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Abstract
In Arabidopsis thaliana, female gametophyte (FG) development is accompanied by the formation and expansion of the large 
vacuole in the FG; this is essential for FG expansion, nuclear polar localization, and cell fate determination. Arabidopsis 
VACUOLELESS GAMETOPHYTES (VLG) facilitates vesicular fusion to form large vacuole in the FG, but the regulation of 
VLG remains largely unknown. Here, we found that gain-of-function mutation of BRASSINOSTEROID INSENSITIVE2 (BIN2) 
(bin2-1) increases VLG abundance to induce the vacuole formation at stage FG1, and leads to abortion of FG. Loss-of-function 
mutation of BIN2 and its homologs (bin2-3 bil1 bil2) reduced VLG abundance and mimicked vlg/VLG phenotypes. Knocking 
down VLG in bin2-1 decreased the ratio of aberrant vacuole formation at stage FG1, whereas FG1-specific overexpression of 
VLG mimicked the bin2-1 phenotype. VLG partially rescued the bin2-3 bil1 bil2 phenotype, demonstrating that VLG acts down
stream of BIN2. Mutation of VLG residues that are phosphorylated by BIN2 altered VLG stability and a phosphorylation mimic 
of VLG causes similar defects as did bin2-1. Therefore, BIN2 may function by interacting with and phosphorylating VLG in the 
FG to enhance its stability and abundance, thus facilitating vacuole formation. Our findings provide mechanistic insight into 
how the BIN2-VLG module regulates the spatiotemporal formation of the large vacuole in FG development.
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IN A NUTSHELL
Background: In Arabidopsis, the development of the female gametophyte (FG) within the ovule is essential for plant 
reproduction and seed yield. Formation of the large vacuole within the FG is required for FG expansion, nuclear polar 
localization, and cell fate determination, which is critical for successful double fertilization. Generally, the large vacuole 
is visible after the first nuclear division during FG development. VACUOLELESS GAMETOPHYTES (VLG) regulates FG 
development by facilitating vesicular fusion to form large vacuole, but how VLG is regulated in this process remains 
unclear.

Question: How does the spatiotemporal formation of the large vacuole influence Arabidopsis FG development? How 
is VLG function regulated during FG development?

Findings: BRASSINOSTEROID INSENSITIVE2 (BIN2) is expressed in the FG and localizes in vesicular-like structures. 
Increased BIN2 activity (in the gain-of-function mutant bin2-1) enhances VLG stability through preventing its degrad
ation by the 26S proteasome; the increase in VLG promotes large vacuole formation at stage FG1. Decreased BIN2 
activity (in the loss-of-function mutant of BIN2 and its homologs bin2-3 bil1 bil2) reduces VLG stability, which de
creases vacuole formation at stage FG2. Both conditions impair FG development. Overall, our study revealed that 
the spatiotemporal formation of large vacuoles regulated by the BIN2-VLG module is required for normal FG 
development.

Next Step: Further studies will elucidate mechanisms by which early formation of the large vacuole disturbs nuclear 
division and FG development. We speculate that it changes the condition of organelles and micro-environment of the 
functional megaspore at stage FG1. So, we will further study how the first nuclear division of FG is affected. This work 
could contribute to understanding how FG development is triggered after the functional megaspore formed.

Introduction
In Arabidopsis thaliana, the female gametophyte (FG) within 
the ovule is required for successful double fertilization, which 
critically affects seed number and yield. The diploid mega
spore mother cell (MMC) undergoes meiosis and generates 
four haploid megaspores, three of which degenerate. The sur
viving functional megaspore (FM) undergoes three rounds of 
syncytial nuclear division, vacuole formation and expansion, 
followed by nuclear migration, cellularization, and differenti
ation, eventually giving rise to the mature FG, which includes 
one egg cell, one central cell, and two synergid cells (Webb 
and Gunning, 1990; Modrusan et al., 1994; Schneitz et al., 
1995; Christensen et al., 1997). Therefore, the nuclear division 
of the FM (i.e. the first nuclear division of the developing FG 
at stage FG1) is critical for the initiation of FG development.

Recently, genetic studies have identified gametophytic mu
tations that have begun to elucidate the genetic and molecular 
details of the initiation of FG development. Mutations in 
genes that are involved in the first nuclear division in 
Arabidopsis, including a classical ARABINOGALACTAN 
PROTEIN 18 (AGP18) (Acosta-Garcia and Vielle-Calzada, 
2004), a spindle checkpoint protein BUDDING UNINHIBITED 
by BENZIMIDAZOLE (BUB3.1) (Lermontova et al., 2008), 
the only KINESIN-1 member of Arabidopsis (AtKIN-1) 
(Wang H et al., 2014), a nucleoporin Nup88-homolog 
MODIFIER of SNC1,7 (MOS7) (Park et al., 2014), HISTONE 
ACETYLTRANSFERASE 1 (HAT1) and HAT2 (Latrasse 
et al., 2008), CHROMATIN-REMODELING 11 (CHR11) 
(Huanca-Mamani et al., 2005), and MADS-box transcription 

factor AGAMOUS-LIKE 23 (AGL23) (Colombo et al., 2008), 
all result in FG development arrested at the one-nucleate 
stage. In addition, GA-dependent degradation of 
RGA-LIKE1 (RGL1) is essential for mitotic divisions of FM 
(Gomez et al., 2020). In somatic ovule tissues, small RNA si
lencing pathways mediated by ARGONAUTE5 (AGO5) 
positively control the first nuclear division (Tucker et al., 
2012). KARYOPHERIN ENABLING the TRANSPORT of the 
CYTOPLASMIC HYL1 (KETCH1) interacts with the ribosomal 
protein RPL27a and promotes its accumulation in the nu
cleus, involving in ribosome biogenesis and translational 
capacity during the first nuclear division (Xiong et al., 2020). 
Targeted degradation of the INHIBITOR of CYCLIN- 
DEPDENT KINASE4/KIP-RELATED PROTEIN6 (ICK4/KRP6), 
which accumulates during meiosis, by Ring-type E3 ligases is 
essential for the interphase progression during mitotic cell cy
cle in FM (Liu et al., 2008). Also, the canonical SOLUBLE NSF 
ATTACHMENT PROTEIN (α-SNAP) in Arabidopsis, which is 
involved in the disassembly of SNARE complexes to mediate 
fusion of vesicles with target membranes, is also critical for the 
first nuclear division (Liu et al., 2021). However, the underlying 
molecular mechanisms and genetic control of how the first 
nuclear division is triggered are still largely unknown.

FG development is accompanied by vacuole formation and 
expansion, which are essential for FG expansion, nuclear po
lar localization, and cell fate determination. Generally, ex
tremely small vacuoles (<1 μm) are present at late stage 
FG1 (Schneitz et al., 1995; Christensen et al., 1997). Shortly 
after the first nuclear division, several small vacuoles 
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(<5 μm) appear at various positions at early stage FG2, and 
these gradually coalesce in the center of the cell, forming the 
central vacuole at late stage FG2. Subsequently, the central 
vacuole expands, positioning the two nuclei at the chalazal 
and micropylar poles, respectively, a critical step for the pat
tern formation of the 4n + 4n embryo sac at stage FG5 
(Schneitz et al., 1995; Christensen et al., 1997). Moreover, 
the polar localization of the large vacuole formed in the 
egg, synergid, and central cells facilitates double fertilization 
and is involved in establishing apical-basal polarity during 
embryogenesis (West and Harada, 1993; Schneitz et al., 
1995; Christensen et al., 1997).

Previous studies have indicated that VLG encodes a diver
gent C1 (DC1) domain (cysteine-rich and histidine-rich zinc 
finger)-containing protein localized in multivesicular bodies 
(MVBs) or pre-vacuolar compartments (PVCs), promoting 
vesicular fusion to form a large vacuole in the FG. The vlg/ 
VLG mutant has pleiotropic defects in FG development, in
cluding arrest at stages FG1 or FG2, lack of a large central 
vacuole at stage FG5, or collapsed FG at stage FG7 
(D’Ippólito et al., 2017). In addition, the auxin biosynthetic 
gene YUCCA8 is essential for the formation of a large vacuole 
(Panoli et al., 2015), and auxin efflux controls orderly nucellar 
degeneration around the FG, promoting central vacuole ex
pansion (Wang et al., 2021). Besides, the FG of cki1 
(CYTOKININ INDEPENDENT1, CKI1) mutant is arrested at 
stage FG5 because of the absence of large central vacuole 
(Pischke et al., 2002). These results suggest that the large vacu
ole formation is indispensable for FG development; however, 
how vacuole formation is regulated remains largely unclear.

In this study, we found that bin2-1, a gain-of-function mu
tant of BIN2 (Li et al., 2001), had abnormal vacuole formation 
during FG development. Enhanced BIN2 activity triggered early 
formation of a large vacuole at stage FG1, while reduced BIN2 
activity impaired formation of the large vacuole at later devel
opmental stages, both conditions eventually leading to FG 
abortion. Further investigation indicated that BIN2 interacted 
with and phosphorylated VLG, which stabilized VLG, thereby 
facilitating the large vacuole formation in the FG. Our findings 
suggest that the BIN2-VLG module regulates the spatio
temporal formation of the large vacuole that is essential for 
FG development. Our study identifies a key regulatory mech
anism of vacuole formation, supporting the requirement for 
proper function of the large vacuole in FG development.

Results
Increased BIN2 activity leads to abnormal formation 
of large vacuoles at stage FG1
To study the developmental processes and regulatory me
chanisms during formation of the FG, we observed FG devel
opment in mutants with reduced seed number per silique by 
confocal laser scanning microscopy. In autofluorescence 
images, the extremely bright, moderate bright and black re
present nucleoli, cytoplasm and nucleoplasm, and vacuoles, 

respectively, as described previously (Schneitz et al., 1995; 
Christensen et al., 1997; Shi et al., 2005). We found that 
bin2-1 FGs exhibited aberrant vacuole formation at stage 
FG1. Normal bin2-1 FGs consisted of nucleoli, cytoplasm, 
and nucleoplasm without visible vacuoles, consistent with 
wild-type FGs (Figure 1, A and B). However, approximately 
43.6% (n = 188) contained large vacuoles, indicating they 
were aberrantly formed (Figure 1, C and Q). In addition, 
about 9% displayed nuclear degeneration, a percentage obvi
ously higher than that of the wild-type (3%, n = 135) 
(Figure 1, D and Q). A previous report indicated that a 
gain-of-function bin2-1 mutation led to a more active BIN2 
kinase (Li and Nam, 2002). These results suggested that in
creased BIN2 activity resulted in aberrant formation of large 
vacuole and impaired FG development at stage FG1.

To examine whether the phenotypes were indeed caused 
by the bin2-1 mutation, we constructed transgenic plants ex
pressing the mutated BIN2 gene containing the bin2-1 muta
tion (named BIN2*) that we recreated by site-directed 
mutagenesis, driven by the SEEDSTICK (STK) promoter (Li 
et al., 2001; Pinyopich et al., 2003; Kooiker et al., 2005; 
Matias-Hernandez et al., 2010; Zu et al., 2019). Twelve trans
genic lines exhibited vegetative growth defects similar to 
bin2-1, and we randomly selected #31 and #32 lines for 
phenotypic analysis of FG development (Supplemental 
Figure S1A). Our data revealed that approximately 34.5% 
(n = 84) and 32.6% (n = 129) of FGs at stage FG1 generated 
aberrant vacuoles in #31 and #32, respectively (Figure 1, E, 
F, H, I, and Q), while about 22.6% and 46.5% underwent de
generation in #31 and #32, respectively (Figure 1, G, J, and Q). 
These results revealed that this mutated BIN2 gene could in
duce formation of defective FGs similar to bin2-1.

To confirm that the abnormal vacuole defect arose from 
increased activity of BIN2, which is a GLYCOGEN 
SYNTHASE KINASE3 (GSK3)–like protein kinase, we exogen
ously applied the GSK3 kinase inhibitors bikinin and LiCl, to 
bin2-1, #31 and #32 plants (Klein and Melton, 1996; Stambolic 
et al., 1996; De Rybel et al., 2009; Rozhon et al., 2014). The 
frequency of FGs containing vacuoles at stage FG1 after biki
nin treatment (14.8%, n = 66) and LiCl treatment (17.3%, 
n = 129) were significantly lower than that of the mock con
trol (41.5%, n = 124) in bin2-1 (Figure 1R). Similar results were 
also obtained for #31 and #32 (Figure 1R). These data indi
cated that exogenous GSK3 kinase inhibitors could partially 
restore the phenotype of FG at stage FG1 (containing aber
rant large vacuoles in the bin2-1 mutant and transgenic 
plants), and further supported the hypothesis that the ab
normal large vacuole formation was caused by increased 
BIN2 activity.

Loss of BIN2 function results in defective female 
gametophyte development
BIN2 functions redundantly with its two closest homologs, 
BIN2-LIKE1 (BIL1) and BIL2 (Jonak and Hirt, 2002; Vert and 
Chory, 2006). Therefore, to explore whether loss of BIN2 

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad007#supplementary-data
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activity affects vacuole formation or FG development, we 
analyzed the bin2-3 bil1 bil2 triple T-DNA insertion mutant, 
because the bin2-3 single mutant has no obvious phenotype 

(Vert and Chory, 2006; Yan et al., 2009). The results revealed 
that bin2-3 bil1 bil2 FGs at stage FG1 were normal without 
visible vacuoles, consistent with observations of the wild- 

Figure 1 Increased BIN2 activity leads to early formation of large vacuoles at stage FG1. (A–J) Confocal laser scanning microscopy images of devel
oping FGs at stage FG1 in wild-type (A), bin2-1 (B–D), and ProSTK:BIN2*-GFP transgenic lines #31 (E–G) and #32 (H–J). Normal FGs are shown in 
panels (A), (B), (E), and (H). Abnormal FGs with apparent vacuoles are shown in panels (C), (F), and (I). Abnormal FGs with degenerated nuclei are 
shown in panels (D), (G), and (J). (K) Normal FG at stage FG4 in wild-type. (L) Abnormal FG with one nucleus containing obvious vacuoles at stage 
FG4 in bin2-1. (M) Mature FG at stage FG7 in wild-type. (N–P) Aborted FGs in bin2-1 (N), #31 (O), and #32 lines (P) at stage FG7. (Q) Percentages of 
abnormal FGs at stage FG1 in wild-type, bin2-1, #31 and #32 lines (R) Percentages of FGs containing vacuoles at stage FG1 in bin2-1, #31 and #32 lines 
following 10 µM bikinin and 10 mM LiCl treatments. FGs from three independent pistils were analyzed. (S) Percentages of abnormal FGs at stage 
FG7. Numbers indicate how many FGs were observed for calculating the ratio in (Q and S). FGs are outlined with dotted lines (A–C, E–F, H–I, and K– 
M). N represents the nuclei (A–C, E–F, H–I, K–L). DM represents the degenerating megaspores (A–J). AFG represents aborted FGs (N–P). CCN, ECN 
and SCN indicate the nuclei of central, egg, and synergid cells, respectively (M). FG, female gametophyte. V, vacuole. DFG, degenerated female gam
etophyte. FG1V, vacuoles formed at stage FG1. Error bars represent means ± SD. Statistically significant differences are tested by one-way ANOVA 
(**P < 0.01, Supplemental Data Set S2). Bars = 10 µm.

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad007#supplementary-data
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type (Figure 2, A and B). At stage FG7, approximately 97.7% 
of wild-type FGs produced mature embryo sacs, while 2.3% 
degenerated (n = 348, Figure 2, C, D, and I). By contrast, 
85.6% of bin2-3 bil1 bil2 FGs developed normally (in agree
ment with the wild-type), but 3.1% were arrested at stage 
FG1, 1.3% were arrested at stage FG2 lacking large vacuole, 
and 10.5% degenerated (n = 229, Figure 2, E–I). These results 
suggest that loss-of-function of BIN2 affects vacuole forma
tion and FG development, implying that normal BIN2 func
tion is important for FG development.

BIN2 is expressed in the female gametophyte
Because gain-of-function and loss-of-function mutants 
(triple mutant of BIN2 and its two homologs) of BIN2 
have abnormal FG development, we analyzed whether 
BIN2 is expressed in the FG. To this end, we generated a 
GUS fusion construct driven by the BIN2 promoter as de
scribed previously (Li and Nam, 2002). The GUS staining as
say results revealed ProBIN2:GUS expression in the FG from 
stage FG1 to stage FG7 (Supplemental Figure S2A). To fur
ther document the localization of BIN2 in the FG, an immu
nolocalization assay was performed using an anti-BIN2 
antibody. Immunoblot analysis was conducted to examine 
the specificity of the anti-BIN2 antibody, and the results re
vealed that BIN2 (≈43 kDa) was detected by the anti-BIN2 
antibody in total protein extracts from wild-type plants 
(Supplemental Figure S2B). This result is consistent with 
previous reports that BIN2 has both phosphorylated and 
dephosphorylated forms in vivo (Kim et al., 2009; Li et al., 
2020). Furthermore, the immunolocalization assay revealed 
that BIN2 was found in wild-type root cells but was hard to 
observe in those of the bin2-3 bil1 bil2 triple mutant 
(Supplemental Figure S2C).

In addition, the BIN2-GFP localization pattern in the 
ProBIN2:BIN2-GFP transgenic plant detected by the 
anti-GFP antibody was similar to that in the wild-type de
tected by the anti-BIN2 antibody (Supplemental 
Figure S2C). The above experiments indicated the effective
ness of the anti-BIN2 antibody. Thus, our immunolocaliza
tion assays in the FG revealed that BIN2 was detected in 
wild-type plants but was almost undetectable in bin2-3 bil1 
bil2 triple mutant (Supplemental Figure S2, D and E), suggest
ing BIN2 becomes localized in the FG. Given that mutation of 
BIN2 leads to vacuole defects in the FG and that BIN2 is pre
sent in a punctate pattern (Supplemental Figure S2, D and E), 
we speculated that BIN2 localization might be related to the 
MVBs or PVCs, which could be fused with the vacuole (Cui 
et al., 2016, 2020). Further investigation showed the partial 
overlap of signals of BIN2 and GFP-VAMP711, a vesicle and 
tonoplast-expressed marker (Ebine et al., 2011; Feng et al., 
2017) (Figure 2, J and K, Supplemental Figure S3), indicating 
that BIN2 might partially co-localize with GFP-VAMP711. 
Taken together, we speculate that BIN2 partially localizes 
in MVBs/PVCs in FG and likely functions in vacuole-related 
FG development.

The large vacuoles are formed early in bin2-1 female 
gametophyte development
To investigate whether the vacuole defect seen in bin2-1 FG re
sulted from early developmental processes, we analyzed the ex
pression of marker genes in the MMC (ProKNU:KNU-VENUS) 
(Payne et al., 2004; Zhao et al., 2018) and FM (ProFM1:GUS) 
(Huanca-Mamani et al., 2005). Expression of KNU and FM1 
was not altered in any bin2-1 FG at stages FG0 and FG1 
(Supplemental Figure S4A, S–D), suggesting that the abnormal 
vacuole observed in bin2-1 FG was not caused by early develop
mental processes and faulty cell fate specification. However, the 
ProFM1:GUS signal did not disappear in bin2-1 FG after stage 
FG1, indicating the transition between FM to FG might be dis
turbed (Supplemental Figure S4, E, S–H).

We next explored whether the vacuoles were initially 
formed at stage FG1, thus eventually leading to FG abortion, 
or whether FG development was first arrested at stage FG1, 
thereby resulting in vacuole formation. We introduced the 
vesicle and tonoplast-expressed marker ProUBQ10: 
GFP-VAMP711 into wild-type and bin2-1 mutant plants. 
Based on the growth of the inner and outer integuments, 
we divided stage FG1 into three substages (i.e. early, middle, 
and late stages of FG1). The outer integument is shorter than 
the inner integument at early stage FG1 (Figure 3, A and D), 
the outer integument is longer than the inner integument 
but does not enclose the nucellus at middle stage FG1 
(Figure 3, B and E), and the outer integument encloses the 
nucellus but the inner integument does not at late stage 
FG1 (Figure 3, C and F). In wild-type FGs, GFP-VAMP711 sig
nals were not detected at early and middle stages of FG1, but 
were detected at late stage FG1 (Figure 3, A–C), indicating 
that extremely small vacuoles formed, a result consistent 
with previous reports (Christensen et al., 1997). By contrast, 
in bin2-1 FGs, GFP-VAMP711 signals were first seen at early 
stage FG1, and they gradually fused during the middle and 
late stages of FG1, suggesting that small vacuoles had coa
lesced and formed larger vacuoles (Figure 3, D–F). These re
sults demonstrated that the aberrant large vacuoles observed 
were formed in bin2-1 FG at early stage FG1.

The large vacuoles that form early block nuclear 
division at stage FG1
To study how the aberrant large vacuole affects FG develop
ment, we analyzed bin2-1 FGs at later developmental stages. 
At stage FG4, the wild-type FG gave rise to a four-nucleate 
embryo sac with a large central vacuole (Figure 1K). By con
trast, many bin2-1 FGs were arrested at the one-nucleate 
stage and contained aberrant large vacuoles, indicating 
that the first nuclear division did not occur in these abnormal 
FGs (Figure 1L). At stage FG7, the wild-type FG developed 
into a typical four-celled embryo sac (Figure 1M), while ap
proximately 52.6% (n = 306) of bin2-1 FGs degenerated 
(Figure 1, N and S), a proportion consistent with the total ra
tio of abnormal FGs at stage FG1 (about 43.6% containing 
large vacuoles and 9% degradation) (Figure 1Q). Similar 

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad007#supplementary-data
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results were also obtained for #31 and #32, in which almost all 
FGs degenerated (Figure 1, O, P, and S), displaying a more se
vere phenotype of ovule abortion (Supplemental Figure S1B). 
These results suggested that the presence of large vacuoles 
that formed early and blocked nuclear division are tightly 
connected, making it very possible that the large vacuoles 
at early stage FG1 affect nuclear division and finally lead to 
FG abortion in bin2-1.

This hypothesis was further supported by ProFM1:GUS 
staining, which in the wild-type was restricted to stage FG1 
(Supplemental Figure S4, C and G), but remained later after 
stage FG1 in bin2-1 (Supplemental Figure S4, D and H). This 
suggests that early formation of vacuoles disrupted FG devel
opment. In addition, bikinin and LiCl treatments significantly 
increased the percentage of mature bin2-1 FGs at stage FG7 
(Supplemental Figure S5), implying that inhibition of large 

Figure 2 BIN2 is required for female gametophyte development. (A–I) Phenotypic analysis of FG development in the bin2-3 bil1 bil2 triple mutant. 
(A) Wild-type FG at stage FG1 (Ws ecotype, the wild-type control for bin2-3 bil1 bil2). (B) bin2-3 bil1 bil2 FG at stage FG1. (C–D) Mature (C) and 
aborted (D) FGs at stage FG7 in wild-type plants. (E–H) Images of bin2-3 bil1 bil2 mutant at stage FG7 showing normal FGs (E), degenerated FGs (F), 
FGs arrested at stage FG1 (G), and FGs arrested at stage FG2 (H). (I) Percentages of abnormal FGs at stage FG7 in wild-type and bin2-3 bil1 bil2 plants. 
Numbers represent how many FGs were detected for calculating the percentages. Dashed lines outline the FGs (A–C, E). N indicates the FG nuclei 
(A–B). CCN, ECN and SCN indicate the nuclei of central, egg, and synergid cells, respectively (C, E). DFG represents the degenerated FG exhibiting by 
their strong autofluorescence (D, F). AN represents the arrested nuclei at stage FG1 (G) or FG2 (H). (J–K) BIN2 localizes in a punctate pattern in FG at 
stage FG1 (J) and FG7 (K) revealed by immunolocalization assay, and partially co-localizes with the vesicle and tonoplast-expressed marker 
GFP-VAMP711. White dashed lines outline the FGs. White arrows indicate that BIN2 co-localizes with GFP-VAMP711. Bars = 10 µm.
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vacuole formation at stage FG1 could restore nuclear division 
(Figure 1R). Taken together, these results indicated that early 
formation of large vacuoles blocked the first nuclear division 
in FG and finally resulted in its abortion. Also, the chromo
some behavior in the root apical meristem cells in bin2-1 
was not obviously affected (Supplemental Figure S6A, 
S–H), suggesting that BIN2 might regulate FG development 
without directly affecting the first mitosis at stage FG1.

BIN2 participates in female gametophyte 
development mainly by regulating vacuole formation
To investigate whether BIN2 is involved in other processes 
during FG development, we crossed a specific maker line of 
the egg cell ProDD45:GFP (Wu et al., 2012) with the bin2-1 
mutant. Expression of ProDD45:GFP was observed in normal 
bin2-1 FGs at stage FG7, a result consistent with that of the 
wild-type, suggesting that the egg cell identity was not af
fected (Supplemental Figure S4, I and J). Because the bin2-1 
mutant could produce a few viable seeds (Supplemental 
Figure S1, B and C), we speculated that the cell fates of the 
central cell, synergid cells and antipodal cells were normal. 
These results suggested that BIN2 is involved in FG develop
ment mainly by regulating vacuole formation.

BIN2 interacts with VLG both in vitro and in vivo
To gain insight into how BIN2 regulates the vacuole forma
tion and FG development, we performed RT-qPCR experi
ments to examine the expression levels of genes required 

for the initiation of FG development, using AtKIN-1 
(Wang H et al., 2014), Bub3.1 (Lermontova et al., 2008), 
AGP18 (Acosta-Garcia and Vielle-Calzada, 2004), ABORTED 
GAMETOPHYTE 1 (AOG1) (Cui et al., 2015), MOS7 (Park 
et al., 2014), AGL23 (Colombo et al., 2008), and cell cycle re
lated genes including CYCA1;1, CYCB2;3, CYCD2;1/3;1 
(Menges et al., 2006; De Schutter et al., 2007; Hu et al., 
2010; Eloy et al., 2011). None of them showed significantly 
changes in transcriptional levels in bin2-1 (Supplemental 
Figure S7), suggesting that the block in FG development in 
bin2-1 is unlikely caused by altered expression of these genes. 
Because VLG is known to promote vesicular fusion to form 
vacuoles during FG development (D’Ippólito et al., 2017), 
we speculated that it might be involved in the premature for
mation of large vacuoles in bin2-1 FGs at stage FG1.

Because VLG localizes in MVBs/PVCs and promotes vesicu
lar fusion to form large vacuoles in FGs (D’Ippólito et al., 2017), 
we speculated that BIN2 might participate in vacuole forma
tion through interacting with VLG. Using a yeast two-hybrid 
system (Y2H), we verified their interaction (Figure 4A). 
Bimolecular fluorescence complementation (BiFC) assays illu
strated that BIN2 interacted with VLG in the cytoplasm in a 
punctate pattern (Figure 4B). In an in vitro pull-down assay, 
recombinant maltose binding protein (MBP)-VLG bound to 
glutathione S-transferase (GST)-BIN2, but not to GST 
(Figure 4C). Similarly, co-immunoprecipitation (Co-IP) ana
lysis also indicated that BIN2 interacted with VLG in 
Arabidopsis co-expressing Pro35S:BIN2-MYC and Pro35S: 
VLG-GFP (Figure 4D). In addition, BIN2 and VLG co-localized 

Figure 3 Early formation of large vacuoles impairs the female gametophyte development. (A–F) Expression of the vesicle and tonoplast-expressed 
marker ProUBQ10:GFP-VAMP711 in wild-type (A–C) and bin2-1 (D–F) FGs at the early (A, D), middle (B, E), and late (C, F) stages of FG1. Nuclei were 
stained with H33258. OIn and IIn indicate the outer and inner integuments, respectively. White dotted lines outline the FGs. Bars = 10 µm.
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in a punctate pattern in the cytoplasm of the Nicotiana 
benthamiana leaf epidermal cells (Supplemental Figure S8). 
Overall, we found that BIN2 and VLG are both expressed in 
the FG (Figure 2J–K, Supplemental Figures S2 and 3; 
D’Isppólito et al., 2017), that they interact with each other 
in vitro and in vivo, and that their mutant phenotypes pheno
copy each other. Therefore, we predict that BIN2 and VLG 
function together in FG development.

BIN2 positively regulates VLG abundance and 
influences large vacuole formation
BIN2 participates in diverse cellular signal transduction 
pathways by affecting protein stability (Youn and Kim, 
2015). To investigate whether BIN2 affects VLG stability, 
we generated transgenic plants expressing Pro35S: 
VLG-GFP in bin2-1 and bin2-3 bil1 bil2 mutants. Compared 
with the wild-type plants, the relative protein levels of 
VLG-GFP were significantly increased in bin2-1 heterozy
gous and homozygous plants in a dosage-dependent 

manner. In contrast, they were significantly reduced in 
bin2-3 bil1 bil2 (Figure 5, A and B), indicating that BIN2 posi
tively regulates VLG stability in vivo.

To examine whether high VLG abundance is responsible 
for the early formation of large vacuoles in bin2-1 FG at stage 
FG1, we performed an RNA interference (RNAi) experiment 
using the FM1 promoter to specifically knock down VLG ex
pression (Kerschen et al., 2004; Huanca-Mamani et al., 2005). 
Two independent lines of ProFM1:VLG-RNAi bin2-1 (#1 
and #2) exhibited significantly decreased VLG expression 
(Supplemental Figure S9A), and the number of FGs at stage 
FG1 containing large vacuoles was significantly reduced 
(Figure 5C). This suggests that specifically knocking down 
VLG expression inhibited the early formation of large va
cuoles at stage FG1. Meanwhile, specifically overexpressing 
a ProFM1:VLG-GFP construct in wild-type plants showing 
high VLG-GFP protein abundance resulted in the early 
formation of large vacuole at stage FG1 (Figure 5D; 
Supplemental Figure S9B). Importantly, the percentage of ab
normal FGs at stage FG7 was significantly reduced in the 

Figure 4 BIN2 interacts with VLG in vivo and in vitro. (A) Yeast two-hybrid assay indicates the interaction between BIN2 and VLG. Protein inter
actions are evaluated on YPD medium lacking Leu and Trp (left) or Leu, Trp, and His (right). (B) BiFC assay reveals the interaction between BIN2 and 
VLG. Bars = 50 µm. (C) In vitro pull-down assay indicates the direct interaction between GST-BIN2 and MBP-VLG. (D) In vivo 
co-immunoprecipitation assay reveals the interaction between BIN2-MYC and VLG-GFP.
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bin2-3 bil1 bil2 mutant expressing ProVLG:VLG-GFP 
(Figure 5E), indicating that VLG could partially restore 
bin2-3 bil1 bil2 phenotype. These results suggest that VLG 
abundance influences vacuole formation.

BIN2 enhances VLG stability via phosphorylation
To investigate how VLG abundance is regulated, we con
ducted a cell-free degradation assay. Purified recombinant 
MBP-VLG proteins were incubated with total proteins ex
tracted from wild-type plants, supplemented with or without 
MG132, a 26S proteasome inhibitor. The degradation rate of 

VLG was higher in the mock controls than in MG132-treated 
samples (Figure 5F), suggesting that VLG is unstable and can 
be degraded by the 26S proteasome. Similarly, the degrad
ation rate of VLG was higher in wild-type than in bin2-1 
(Figure 5G), revealing that BIN2 stabilizes VLG in vitro. We 
then investigated the stability of VLG in planta in the pres
ence of the protein synthesis inhibitor cycloheximide 
(CHX). The relative protein levels of VLG-GFP were signifi
cantly decreased in wild-type, while not significantly affected 
in bin2-1 mutant (Figure 5, H and I), indicating that VLG was 
more stable in bin2-1 than in the wild-type. These results 

Figure 5 BIN2 regulates VLG stability. (A–B) VLG is more stable in bin2-1 than wild-type and bin2-3 bil1 bil2. Representative immunoblot images (A), 
and statistical analysis of relative VLG-GFP protein levels (B). Total proteins were extracted from wild-type (Col-0 and Ws), bin2-1 and bin2-3 bil1 bil2 
plants expressing Pro35S:VLG-GFP, respectively. VLG was detected using an anti-GFP antibody, and tubulin was used as an internal control. The 
integrated optical density (IOD) values of VLG and tubulin were quantified using Image Lab software (Bio-Rad). The relative protein levels of 
VLG were calculated by IODVLG/IODtubulin. Data represent means ± SD of three independent experiments. (C) Significantly reduced numbers of 
vacuole-containing FGs at stage FG1 in ProFM1:VLG-RNAi bin2-1 plants. FGs from four independent pistils were analyzed for each line. (D) 
Significantly increased numbers of vacuole-containing FGs at stage FG1 in ProFM1:VLG-GFP transgenic plants. FGs from two independent pistils 
were examined for each line. (E) Percentages of abnormal FGs at stage FG7. #1 and #2 represent two independent lines expressing ProVLG: 
VLG-GFP in bin2-3 bil1 bil2 mutant. FGs from 10 individual pistils were examined for each plant. (F) MG132 suppresses VLG degradation in a cell-free 
degradation assay. A mixture of MBP-VLG with wild-type protein extracts was incubated with mock (DMSO) or 100 µM MG132 for the indicated 
times, and was detected using an anti-MBP antibody. (G) VLG degradation was attenuated in bin2-1 in a cell-free degradation assay. MBP-VLG was 
mixed with equal amounts of total protein extracts of wild-type and bin2-1, respectively. The mixture was incubated for the indicated times and 
detected with anti-MBP antibody. Dots indicate the degenerated MBP-VLG (F–G). (H–I) VLG was more stable in bin2-1 than that in wild-type plants 
under 100 µM CHX treatment at indicated time. Representative immunoblot images (H) and statistical analysis (I). The relative abundance of 
VLG-GFP protein was analyzed as described for (A–B) and compared with IODVLG/IODtubulin at 0 h. Data represent means ± SD of three independ
ent experiments. Asterisks indicate the significant differences (*P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA, Supplemental Data Set S2).
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suggest that BIN2 enhances VLG stability by protecting it 
from being degraded by the 26S proteasome.

Because BIN2 interacts with VLG, which contains three 
copies of the consensus S/T-X-X-X-S/T GSK3 phosphoryl
ation motif (Wang et al., 2002; Ryu et al., 2007, 2010) 
(Figure 6, A and B), we investigated whether VLG could be 
phosphorylated by BIN2 in vitro. Phosphorylation assays 
using recombinant MBP-VLG and MBP-BIN2 proteins indi
cated that VLG was phosphorylated by BIN2 (Figure 6C). 
We then performed liquid chromatography-tandem mass 
spectrometry (LC-MS) analysis to identify the potential phos
phorylation sites of VLG using recombinant MBP-VLG and 
MBP-BIN2 proteins. The results showed that BIN2 phosphor
ylates the T99, S103, S115, T119, S204, and S208 residues in 
the consensus GSK3 phosphorylation motif in VLG 
(Supplemental Figure S10). To confirm that these conserved 
residues in VLG are phosphorylated by BIN2, we simultan
eously mutated T99, S103, S115, T119, S204, and S208 
to Ala to create a phospho-defective version of VLG 
(VLGS/T-A) or to Asp to create a phospho-mimetic version 
of VLG (VLGS/T-D). Phosphorylation assays revealed that 
the phosphorylation of the VLGS/T-A mutated version by 
BIN2 was obviously reduced compared with wild-type VLG 
(Figure 6C). These results indicated that BIN2 phosphorylates 
VLG mainly through these residues.

To further verify that BIN2 stabilizes VLG via phosphoryl
ation, we examined the effect of calf intestinal alkaline phos
phatase (CIP) and commercial GSK3β on the stability of VLG 
protein in vitro. The results revealed that VLG abundance de
creased in the presence of CIP but increased in the presence 
of GSK3β (Figure 6D), indicating that BIN2 promotes VLG 
stability via phosphorylation. In addition, when incubated 
with total proteins extracted from wild-type plants, the 
VLGS/T-A mutant protein was degraded more quickly than 
wild-type VLG, while the VLGS/T-D mutant protein was de
graded more slowly (Figure 6E), suggesting that VLGS/T-A pro
tein is relatively unstable and VLGS/T-D protein is rather 
stable. These results indicated that BIN2-mediated phos
phorylation of VLG is required for its stability.

BIN2 might participate in large vacuole formation 
and female gametophyte development by 
phosphorylating VLG
We then investigated whether the VLG residues phos
phorylated by BIN2 influence VLG function in FG develop
ment. We constructed transgenic plants expressing ProFM1: 
VLGS/T-A-GFP and ProFM1:VLGS/T-D-GFP in wild-type plants, 
respectively, and we observed FGs at stage FG1 of T1 transfor
mants. In ProFM1:VLGS/T-D-GFP transgenic plants, approxi
mately 10% (#24) and 4.1% (#30) of FGs contained vacuoles, 
and 4.8% (#24) and 3.3% (#30) collapsed, exhibiting defects 
similar to those of bin2-1 (Figure 7, A–E). In ProFM1: 
VLGS/T-A-GFP transgenic plants, no obvious vacuoles were ob
served, while about 8.1% (#7) and 6.8% (#11) of FGs collapsed 
(Supplemental Figures S11, A–S and S1D), exhibiting 

phenotypes similar to bin2-3 bil1 bil2, and vlg/VLG 
(D’Ippólito et al., 2017). It is likely that BIN2 is involved in large 
vacuole formation and FG development through phosphoryl
ating VLG.

Taken together, the accumulation and degradation of VLG in 
wild-type FG is usually in balance (Figure 8A). Increased BIN2 ac
tivity in bin2-1 enhances VLG protein stability through prevent
ing its degradation by the 26S proteasome, thus promoting 
large vacuole early formation at stage FG1 (Figure 8B). By con
trast, decreased activity of BIN2 and its homologs in bin2-3 bil1 
bil2 promotes VLG degradation, resulting in impaired large 
vacuole formation at late developmental stage (Figure 8C). 
Both conditions result in defective FG (Figure 8, B and C). 
Collectively, our study revealed that the correct spatiotemporal 
formation of large vacuole regulated by BIN2-VLG is required 
for FG development.

Discussion
The formation of a large vacuole is critical for FG expansion 
and nuclear localization, and this large vacuole begins to 
form at late stage FG2 (Christensen et al., 1997). Several re
ports have indicated that interrupting formation of the large 
vacuole impairs FG development (Pischke et al., 2002; Panoli 
et al., 2015; D’Ippólito et al., 2017). Notably, VLG facilitates 
vesicular fusion to form large vacuoles, and the vlg/VLG mu
tant has pleiotropic defects in FG development, including ar
rest at stages FG1 or FG2, the lack of large central vacuole at 
stage FG5, or becoming collapsed at stage FG7 (D’Ippólito 
et al., 2017). We hypothesized that arrested nuclear division 
in vlg/VLG might be due to less (or later) formation of an ob
vious vacuole at stage FG2. Here, we reveal that the earlier 
formation of visible vacuoles at stage FG1 also disturbed 
FG development, indicating that the proper spatiotemporal 
pattern of vacuole formation is essential for embryo sac 
development.

BIN2 is a GSK3-like kinase and phosphorylates the con
served motif (S/T-X-X-X-S/T) of substrate proteins (Wang 
et al., 2002; Ryu et al., 2007, 2010), involving multiple signals 
during plant growth and development (Ye et al., 2019; 
Li et al., 2020; Song et al., 2021; Zhang et al., 2021). In this 
study, we discovered that BIN2 participates in vacuole forma
tion in FG and influences FG development. Increased BIN2 
activity triggered early vacuole formation at stage FG1 
(Figure 1, C, F, I, Q), and this could be partially rescued by 
BIN2 inhibitors (Figure 1R). Loss of BIN2 function in the 
bin2-3 bil1 bil2 triple mutant led to fewer vacuoles at arrested 
two-nucleate FG (Figure 2H), and both BIN2 mutants had ar
rested and collapsed FG. Most importantly, BIN2 phosphory
lated specific residues in VLG, stabilizing VLG (Figure 6, C 
and E), and thus influenced vacuole formation and disturbed 
normal FG development. In addition, BIN2 and VLG could 
function together in FG, further supported their functions in 
vacuole formation. Therefore, these data uncovered a key regu
lator of VLG and further demonstrated that VLG modulates 
large vacuole formation in FG.
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Our results illustrated how VLG stability can directly influ
ence large vacuole formation in developing FGs. Specifically 
knocking down VLG expression in bin2-1 FG at stage FG1 sig
nificantly reduced the percentage of vacuole-containing FGs, 
while overexpressing VLG promoted vacuole formation in 
wild-type FG at stage FG1 (Figure 5, C and D). Consistent 
with these results, specifically overexpressing a phospho- 
mimetic version of VLG accelerated vacuole formation at 
stage FG1 (Figure 7), and specifically overexpressing a 
phospho-defective version of VLG affected FG development 
(Supplemental Figure S11). This might be caused by compe
tition between VLGS/T-A and wild-type VLG, resulting in a re
duced amount of functional VLG. These results suggest that 
spatiotemporal formation of the large vacuole is tightly con
nected with VLG abundance. Therefore, the strict regulation 
of VLG abundance by BIN2 phosphorylation is required for 
spatiotemporal formation of large vacuole and FG 
development.

However, we noticed that VLG protein levels were consid
erably reduced in bin2-3 bil1 bil2, but not fully abolished 
(Figure 5, A and B), suggesting that BIN2 is likely not the 

only kinase that phosphorylates and stabilizes VLG. 
Previous study reported that two Petunia hybrida 
GSK3-like kinases PSK4 and PSK6 have been found to be 
highly expressed in FGs (Decroocq-Ferrant et al., 1995). 
This implies that other GSK3-like kinases also function in 
FG development as there are ten members in Arabidopsis 
(Jonak and Hirt, 2002). In addition, we cannot exclude the 
possibility that other regulators are involved in 
VLG-mediated vacuole formation and FG development be
cause there are many other potentially phosphorylatable re
sidues in VLG detected by mass spectrometry (MS) 
(Supplemental Figure S10).

The signals from the MMC and FM markers illustrated that 
the identity of MMC and FM is normal in bin2-1, while the 
first nuclear division is blocked in part of bin2-1 FGs, indicat
ing that BIN2 regulates the first nuclear division 
(Supplemental Figure S4, A, S–H). The expression of the 
egg cell marker suggested that the remaining part of bin2-1 
FGs develop to mature FGs (small number of seeds) and 
that the identity of egg cells in these FGs is normal 
(Supplemental Figure S4, I and 4). Based on the above results, 

Figure 6 BIN2 increases the stability of VLG via phosphorylation. (A) Predicted structure of VLG protein by Alphafold 2 (https://www.alphafold.ebi. 
ac.UK). The arrows indicate the phosphorylated residues determined by mass spectrometry. (B) The translated open reading frame of VLG. The 
black box represents the protein-coding exon; thin lines denote untranslated regions. Arrows indicate the positions of the phosphorylated residues. 
C, BIN2 phosphorylates VLG. The phosphorylation of the phospho-defective protein MBP-VLGS/T-A by BIN2 was significantly decreased and attenu
ates its stability compared with wild-type VLG and the phospho-mimic protein MBP-VLGS/T-D in vitro. MBP, MBP-BIN2, MBP-VLG, and phosphor
ylation site-mutated MBP-VLG were immunoprecipitated and purified using anti-MBP-conjugated beads. Different combinations of purified 
proteins were mixed and incubated at 30°C. (D) VLG-GFP was less abundant following CIP treatment, but more abundant following GSK3β treat
ment in vitro. It was immunoprecipitated using anti-GFP-conjugated beads from Pro35S:VLG-GFP transgenic plants in wild-type, after which the 
beads were incubated with or without CIP or GSK3β. (E) The mutant protein MBP-VLGS/T-A was less stable while MBP-VLGS/T-D was more stable 
than wild-type MBP-VLG in vitro. MBP-VLG, MBP-VLGS/T-A, and MBP-VLGS/T-D proteins were mixed with the wild-type protein extracts for the 
indicated times, respectively, and detected using an anti-MBP antibody. Dots indicate the degenerated MBP-VLG.
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we propose that BIN2 does not affect FG cell identity. The sig
nal of GFP-VAMP711 in wild-type and bin2-1 suggested that 
vacuoles were formed early, before FG development in bin2-1 
(Figure 3A–F), and that early vacuole formation is the reason 
but not the result of impaired FG development in bin2-1.

Another interesting phenomenon is that site-mutated 
VLG still interacts with BIN2 (Supplemental Figure S12), sug
gesting that mutation of these phosphorylation residues did 
not affect their interaction, but did influence VLG stability. 
VLG localizes to the MVBs/PVCs, which act as the intermedi
ate compartments between the trans-Golgi network (TGN) 
and the vacuole. MVBs/PVCs enable proteins to be recycled 
before MVBs/PVCs fusion with the vacuole (Cui et al., 2016, 
2020). It suggested that increased or decreased VLG abun
dance may disturb the balance between protein recycling 
and MVBs/PVCs fusion with the vacuole. Therefore, we pro
pose that increased activity of BIN2-VLG module promotes 
vacuole early formation at stage FG1, while decreased activity 
of BIN2-VLG module leads to delay or less vacuole formation 
at stage FG2. Both of these two conditions impair FG devel
opment, and it is likely that an increased level of the 
BIN2-VLG module has more severe influence.

Importantly, using inhibitor treatments, genetic experi
ments, and ProFM1:GUS expression, we verified that the large 
vacuoles forming early at stage FG1 block the first nuclear 
division in the embryo sac or the initiation of FG develop
ment (Figures 1, 3, and 5). Still, how FG development is trig
gered after the FM forms remains largely unclear. Our data 
revealed that the mitotic chromosome behavior in root ap
ical meristem cells of bin2-1 did not have obvious defects 

(Supplemental Figure S6), and the transcription levels of 
genes relevant to cell cycle regulation and mitosis were not 
changed in bin2-1 (Supplemental Figure S7), indicating 
blocked nuclear division of FG possibly because of the micro- 
environmental cue. Since the large vacuole formation is 
known as a fact regulating embryo sac expansion and nuclear 
location, it is likely that the early formed large vacuole dis
turbs the normal location of the nucleus and normal micro- 
environment at stage FG1; therefore, the regular signaling 
between micro-environment and the nucleus is interrupted, 
and nuclear division program cannot be triggered. A recent 
publication reported that positional signal determines the 
cell fate of the cells in embryo sac (Sun et al., 2021), indicating 
that the exact position of the nuclei in embryo sac is critical 
for cell behavior and fates. Our work provides evidence that 
the proper position of the nucleus in one-nucleate embryo 
sac is critical for the initiation of its division and is useful 
for further investigations on the possible positional cues for 
the initiation of FG generation. Taken together, our study de
monstrated that BIN2-regulated VLG stability is a new 
regulatory mechanism for FG vacuole formation, and spatio
temporal formation of large vacuole mediated by BIN2-VLG 
module is required for normal FG development.

Materials and methods
Plant materials and growth conditions
Plants were grown, transformed, and screened as previously 
described (Clough and Bent, 1998; Zu et al., 2019). 
Wild-type ecotypes of Arabidopsis thaliana used include 
Col-0, Ws-2, and Ler. Most materials used in this work are 
in the Col-0 ecotype, including bin2-1 (Li et al., 2001), 
ProDD45:GFP (Wu et al., 2012), ProFM1:GUS (Huanca- 
Mamani et al., 2005; Yu et al., 2020), ProSTK:BIN2*-GFP (Zu 
et al., 2019), and Pro35S:BIN2-MYC (Ye et al., 2019). The 
bin2-3 bil1 bil2 triple mutant (Yan et al., 2009) is in the 
Ws-2 ecotype, and ProKNU:KNU-VENUS is in the Ler ecotype 
(Payne et al., 2004; Zhao et al., 2018). All Arabidopsis plants 
were grown in the nutrient-rich soil in a greenhouse at 22° 
C and a long-day cycle (16 h light/8 h dark) with the fluores
cent white light at 90 μmol m–2 s–1 (FSL LED T8-16-65/ 
A22B/24 bulb).

DNA manipulation
The ProUBQ10:GFP-VAMP711 construct was generated using 
Gateway technology (Invitrogen). Entry vectors produced 
from the pENTR/D/TOPO vector (Invitrogen) were used 
for attL-left and attR-right (LR) reactions involving the des
tination vector containing ProUBQ10:GFP-GW to generate 
ProUBQ10:GFP-VAMP711. All other constructs in this study 
were produced using the One Step Cloning Kit (Vazyme).

To generate the Pro35S:VLG-GFP construct, a 747-bp frag
ment of the VLG coding sequence (CDS) was amplified and 
introduced into the pCAMBIA1302 vector (Zhang et al., 
2022) between BglII and SpeI sites. BIN2 promoter and 

Figure 7 The expression of site-mutated VLG protein leads to abnor
mal female gametophyte development. (A) Wild-type FG at stage FG1. 
B–D, Normal (B), abnormal with vacuoles (C), and collapsed (D) FGs at 
stage FG1 in ProFM1:VLGS/T-D-GFP transformants. (E) Percentages of 
the distinct phenotypes at stage FG1. FGs from four independent pis
tils were analyzed for each line. Dashed lines outline the FGs. N repre
sents the nuclei. DFG indicates the degenerated FGs. FG1V, FG 
containing vacuoles at stage FG1. Bars = 10 µm. Error bars represent 
means ± SD. Significant differences were determined by one-way 
ANOVA (*P < 0.05, Supplemental Data Set S2).

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad007#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad007#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad007#supplementary-data
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genomic fragments were amplified according to a previous 
report (Li and Nam, 2002), and were cloned into the pHB 
vector (Xu et al., 2019) between EcoRI and BamHI sites to 
generate ProBIN2:BIN2-GFP construct. To produce the des
tination vectors ProUBQ10:GW-mCherry, ProVLG:GW-GFP, 
and ProFM1:GW-GFP, the CaMV 35S promoter in pHB was re
placed by the UBQ10, VLG, and FM1 promoters, respectively. 
Then, the fragments of BIN2 and VLG were amplified to gen
erate ProUBQ10:BIN2-mCherry, ProFM1:VLG-GFP, ProVLG: 
VLG-GFP, respectively. To construct the ProFM1:VLG-RNAi 
plasmid, both the FM1 promoter and a 481-bp VLG-sense 
fragment were amplified and mixed with the pFGC5941 plas
mid (Huanca-Mamani et al., 2005) digested with EcoRI and 
NcoI. The mixture underwent reactions using the multi-step 
Cloning Kit (Vazyme), after which the VLG-antisense cDNA 
fragment was amplified and inserted into the BamHI cloning 
site. The underlined sites of VLG CDS (295 
ACTTACAATTGTTCT 309, 343 TCTGTGCCTGAGACC 357, 
610 AGCTCCGCGAATTCA 624) that encode the conserved 
phosphorylation amino acid residues (S/T) were replaced by 
(295 GATTACAATTGTGAT 309, 343 GATGTGCCT 
GAGGAC 357, 610 GACTCCGCGAATGAT 624) that encode 
a phosphor-mimetic amino acid residue (D), respectively, for 
ProFM1:VLGS/T-D-GFP construct, and replaced by (295 
GCTTACAATTGTGCT 309, 343 GCTGTGCCTGAGGCC 
357, 610 GCCTCCGCGAATGCA 624) that encode a 
phosphor-defective amino acid residue (A), respectively, for 
ProFM1:VLGS/T-A-GFP construct. The relative fragments 

were amplified individually and were cloned into the pHB 
vector as described above.

For the BiFC assays, the destination vectors were ProXY104: 
GW-cYFP and ProXY106:nYFP-GW and were used to generate 
the expression vectors ProXY104:BIN2-cYFP and ProXY106: 
nYFP-VLG. For the Y2H assays, the destination vectors were 
pGBKT7 and pGADT7 (Xu et al., 2019), which were used to 
generate the expression vectors pGBKT7-BIN2 and 
pGADT7-VLG. For the pull-down and in vitro phosphorylation 
assays, the VLG and BIN2 CDS were cloned and inserted into 
pMAL-C2X vector (Chen et al., 2021) to obtain the plasmid ex
pressing the recombinant protein MBP-VLG and MBP-BIN2. 
The pGEX40-BIN2 plasmid expressing the recombinant pro
tein GST-BIN2 was described previously (Ye et al., 2019).

All PCR amplifications were performed using PrimeSTAR 
GXL DNA polymerase (Takara). The PCR procedure was set 
as recommended by the manufacturer (95°C 5 min; 98°C 
15 s, 60°C 20 s, 68°C 1–4 min according to the fragment 
length, 34 cycles; 68°C 5 min; 4°C, 5 min). The vectors were 
sequenced and analyzed using DNAMAN. All primers are 
listed in Supplemental Data Set S1.

Total RNA extraction and RT-qPCR
Total RNA was extracted from Arabidopsis inflorescences 
using the TRIzol reagent (Invitrogen), after which 2 μg RNA 
was used to synthesize first-strand cDNA using the FastKing 
RT Kit with gDNase (Tiangen). The RT-qPCR experiments 
were performed using the SYBR Green Realtime PCR 

Figure 8 Proposed model for how the BIN2-VLG module influences female gametophyte development by regulating vacuole formation at an early 
developmental stage. (A) In wild-type plants, the accumulation and degradation of VLG is usually in balance. There are no visible large vacuoles in FG 
at stage FG1. (B) In bin2-1, increased BIN2 activity enhances VLG stability through preventing its degradation by the 26S proteasome via phosphor
ylating VLG. This promotes large vacuole formation in FG at stage FG1, resulting in defective FG development. (C) In the bin2-3 bil1 bil2 triple mu
tant, decreased BIN2 activity reduces VLG stability, leading to smaller vacuoles in FGs at stage FG2, causing defective FG development. Taken 
together, our study revealed that BIN2 stabilizes VLG by interacting and phosphorylating VLG, and the correct spatiotemporal formation of vacuoles 
regulated by BIN2-VLG module is required for normal FG development. The arrow and fork represent the enhanced interaction and the loss of 
interactions between BIN2 and VLG, respectively. P indicates protein phosphorylation.

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad007#supplementary-data
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Master Mix (TOYOBO) and the Thermo Fisher QuanStudio 3 
RealTime PCR Apparatus. ACTIN7 (At5G09810) was served as 
an internal control (Zu et al., 2019; Jiang et al., 2020). All ex
periments comprised two independent experimental runs, 
each comprising three technical replicates. Primer sequences 
are listed in Supplemental Data Set S1.

Confocal laser scanning microscopy
Ovules were examined by confocal laser scanning micros
copy according to a previously described method 
(Christensen et al., 1997; Shi et al., 2005). Dissected pistils 
were fixed under vacuum for 30 min in 4% glutaraldehyde 
prepared in 12.5 mM cacodylate (pH 6.9). They were then in
cubated in fixative solution at room temperature overnight. 
Samples were dehydrated in the following ethanol series: 
10%, 20%, 40%, 60%, 80%, and 90% (10 min per step). After 
an overnight incubation in 90% ethanol, the tissues were 
washed twice for at least 10 min in 100% ethanol until 
they were completely decolorized. The tissues were cleared 
in 2:1 (v/v) benzyl benzoate:benzyl alcohol for at least 1 h. 
Ovules were separated from pistils and mounted in immer
sion oil, after which they were examined using the Leica 
TCS SP8 microscope at excitation and emission wavelengths 
of 488 nm and 505–550 nm, respectively.

Treatment assays
For 10 μM bikinin and 10 mM LiCl treatments, bin2-1 floral 
buds larger than floral stage 11 were removed (Smyth 
et al., 1990), then the treatment solutions were added to 
the soil. After 7 days, the ovule phenotypes were examined 
by confocal laser scanning microscopy. For CHX treatment, 
3-week-old leaves were collected and incubated in half 
strength Murashige and Skoog (1/2× MS) medium 
(Murashige and Skoog, 1962) containing with or without 
100 μM CHX for specific time periods.

Whole-mount immunolocalization assay
Pistils at floral stage 12b to 13 were dissected to expose the 
ovules (Christensen et al., 1997). The immunolocalization as
say was performed according to a previous reported method 
(Escobar-Guzmán et al., 2015). BIN2 (Agrisera, Rabbit, 
AS163203) and GFP (Agrisera, Rabbit, AS152987) primary 
antibodies were used at a dilution of 1:100. An Alexa Fluor 
488-conjugated AffiniPure Goat Anti-Rabbit lgG (H + L) 
and an Alexa Fluor 594-conjugated AffiniPure Goat 
Anti-Rabbit lgG (H + L) secondary antibodies (Jackson 
ImmunoResearch) were used at a dilution of 1:300. 
Fluorescence was observed using a confocal laser scanning 
microscopy (Leica TCS SP8).

Histological analysis
For H33258 staining assay (Laube and Kiderlen, 1998; Maiti 
et al., 2009), dissected pistils were incubated in a fixative so
lution (4% paraformaldehyde in PBS solution containing 
137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM 
KH2PO4, pH 7.4) under vacuum conditions at room 

temperature for 1 h. The pistils were rinsed three times in 
PBS, and mounted in 200 μL ClearSee solution (Kurihara 
et al., 2015) until they were completely bleached, following 
by washing three times. The samples were immersed in 
H33258 staining buffer (5 μg mL–1 in PBS) at 22°C for 
30 min in darkness and then washed three times in PBS. 
The isolated ovules were examined using a Leica TCS SP8 la
ser scanning microscope with a 405-nm diode laser. The band 
pass (410–460 nm) filter was set for H33258 scanning. For 
GUS staining assays, dissected pistils from plants of 
ProFM1:GUS transgenic lines were collected and prepared 
as previously described (Zu et al., 2019). The ovules were ex
amined using the Axio Imager M2 differential interference 
contrast microscopy (Zeiss, Göttingen, Germany).

Protein interaction assays
The Y2H analysis was performed as previously described 
(Wang et al., 2011). Yeast strain AH109 cells (Clontech) 
were co-transformed with the two plasmids and then cul
tured on SC medium containing glucose, but lacking leucine 
and tryptophan. The co-transformed yeast cells were 
screened on SC medium containing glucose, but lacking leu
cine, tryptophan, and histidine (SC/−Leu/−Trp/−His). For 
BiFC analysis, associated vectors were transformed into 
Agrobacterium tumefaciens strain GV3101 cells, which were 
then used to infiltrate Nicotiana benthamiana tobacco leaf 
epidermal cells. The tobacco leaves were incubated in dark
ness for 48–72 h, and YFP fluorescence was examined by con
focal laser scanning microscopy (Leica TCS SP8).

To purify the recombinant proteins used for the in vitro pull- 
down experiment, pMAL-C2X-VLG and pGEX40-BIN2 were 
transformed into BL21 competent cells (DE3), which were cul
tured in LB medium containing 100 μg mL–1 ampicillin at 37°C 
until the OD600 reached 0.5–0.8. Protein expression was induced 
by adding isopropyl-β-D-1-thiogalactopyranoside to a final con
centration of 0.5 mM. Cells were incubated overnight at 16°C in 
a horizontal shaker with 180 rpm. The bacterial culture was cen
trifuged at 18,514 g for 10 min at 4°C. The pelleted cells were re
suspended in 1×PBS and lysed by sonification on ice. The 
solution was centrifuged at 18,514 g for 10 min at 4°C to elim
inate cellular debris. The MBP-VLG or GST-BIN2 recombinant 
proteins in the supernatant were purified using dextrin beads 
6FF (Smart-Lifesciences, cat. no. SA026025) or glutathione 
beads 4FF (Smart-Lifesciences, cat. no. SA010025), respectively. 
For the in vitro pull-down assay, MBP-VLG (1 μg) and GST-BIN2 
(1 μg) were incubated with 10 μL pre-washed glutathione 
beads 4FF at 4°C for 3 h. After six washes with 1× PBS buffer, 
the beads were mixed with loading buffer and then boiled at 
100°C for 10 min. A 30-μL aliquot of each boiled sample was 
used for the sodium dodecyl sulfate-polyacrylamide gel electro
phoresis (SDS-PAGE) and immunoblot analysis using the 
anti-MBP antibody (Abways; cat. no. AB0029; 1:3000 dilution) 
and the anti-GST antibody (Abways; cat. no. AB0055; 1:3000 
dilution).

For Co-IP assays, 0.1 g Arabidopsis leaves co-expressing 
Pro35S:VLG-GFP and Pro35S:BIN2-MYC were collected. Leaf 
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cell pellets were resuspended in lysis NB1 buffer [50 mM 
Tris-HCl, pH 8.0, 500 mM sucrose, 1 mM MgCl2, 10 mM 
EDTA, 5 mM DTT, 2 mM PMSF, and 1× protease inhibitor 
cocktail (Roche)], and lysed on ice for 30 min. The solution 
was centrifuged at 18,514 g for 10 min at 4°C, after which 
the supernatant was collected and filtered through two 
layers of Miracloth (Calbiochem) to remove cellular debris. 
The proteins were incubated with 10 μL pre-washed 
anti-GFP-conjugated beads (Chromoek) for 3 h at 4°C. 
After six washes with NB1 buffer, the beads were mixed 
with loading buffer and boiled at 100°C for 10 min. A 
30-μL aliquot of each boiled sample was analyzed by im
munoblotting using the anti-MYC antibody (Abways; cat. 
no. AB0001; 1:3000 dilution) and the anti-GFP antibody 
(Abways; cat. no. AB0005; 1:3000 dilution).

Cell-free degradation assay
For cell-free degradation analysis, 0.1 g of 7-day-old seedlings 
were put in liquid nitrogen immediately and ground into a 
powder using Multi sample freeze grinder (Wonbio-Mini). 
Seedling cell pellets were resuspended in lysis buffer 
(25 mM Tris-HCl, pH 7.5, 10 mM NaCl, 10 mM MgCl2, 
5 mM DTT, 0.4 mM PMSF, and 10 mM ATP) and lysed on 
ice for 30 min. Next, 1 μg MBP-VLG recombinant protein 
was incubated with individual extracts in darkness at 22°C 
for specific time periods. The samples were mixed with load
ing buffer and boiled at 100°C for 10 min followed by 
SDS-PAGE. The anti-MBP antibody (Abways; cat. no. 
AB0029; 1:3000 dilution) was used to analyze protein 
degradation.

CIP and GSK treatment assays
For the CIP treatment, VLG-GFP was immunoprecipitated as 
described above. The GFP-conjugated beads were washed by 
NB1 and CIP buffers (three times each) and then incubated 
with 2 μL Quick CIP (New England Biolabs) in 500 μL CIP buf
fer (50 mM Tris-HCl, pH 7.5, 5 mM MgCl2, 1 mM DTT, 1 mM 
PMSF, and 0.1% NP-40) for 60 min at 37°C. The beads were 
washed six times with CIP buffer. For the GSK3β treatment, 
VLG-GFP was immunoprecipitated as described above. The 
GFP-conjugated beads were washed six times with NB1 buf
fer and then incubated with 2 μL GSK3β in 300 μL GSK3β as
say buffer for 60 min at 37°C as recommended by the 
manufacturer (SignalChem). The beads were washed six 
times with NB1 buffer and mixed with loading buffer, and 
then boiled at 100°C for 10 min. A 20-μL aliquot of each 
boiled sample was analyzed by immunoblotting using an 
anti-GFP antibody (Abways; cat. no. AB0005; 1:3000 dilution).

In vitro kinase treatment assay
MBP-VLG and MBP-BIN2 were immunoprecipitated and 
purified using MBP-conjugated beads as described above. 
5 μg MBP or MBP-BIN2 proteins were incubated with 20 μg 
purified MBP or MBP-VLG at 30°C for 1 h. The corresponding 
purified proteins were incubated with phosphorylation buffer 
(25 mM Tris-HCl at pH 7.4, 12 mM MgCl2, 1 mM DTT and 

1 mM ATP) (Ye et al., 2019). They were then mixed with load
ing buffer, and boiled at 100°C for 10 min. A 15-μL aliquot of 
each boiled sample was analyzed by immunoblotting using 
the anti-MBP antibody (Abways; cat. no. AB0029; 1:3000 dilu
tion), anti-Phosphor-(Ser/Thr) antibody (Abcam; cat. no. 
AB17464; 1:4,000 dilution).

Immunoblot assay
For total protein extraction, equal amounts of 7-day-old seed
lings were grounded into fine powder as described above, and 
then resuspended in 2× SDS buffer. The samples were lysed 
on ice for 30 min, then centrifuged at 18,514 g for 10 min at 
4°C. The supernatants were transferred into new tubes, and 
heated in boiling water for 10 min. 10 μL of total protein ex
tracts were separated via 10% SDS-PAGE and then transferred 
to Protran nitrocellulose membranes (Whatman). The immu
noblots were performed using an anti-BIN2 antibody 
(Agrisera; cat. no. AS163203; 1:5,000 dilution) in Supplemental 
Figure S2B, and an anti-GFP antibody (Abways; cat. no. 
AB0005; 1:5,000 dilution) and an anti-Tubulin antibody 
(Abmart, cat. no. M20045; 1:5,000 dilution) in Figure 5, A 
and H at 4°C overnight. The secondary antibodies used were 
Goat anti-mouse lgG (H + L) HRP (ShareBio; SB-AB0102; 
1:5,000) or Goat anti-Rabbit lgG (H + L) HRP (ShareBio; 
SB-AB0101; 1:5,000). All antibodies were diluted in 5% skim 
milk powder (in PBS containing 1% Tween-20). The images 
were taken using the BIO-RAD ChemiDoc Imaging System. 
The integrated optical density (IOD) values of VLG and tubulin 
protein band signals in Figure 5, A and H were quantified using 
Image Lab software (Bio-Rad) (Ye et al., 2019).

Root mitosis analysis
Plants were grown on 1/2×MS medium for 7–10 days. Roots 
were fixed in Carnoy’s fixative solution (100% ethanol:glacial 
acetic acid = 3:1) (Wang Y et al., 2014) for more than 1 h at 
room temperature. The fixed roots were washed three times 
with ddH2O and then incubated in a digestion cocktail for 
20 min at 37°C. The digested roots were placed on glass slides, 
and the root tips were separated using fine needles. The rest of 
the roots were discarded. After adding one drop of ddH2O, 
the root tips were lysed by pinching several times with a 
pair of forceps. The slides were placed on a heat block at 
45°C for 30 s, after which 20 μL of 60% acetic acid was added. 
The meiotic chromosomes were dispersed by adding 20-μL 
pre-chilled (−20°C) Carnoy’s fixative solution to the center 
of the samples. The slides were dried on a heat block for 
5–10 min. After adding 7–10 μl of DAPI, a cover slip was 
placed on top of the samples, which were then examined 
using the AxioScope A2 microscope (Wang Y et al., 2014).

Accession numbers
The accession numbers of genes discussed in this article 
are ACTIN7 (At5G09810), AGP18 (AT4G37450), AGL23 
(AT1G65360), AOG1 (AT5G57790), ATKIN-1 (At3G63480), 
BIN2 (AT4G18710), BIL1 (AT2G30980), BIL2 (AT1G06390), 
BUB3.1 (AT3G19590), CYCA1;1 (AT1G44110), CYCB2;3 
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(AT1G20610), CYCD2;1 (AT2G22490), CYCD3;1 (AT4G34160). 
DD45 (AT2G21740), DYAD (AT5G51330), FM1 (AT4G12250), 
KNU (AT5G14010), MOS7 (At5G05680), PRL (AT4G02060), 
SNAIL1 (AT5G61770), SWA1 (AT2G47990), SWA2 (AT1G 
72440), and VLG (AT2G17740).
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