultaneously (Paul et  al. 2020). OsMADS29 
regulates nucellus degradation after fertilization by 
directly promoting the expression of Cys protease and 
programmed cell death-related genes (Yin and Xue 2012). 
Suppression of OsMADS29 results in shrunken seeds due 
to the defective degradation of the nucellus, similar to the 
phenomenon observed in ws1-1 (Fig. 3M, N, P, Q).

Although seed development normally initiates from 
double fertilization, abnormal seed development inde-
pendent of fertilization has also been observed. In Arabi-
dopsis, several studies showed that pollen tube contents 
can initiate ovule enlargement and enhance seed coat 

development without fertilization (Kasahara et  al. 2016; 
Zhong et al. 2017; Liu et  al. 2019). In rice, Knockout of 
the GENERATIVE CELL SPECIFIC 1 (OsGCL1) gene 
leads to fertilization failure and pollen tube-dependent 
ovule enlargement, producing seeds similar to those of 
ws1-1 (Honma et  al. 2020). The dioxygenase for auxin 
oxidation (DAO) gene, encoding a putative 2-oxogluta-
rate-dependent-Fe (II) dioxygenase and catalyzing the 
conversion of IAA into OxIAA, also causes fertilization-
independent abnormal seed development in rice when its 
function is lost. Similar to the ws1-1 seed, the unfertilized 
seed in the dao mutant is filled with sucrose-rich liquid 
without starch accumulation (Zhao et al. 2013).

In short, many critical genes are involved in seed devel-
opment in rice. Disruption of these genes may also result 
in embryo abortion and endosperm loss similar to ws1-1 
owing to various causes, including a stop for reduction of 
endosperm nuclear production, arrest of cellularization, 
failure of endosperm free nucleus migration and embryo 
differentiation, and premature or delayed degeneration 
of nucellus cells. These genes together with OsGSL2 may 
form a complex regulatory network for rice seed develop-
ment. More studies are needed to explore the network.

Conclusions
WS1/OsGSL2 is highly expressed in reproductive organs 
and developing seeds and is essential for rice fertility and 
is required for embryo differentiation and endosperm-
free nucleus positioning. Disrupting OsGSL2 reduced 
callose deposition in meiotic microspores and impaired 
the formation of annular callose sheath in developing 
caryopsis, leading to defective pollen and watery seed 
lacking embryo and endosperm. These findings indicate 
a distinct role of the GSL gene in seed initiation, which 
provides new insight into the regulation of seed develop-
ment in cereals.

Methods
Plant Materials
Two rice cultivars, Nipponbare (japonica) and Lemont 
(indica), and five mutant lines, ws1-1 to ws1-5, were used 
in this study. The mutant ws1-1 was obtained from Nip-
ponbare by EMS mutagenesis, while ws1-2 to ws1-5 were 
generated from Nipponbare by editing the target gene 
WS1 using the CRISPR/Cas9 system.

Identification of WS1 Gene
Primary mapping of the WS1 gene was conducted by 
linkage analysis based on 163 mutant plants selected 
from the  F2 generation of ws1-1 × Lemont. InDel mark-
ers developed in this study as well as the available RM-
series SSR markers were used for the linkage analysis 
(Additional file 2: Table S1). To narrow down the interval 
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of WS1 identified by the linkage analysis, next-generation 
sequencing-based bulked segregant analysis (BSA-seq) 
was performed using the  F3 generation. The fresh leaves 
of equal amounts from 40 homozygous wild-types (WT) 
 F2:3 lines and those from 40 mutant  F2:3 lines were mixed 
respectively to make a pair of WT and mutant DNA 
pools. The two DNA pools together with the genomic 
DNA of ws1-1 were sent to Xiamen Jointgene Technolo-
gies Corporation for deep sequencing using the Illumina 
PE Genome Analyzer. Based on the sequencing data of 
the two pools and using the Nipponbare genome as a 
reference genome (http:// rice. plant biolo gy. msu. edu), the 
genomic region harboring WS1 was identified. Accord-
ing to the gene mapping results, the candidate gene of 
WS1 was identified by comparing the sequence of the 
estimated WS1 region in ws1-1 with the corresponding 
sequence in Nipponbare.

Vector Construction and Plant Transformation
For the genetic complementation test of OsGSL2 (the 
candidate gene of WS1), a 7764-bp genomic DNA 
sequence covering the promoter, gene, and downstream 
region of OsGSL2 was amplified from Nipponbare, and 
inserted into the binary vector pCAMBIA1300. For the 
knockout of OsGSL2, the CRISPR/Cas9 system was 
used. The CRISPR targets for OsGSL2 were selected 
as described by Miao et  al. (2013), and the vector con-
struction was performed according to the manufacturer’s 
instructions for the regent kit (VIEWSOLID Biotech, 
China). For display of the expression pattern of OsGSL2, 
a 3000-bp promoter sequence of OsGSL2 was amplified 
from Nipponbare and fused into the GUS reporter gene 
in pCAMBIA1391Z. The primers used for vector con-
struction are listed in (Additional file  2: Table  S1). All 
constructs were introduced into Agrobacterium tumefa-
ciens strain EHA105 and transferred into rice. The vector 
for the complementation test, the vectors for CRISPR/
Cas9, and the vector for GUS expression were trans-
ferred into ws1-1, Nipponbare, and ZH11, respectively. 
The genomic region surrounding the CRISPR target sites 
for OsGSL2 was amplified and sequenced to identify 
mutants. Histochemical assay for GUS activity in trans-
genic plants was performed as described (Jefferson et al. 
1987).

Scanning Electron Microscopy (SEM)
SEM observation of anthers was performed according to 
Duan et al. (2019). The mature anthers were fixed in 2.5% 
glutaric dialdehyde and washed with a sodium phosphate 
buffer (0.1 M, pH7.0); further fixed in 1% osmic acid (w/v) 
for 1–2 h and again washed with the sodium phosphate 
buffer; dehydrated with an ethanol series, incubated in 
ethanol-tert butanol and then in tert butanol; and finally 

observed with a TM3030 Plus scanning electronic micro-
scope (Hitachi, Japan).

Histological Observations
Observation of pollen development was performed by 
resin slicing as described (Duan et al. 2019). Rice anthers 
at various stages were fixed in 2.5% glutaraldehyde solu-
tion, dehydrated using a graded ethanol series (20, 40, 60, 
80, 100, 100%), and embedded in Leica 7022 historesin 
with 1/16 volume of Hardner (Leica, Nussloch, Ger-
many). Samples were sectioned to 4  μm, stained with 
0.1% Toluidine Blue-O (Sigma, St. Louis, MO, USA), and 
observed under a Leica DM 4000B light microscope.

Pollen tube growth was observed by aniline blue stain-
ing as described (Li et  al. 2013). Pollinated pistils of 
the mutant and WT were collected at different times 
and fixed in Carnoy’s fixing reagent (30% chloroform, 
10% acetic acid, and 57% ethanol). The samples were 
washed with water, incubated in 10  mol   l−1 NaOH at 
56℃ for 6–10 min, stained in 0.1% aniline blue solution 
for 8–12 h, and observed under a Leica DM 4000B light 
microscope.

Observation of embryo sac and seed development was 
performed by whole-mount eosin B-staining as described 
(Huang et  al. 2017). Ovaries at various stages were col-
lected carefully, fixed in FAA overnight, washed with 50% 
ethanol, and stored in 70% ethanol at 4  °C. The samples 
were scanned under a Leica SP8 laser scanning confo-
cal microscope. The excitation wavelength was 543  nm, 
and the emission wavelengths were 550–630 nm. Images 
of the ovaries were recorded using the software for the 
microscope.

RNA Isolation and RT‑qPCR Analysis
RT-qPCR analysis was performed according to Duan 
et al. (2019). Briefly, Total RNA was isolated using a Tri-
zol reagent kit (Omega R6934, USA). Reverse transcrip-
tion was performed using the PrimeScript™ RT reagent 
kit (Takara RR047A, China). qPCR analysis was per-
formed with three biological replicates using the SYBR 
Premix Ex Taq II (Takara, China) in an ABI QuantStu-
dio 3 detect system. Amplification of Actin was used as 
an internal control to normalize all data. Primers used 
for RT-qPCR analysis are listed in (Additional file  2: 
Table S2).

Callose Staining with Aniline Blue
Pollen staining was performed according to Shi et  al. 
(2015). First, anthers were processed through an etha-
nol series (70, 50, 30, and 15%) and then transferred 
to distilled water. Next, the anthers were placed on a 
glass slide and squeezed with tweezers to release pol-
lens. Finally, the pollens were stained with 0.01% (w/v) 

http://rice.plantbiology.msu.edu
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aniline blue solution. Staining of the transverse sections 
of anthers and developing seeds was performed accord-
ing to Wang et al. (2020). The sections were stained for 
10  min at room temperature with 0.01% (w/v) aniline 
blue solution and washed with phosphate buffer. The 
samples were visualized under UV light with a confocal 
laser scanning microscope (LEICA-SP8).

Subcellular Localization
In-frame OsGSL2-GFP fusion protein driven by the 35S 
promoter and p35S::PIP2:DsRed (Plasma membrane 
marker) were cotransformed into rice protoplasts by 
PEG. Then, the protoplasts were observed with a con-
focal laser scanning microscope (LEICA-SP8). The 
primers for amplifying OsGSL2 cDNA are listed in 
(Additional file 2: Table S2).
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