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Abstract
Background: The gametophyte s are essential for the productive process in angiosperms. During sexual reproduction in �owering
plants, haploid spores are formed from meioses of spore mother cells. The spores then undergo mitosis and develop into female and
male gametes and give rise to seeds after fertilization.

Results: We identi�ed a female sterile mutant from EMS mutagenesis, and a BC1F2 population was generated for map based cloning
of the causal gene. Genome re-sequencing of mutant and non-mutant pools revealed a candidate gene, AP1G2 . Analyses of two
insertions mutants, ap1g2-1 +/- in exon 7 and ap1g2-3 -/- in 3’ UTR, revealed partial female sterility. Complementation test using
native promoter of AP1G2 restored the function in ap1g2-1 +/- and ap1g2-3 -/- . AP1G2 is a paralog of AP1G1 , encoding the large
subunit (γ) of adaptor protein-1 (AP-1). ap1g2 mutation led to defective female and male gametophyte development was determined.
In the ap1g2 mutants, the mitotic cycles and synchronic development of female gametophytes were impaired, which led to the arrest
of female gametophytes at one nucleus stage FG1. Pollen development in ap1g2 was also arrested at one nucleus stage before PMI
(pollen mitosis I). AP1G2 was expressed at high levels in different stages of ovule and pollens and actively dividing tissues, including
shoot apical meristems, leaf primordial and root tips.

Conclusions: AP1G2 was identi�ed to have a role in the processes of female and male gametogenesis by regulating the �rst mitosis
at one nucleus stage, and the expression pattern suggested AP1G2 is crucial for plant growth and development. Keywords:
Arabidopsis, AP1G2 , megagametogenesis, microgametogenesis, development.

Background
Plants have a life cycle alternating between haploid and diploid generation. Flowering plants including Arabidopsis thaliana carry
female and male gametophytes. The female gametophyte plays an essential role in plant reproduction including guiding the pollen
tube, fertilization, and seed development. In Arabidopsis, maize and rice, genetic analysis has revealed that mutant defects were found
at all stages of female gametophyte development and analysis of the mutant began to reveal the characteristics of the female
gametophyte developmental programs [1-3]. These studies help us understand the regulatory network in the development of female
gametophyte [1].

The female gametophyte development occurs over megasporogenesis and megagametogenesis. Most of the angiosperms exhibit the
monosporic megasporogenesis pattern. During megasporogenesis, the diploid megaspore mother cell (MMC) undergoes meiosis and
leads to the formation of four haploid megaspores. Subsequently, generally three micropylar-most megaspores undergo death and the
chalazal-most megaspore survives, giving rise to a single haploid functional megaspore. During megagametogenesis phase, the
functional megaspore undergoes a nuclear division with the formation of a two-nucleate embryo sac. The two daughter nuclei
separated to the poles by a formed central vacuole, and undergo a second karyokinesis forming a four-nucleate embryo sac. With the
vacuole increased in size, a third syncytial cell division undergoes resulting a large eight-nucleate coenocytic cell. Two polar nuclei
migrate from each pole to fuse with the formation of a diploid central nucleus, followed by cellularization and cell differentiation, thus
generating a mature female gametophyte consists of three antipodal cells, two synergic cells, one egg cell, and one central cell [2, 4,
5].

Large-scale screens for female sterile mutants have identi�ed hundreds of female gametophyte mutants and most mutants in these
screens also exhibited defects in the male gametophyte. Most of the characterized genes mediate essential functions [1, 2, 6].
Screening for female sterile mutants is a challenging task as it requires one additional generation to identify female sterile mutants. It
also takes one additional generation to make crosses because such mutants can only be maintained in heterozygous genotype. Our
objective is to build a collection of female sterile mutants ranging from inception of carpel primordia, abortion of female reproduction
organ, to pre- and post-meiosis mutations affection female gametophyte development to explore gene network controlling sex
determination in male �owers.

We identi�ed the role of AP1G2 in female and male gametogenisis by map based cloning, which encodes a large subunit of AP-
1(adaptor protein complex-1). Adaptor protein (AP) complexes, the predominant coat proteins linking the membrane proteins with
clathrin molecules that form the coat of a lipid vesicle, have been characterized in various eukaryotic cells. They interact with
membrane proteins such as different class of cargo receptors in the process of generating a clathrin-coated vesicle (CCV). The
structure of AP complexes is highly conserved across all eukaryotes and comprise two large subunits (α/γ/δ/ε and β), one medium μ
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subunit and one small σ subunit, and lack of any single APs subunit impairs the function of APs [7-9]. Among the APs, AP-1 plays a
role in soluble enzyme composition and some membrane proteins from trans-Golgi network (TGN) to endosomes and lysosomal
transport [10-12]. The γ subunit of AP-1 is encoded by AP1G1 and AP1G2 [13]. Earlier studies demonstrated that AP1G is crucial for
synergid-controlled pollen tube reception and pollen development through mediating vacuolar remodeling [12, 14]. Here, the new
functions of AP1G2 were characterized in regulating gametogenisis.

Results
Mutant with defects in ovule development

We obtained a female sterile mutant from an Ethyl methanesulfonate (EMS) mutagenesis screening. The mutant showed increased
�ower size than the wild-type and shorter siliques with no seed set (Fig.1A-D). Cytological observation showed that compared with the
ovule development in wild-type plants (Fig. 2A-E), the outer integument development of mutant was arrested (Fig. 2G). The mutant
had defects in integument development, presented embryo sac development partially arrested at stage FG1 [15] in which the
functional megaspore either persisted or degenerated after FG1 stage (Fig. 2K,L), the functional megaspore of around 43.70% ovules
could still undergo three times mitosis and develop into mature embryo sacs (Fig. 2J). After two rounds of backcrosses to reduce
genetic background, the mutant showed very low seed setting rate. The seeds had thin endotesta, but no episperm that should have
developed from outer integument to serve as hard dry protective covering (Fig.1E, F). The seed set(11.11%, n=432) was lower than the
percentage of the ovules contained normal female gametophytes, indicating the reduction was probably caused by aberrant outer
integuments. Despite of the absence of outer integuments, a few of these malformed seeds were still able to germinate in soil.

 

Mutation identi�cation

After backcross to wild-type (WT) plants, the self-pollinated BC1F2 plants were analyzed. The segregation ratio wild type to mutant �ts
the expected 3:1 ratio (Chi-Square=0.140, df=1, P=0.708), indicating that this mutation is recessive. After backcrossing to WT, BC1
individuals were self-pollinated and DNA of 40 BC1F2 plants of mutant and non-mutant were pooled separately for whole genome
sequencing as described by Nordstrom [16]. We compared a causative mutation based on the frequency of the non-reference allele of
a SNP (Single Nucleotide Polymorphisms) in the mutant and the non-mutant pools. If the non-reference allele of a SNP is the causal
mutation, its frequency in the mutant pool should be 100% and about 33% in the non-mutant pool, and the SNPs associated with the
causal gene should also displayed the high frequency of non-reference alleles in the mutant pool [17]. We selected 95 candidate SNPs
(0.6% of total SNPs) with the frequency higher than 90% and lower than 50% in the mutant and non-mutant pools respectively (Fig.
3A). Among the 95 candidate SNPs, 81.05% of them were on chromosome I, 0.07% on chromosome ,0.06% on chromosome ,0.02%
on each chromosome  and chromosome . Closer inspection of SNPs on chromosome I, we selected SNPs (30 associated genes) in
coding regions caused non-synonymous mutations or located in UTR (Untranslated Regions) for further analysis in the backcross BC2
progeny. As recombination events of the SNPs linked to the causal gene, each SNP was con�rmed by PCR and sequencing at least12
mutants separately in BC2 progeny. We found only At1g22730 and At1g23900 had 100% frequency of non-reference allele in mutants,
and At1g22410 had frequency of 96%, making At1g22410, At1g22730 and At1g23900 candidate genes of the sterile mutant (Fig. 3B,
C).

 

Con�rmation of candidate genes of female sterile mutant

To determine which casual gene was associated to the sterile mutant, we ordered several mutant lines with T-DNA insertion in each
candidate gene(Fig .S2). Among the T-DNA insertion lines, two lines with the insertion in AP1G2 (At1g23900) showed phenotype of
reduced seed set. The mutant ap1g2-1 (SALK_032500) with T-DNA insertion in exon7, its heterozygote had 51.9% seed set and almost
half of the ovules were aborted (Fig .4A-C). For ap1g2-3 (SALK_137129) with T-DNA insertion in 3’UTR, 56bp upstream from poly A tail
of the mRNA, homozygous plants (ap1g2-3-/-) was obtained with 23.27% of seed set (Fig .4A-C). To test whether the mutant
phenotype could be restored spontaneously, 5 self-pollinated progenies of ap1g2-3-/- was checked. The result showed their seed set
had no signi�cant difference to each other (Fig S3).
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Reciprocal crosses were carried out to determine whether the ap1g2 mutation affected the female or male gametophyte. ap1g2-1+/-

was used to pollinate the wild-type plants, or used as female parent for pollination with wild-type pollens. And the seeds from ap1g2-
1+/- were grown in soil. The genotypes of all progeny plants were assessed by PCR and scored (Table 1). The progeny of the self-
pollinated ap1g2-1+/- exhibited a 1:1 segregation of the wild type to ap1g2-1+/- plants (Chi-Square=0.342, df=1, P=0.559), and no
homozygotes were recovered. When ap1g2-1+/- was used as the female and male parent, the transmission e�ciency was 63.63% and
60.47%, respectively. Both female and male transmission were decreased. However, in spite the partial penetrance for the ap1g2-1
allele, homozygotes for the mutation were never identi�ed. The seeds from ap1g2-1+/- and wild-type plants were germinated on MS
medium. After 2 weeks, we counted the number of seedlings and seeds failed to germinate. The analysis showed the seed
germination rate of ap1g2-1+/- progeny had no signi�cant difference with the wild-type (Pearson Chi-Square=0.668, df=1, P=0.414).

To obtain heteroallelic homozygous mutants, we crossed ap1g2-1+/- as egg donors and ap1g2-3-/- as pollen donors. In the offspring,
only ap1g2-1/ap1g2-3 showed the phenotype of reduced seed set with fruits containing 47.75% normal seeds, while heterozygous
plants ap1g2-3+/- had no fertility reduced phenotype.(Fig .4B, C). These data supported that the insertion in 7th exon of AP1G2 had
stronger defect than that in 3’UTR. Since ap1g2-3 mutation was in untranslated region, and our RNAseq data of ovules at stage FG1
from ap1g2-3, ap1g2-1+/- and ap1g2-1/ap1g2-3 showed AP1G2 transcription level of ap1g2-1/ap1g2-3 was higher than ap1g2-3+/-

(unpublished data), and similar to ap1g2-1, indicating other factors might affect AP1G2 transcription of ap1g2-3 allele.

To con�rm that ap1g2 was responsible for the fertility reduced phenotype, we carried out complementation test using native promoter
(ProAP1G2) driven wild type AP1G2 allele. 5 of 19 independent lines that are heterozygous for ap1g2-1 and carried the transgene
showed a higher seed set (70.55%). For ap1g2-3-/-, 26 independent lines were obtained, and 8 lines complemented the ap1g2-3-/-

phenotype. The seed set of the ap1g2-3-/- carrying the construct ProAP1G2:AP1G2 was 90. 81%, approaching that of WT (Fig .4B, C).
And genetic complementation lines of ap1g2-4-/- also could partially rescue fertility reduced phenotype (Fig .S5). Altogether, these data
suggested that the reduced fertility was due to the mutations in the AP1G2 (Fig 4B).

 

Developmental stage of female gametophyte affected by ap1g2

To understand at which stage the megagametophyte development might be affected in the ap1g2 mutants, around whole-mounted
cleared 2000 ovules from WT, ap1g2-3-/- and ap1g2-1+/- at different stages of development were analyzed. The results showed that
the outer integuments developed normally in wild-type plants and ap1g2 mutants and these plants were all able to produce normal
functional megaspore cell (Fig .5A, F, L). Thereafter at stage FG3, wild-type plants contained a two-nucleate embryo sacs, and
continued to develop, producing four-nucleate embryo sacs and then mature embryo sacs (Fig .5B, C, D, E).While in plants ap1g2-3-/-,
most of the ovules remained a sigle cell in the nucellus or degenerated gradually (Fig .5G-J). And about 50% of the ovules from ap1g2-
1+/- were arrested at stage FG1 with the functional megaspore persisting or degenerating during development. We observed 989
ovules in ap1g2-1+/- mutant, and the number of aborted ovules as described above was half of total number (1:1, Chi-Square=0.171,
P=0.679).

As all the impaired embryo sacs observed in EMS-induced mutant (ap1g2-4-/-), ap1g2-3-/- and ap1g2-1+/- were arrested at one-nucleus
stage (Table 3), we concluded that these defective female gametophytes were due to the loss AP1G2 function. And ovules in both
insertion alleles, ap1g2-1+/- and ap1g2-3-/- were all able to fully develop outer integuments, but complementation lines of ap1g2-4-/-

still had the defect of outer integuments, suggesting the defective outer integuments in ap1g2-4-/- were affected by other mutations
induced by EMS rather than the mutation in AP1G2.

To con�rm the cell that persisted in the abortive ovules was functional megaspore, the ANTI-KEVORKIAN (AKV) cell-identity marker
during megagametogenesis were used, [18]. The promoter pAKV is a gametophyte-speci�c promoter, and pAKV:H2B-YFP marker
speci�cally expressed in the nuclei of the functional megaspore and the developing gametophyte before cellularization [19]. ap1g2-
1+/- and ap1g2-3-/- plants were crossed with pAKV:H2B-YFP marker lines. We then analyzed plants with ap1g2-1+/- allele and F2 plants
with ap1g2-3-/- allele which were partially sterile. The functional megaspores were formed normally in both ap1g2-1+/- and ap1g2-3-/-

(Fig .5L). But after FG1, when the wild-type ovules performed �rst nuclear division, producing a two-nucleate embryo sac, the defective
embryo sacs from two mutants still stayed at stage FG1 instead of completion of mitotic divisions (Fig .5M-O).
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The female gametophyte development within a pistil is generally synchronous with a relative narrow range of variation in WT [20, 21].
To investigate the developmental synchrony of female gametophytes in the pistils of ap1g2 mutants, we emasculated the stage 12
�owers, and after 48-72 h, we �xed pistils from �owers of the wild type and mutants at different developmental stages. The pistils
from the same in�orescence were sequentially opened, and each ovule in a pistil was examined for their development stages.
Compared with wild-type pistils, we observed that the developmental synchrony of female gametophytes in ap1g2-1+/-, ap1g2-3-/- and
ap1g2-4-/- mutant was not only disturbed but delayed the progression of nuclear division as shown in table 2-3. In ap1g2-1+/- pistils,
about half of the female gametophytes in each mutant pistils (P9-P14) were either persisted at FG1 or degraded and approximately
half were wild type. While in the ap1g2-3-/- and ap1g2-4-/-, around 77.75% and 57.3% of the female gametophytes were found failed to
undergo nuclear division. The numbers of aborted ovules detected in ap1g2-1+/- and ap1g2-3-/- were very close to the aborted seed
rates correspondingly, which suggested that the disruption in megagametogenesis was the main factor of the reduced seed set in
ap1g2 mutants.

 

Developmental stage of male gametophyte affected by ap1g2

To analyze whether the mutation led to additional male abortion phenotype, the viability of pollens was tested using Alexander
staining. 46.04% (n = 2096) non-viable pollen was detected in mature anthers in ap1g2-1+/- plants (Fig .7F, H), and 49.71% non-viable
pollen was obtained for ap1g2-3-/- plants (n = 1750). However, in ap1g2-1+/- carrying the construct proAP1G2:GUS, the viability rate
was 71.22% (n=300), and in ap1g2-3-/- plants carrying the transgene, viability rate reached similar level as the wild type, resulting in
1.64% (n=600) aborted pollen, respectively.

In Arabidopsis, the development of the male gametophyte begins with the expansion of the microspore (Fig .6A, B) and a large
vacuole produced, accompanied by the microspore nucleus moving to a peripheral location against the cell wall. The microspore then
undergoes the �rst asymmetric pollen mitosis(PMI) which results a bicellular pollen gain with a large vegetative cell engul�ng a small
germ cell in the cytoplasm (Fig .6C). After PMI, the smaller germ cell undergoes the second mitosis (PM ) to produce twin sperm cells
(Fig .6D). Therefore, a mature pollen grain consists of a vegetative cell and two sperm cells [22-24].

In order to understand how the ap1g2 mutation affected pollen viability, 4’,6-diamidino-2-phenylindole (DAPI) staining was used to
analyze pollen development in wild-type plants and ap1g2-1+/-. The normal mature pollen grains from wild type and ap1g2-1+/-

showed three nuclei, including one vegetative nucleus and two generative nuclei (Fig .6I, J). While nearly half of the pollens from
ap1g2-1+/- could not detect nuclear �uorescence signal in abnormal pollens showing shriveled shape (Fig .6J).Though at microspore
stage, pollens in both WT and ap1g2-1+/- showed normal single nucleus �uorescence (Fig .6K, L), nearly half microspores of ap1g2-
1+/- were not observed nuclear polarization before pollen mitosis but still showed unicellular and shriveled microspores (Fig .6O, P) at
stage 12 when tricellular pollens had formed in the wild type (Fig .6M, N).

Half the pollens from ap1g2-3-/- under scanning electron microscopy (SEM), showed to be wrinkled shaped (Fig .7B, D), in contrast to
those of wild type (Fig .7A, C). Besides, solid pollen germination medium [25] were used with the pollens from WT and ap1g2-3-/-, and
we obtained 72.22% (n=180) and 30% (n=180) germination respectively (Fig .7E, F).

 

AP1G2 expression pattern

Analysis of mutation in AP1G2 showed that AP1G2 is of importance for the development of both the female and male gametophyte.
To characterize AP1G2 expression in plants, we analyzed AP1G2 expression using qRT-PCR and reporter gene expression experiments.

Total RNA was isolated from different organs. And speci�c primers were used to detect AP1G2 mRNA, Actin ( Act2, At3g18780 ) as an
internal control. The qRT-PCR analysis revealed that AP1G2 expression was present in each organ selected from wild-type plants,
including roots, leaves, stems and �owers, but the relative expression in �owers was the highest, followed by stems and leaves that
were about half of the level of AP1G2 expression in �owers (Fig .8). And for ap1g2-3-/- mutants with the T-DNA insertion in 3’UTR, the
expression levels were signi�cantly down-regulated compared with the wild-type using t-test (P<0.01).
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Expression pattern was analyzed in transgenic plants to study the temporal and spatial pro�les of AP1G2 gene expression. A
construct in which 2 kb upstream of AP1G2 of the start codon was fused with the GUS reporter gene was transformed into the wild-
type plants. 23 independent lines of T2 generation were analyzed, of which 5 showed GUS expression in the female gametophyte and
GUS expression was detected after the big vacuole formed (Fig .9C) and remained until embryogenesis began, after which GUS
staining reduced (Fig .9C-F). And it seemed to show the same pattern in anthers, ProAP1G2:GUS notably expressed in the male
gametophyte at maturation in all independent lines we observed (Fig .9G-I). Additionally, proAP1G2:GUS was expressed in the 8-10
days seedling stage, and expression was also noted in hypocotyle (young shoot), leaves and �owers including expression in anthers,
�lament, pedicles, leaf primordial and shoot apical meristem. GUS expression was also observed in root tips, strong GUS staining was
noted in trichomes (Fig .S4).

 

Discussion
After mapping the causal mutation of a sterile mutant obtained from EMS mutagenesis, screening, and annotation of candidate
SNPs, the three genes At1g22410, At1g22730 and At1g22930 showed approaching 100% of frequency of non-reference alleles in the
mutant pool due to the suppression of recombination events of the identi�ed loci [26]. Con�rmation of candidate genes was
performed by studying single mutants of each candidate gene and we found the phenotype of T-DNA insertion lines of At1g23900
(AP1G2) was very close to our mutant especially in terms of female sterility.

AP1G1 and AP1G2 are homologous genes, and both encode γ subunits of a heterotetrameric protein complex (AP-1) that sorts
proteins at the trans-Golgi network and endosomes [12, 13]. Previous studies on single mutants of both genes did not show an
observable phenotype, while functional loss of both genes resulted failure of pollen tube discharge and synergid degeneration and
male lethality, accompanied with defective vacuolar dynamics and acidi�cation [12, 14]. In this work, the new function of AP1G2 was
characterized. Since both ap1g2-1+/- and ap1g2-3-/- mutants showed that partial female and male gametophytes were arrested at one-
nucleus stage, and complementation test using promoter ProAP1G2 restored the phenotype of reduced fertility in ap1g2-1+/- and
ap1g2-3-/-. We concluded that AP1G2 played a crucial role in the processes of female and male gametogenesis by regulating mitosis
of micro- and mega-gametogenesis at one-nucleus stage.

For ap1g2-1+/- and ap1g2-3-/-, their severe degree of defect was different due to their different insertion position. A similar effect was
also observed in kin-1a and kin-1C/c mutant[27].The mutant ap1g2-1+/- with T-DNA insertion in exon 7 which caused frame shift
mutations, about half of its female gametophyte development was arrested in heterozygous genotype. While for ap1g2-3 with
insertion in 3’UTR (56bp upstream from poly A tail of mRNA), only homozygous plants (ap1g2-3-/-) were defective in female
gametophyte development, but the seed set and percentage of normally developing female gametophytes were signi�cantly lower
than those of ap1g2-1+/-, suggesting that the defect of ap1g2-3 was not strong as ap1g2-1allele . By comparing the expression levels
between WT and ap1g2-3-/-, we found insertion mutation in 3’UTR of AP1G2 decreased the gene’s own expression in various organs.
This result supports that mutation within the 3’UTR can decrease translation e�ciency of the mRNA [28, 29]. ap1g2-1+/- showed 1:1
segregation after sel�ng, no homozygotes obtained, which seems to be gemetophtic defect. But both embryo scs and pollens of
ap1g2-1+/- showed about 60% transmission e�ciency, which means about 60% of normal gametophytes also carried ap1g2-1.
Therefore, ap1g2-1 is a leaky allele, not a strict gametophytic defect[30]. The information that determine functional megaspore
whether undergo mitosis,was likely from sporophytic tissues around the gemetophytes.We speculate both female and male gametes
underwent gametic selection, stringently avoided to produce homozygous ap1g2-1 plants during the process of fertilization. Thus, we
suspect sporophytic functions of ap1g2 affected gametophyte development and even gametic selection. ap1g2-4 is a single base
mutation in the 7th exon of AP1G2. This defectionwas not strong as ap1g2-1 or ap1g2-3, because homozygous ap1g2-4 allele caused
only about 50% aborted ovules, lower than ap1g2-3 homozygous plants. Previous work showed AP1G1 and AP1G2 function
redundantly in male gametophyte development[12]. So another γ isoform function in male gametophyte developmet. Considering that
the two factors might counteract the mutation effect and complementation lines could partially rescue seed abortion, we conclude
that ap1g2-4 mutation affected AP1G2 function in female gametophyte development. As for the additional outer integunments defect,
our RNAseq data showed INO (INNER NO OUTER) transcription level was down-regulated in ap1g2-4 mutant, but had same level in T-
DNA insertion lines and wild-type plant(unpublished data). INO was known to be associate ith outer integunment initiation[31], and the
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phenotype of ino were extremely similar to ap1g2-4 mutant Therefore, this additional defect was due to other mutations which might
be upstream regulators of INO.

A previous study reported that AP1G2 were expressed through out the plant [12].We examined the expression pattern of AP1G2 using
qRT-PCR and reporter gene expression. AP1G2 expression was higher in �orescence than that of roots, leaves and stems.
ProAP1G2:GUS transgenic plants showed high expression level of AP1G2 in male gametophyte, and the level was increased as the
male gametophyte developed. We obtained 5 independent lines with GUS staining in female gametophyte from 23 lines. In these 5
lines, GUS expression was detected in entire embryo sac after the large vacuole formed rather than in synergid cells, and remained
expressed until embryogenesis began. These results indicated that AP1G2 functions during female and male gametophyte
development.

In ap1g2-1+/- and ap1g2-3-/- mutants, about half of the microspores were found without the central nucleus migration to a peripheral
position against the cell wall by a large vacuole and undergoing an asymmetric cell division (PM I). Coincidentally, in defective embryo
sacs of ap1g2, the �rst mitosis did not occur nor did it form a large vacuole, suggesting that the mutation might affect a similar
process in both gametophytes. But we understand little about the inner mechanisms. The phenotypes of ap1g2 were similar to the
insertion lines in VACUOLELESS GAMETOPHYTES (VLG) [23]. VLG was found localized in plant prevacuolar compartments (PVCs) or
multivesicular bodies (MVBs), which mediate the transport of proteins into vacuoles in the secretory pathway and were also
considered as late endosomes in the endocytic pathways. The cytosolic adaptor protein-1complex (AP-1) that were found on the
TGN/endosomal membranes also plays an essential role in protein tra�cking between the TGN and endosomes by speci�c sorting
signals [10-12]. This suggested that post-Golgi tra�c pathway is crucial to gametophyte development.

Reports for AP-1 complex indicate that AP-1 is required for viability in multicellular organisms. In mice, homozygous destructions of
the genes encoding γ1 or μ1A lead to embryonic lethality [32, 33]. De�ciency of AP-1is synthetically lethal in yeast with a temperature-
sensitive clathrin heavy chain in Saccharomyces cerevisiae [34] and a removal of calcineurin, which is a regulator of Ca2+ signaling in
Schizosaccharomyces pombe, lead to pleiotropic defects in cytokinesis, cell integrity, and vacuole fusion in �ssion yeast [35]. In
Arabidopsis, the medium subunit of AP-1, redundant AP-1 μ-adaptins AP1M1 and AP1M2, were reported to form a complex with large
subunits γ-adaptin of the heterotetrameric AP-1. The knockout mutation ap1m2 displayed impairing pollen function and arrested plant
growth, and ap1m1ap1m2 double mutant was nearly pollen-lethal [13].Analysis of a double knockout ap1g1 g2+/- indicated AP1G is
important to synergid-controlled pollen tube reception and pollen development by mediating vacuolar remodeling [12, 14]. However,
our results pointed to an importance role of female and male gametophyte development, indicating that AP1G1 and AP1G2 function
redundantly in pollen tube discharge and male gametophyte development, but the later one has its distinct role in female gametophyte
development. And AP1G2 might be more important to male gametophyte development, since single ap1g1 mutant did not show
observable defects[12, 14].Though we know little about the relation either between AP1M1 and AP1M2, or AP1G1 and AP1G2,
analysis of double knockout ap1m1ap1m2 and ap1g1 g2+/- revealed that both AP1M and AP1G play an important role in pollen
function and plant growth in Arabidopsis. Current studies indicate that AP-1 is necessary for the correct performance of somatic
cytokinesis in root and shoot cells in Arabidopsis [7]. AP1M1 promotes secretory and vacuolar tra�cking, which is essential for cell
division and growth during both pollen development and plant growth [13]. However, AP1G2 expression was also detected in the shoot
apical meristems, leaf primordial and root tips where cell division is active, suggesting its function is beyond the gametophyte stage
and crucial for plant growth.

Conclusion
The new functions of AP1G2 were characterized in Arabidopsis. ap1g2 mutation led to defective female and male gametophyte
development was determined. In the ap1g2 mutants, the mitotic cycles and synchronic development of female gametophytes were
impaired, resulting in the arrest of female gametophytes at one nucleus stage FG1. Pollen development in ap1g2 was also arrested at
one nucleus stage. AP1G2 was expressed at high levels in different stages of ovule and pollens and actively dividing tissues,
including shoot apical meristems, leaf primordial and root tips, suggesting the function of AP1G2 is beyond gametophyte
development.  

 

Materials And Methods
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Plant materials and growth condition

 

The T-DNA insertion lines of AP1G2, SALK_032500 (ap1g2-1), SALK_137129 (ap1g2-3), and lines of At1g22410, and At1g22730 in Fig
.S2 were obtained from the Arabidopsis Biological Resource Center (ABRC) . The pAKV:H2B-YFP marker line was kindly provided W.C.
Yang. All of the seeds were sterilized with 75% ethanol, cold-treated at 4°C overnight, germinated in Murashige and Skoog (MS)
medium, and seedlings were planted in an air-conditioned room under a photoperiod (L : D = 16 h:8 h) at 22 C).

 

Mutant screening and next-generation sequencing analysis

The wild type and mutants used were all of Columbia ecotype. Wild-type seeds were mutagenized with 40 m EMS for 8 hours, and
mutants induced by EMS were identi�ed by screening plants of the second generation. The identi�ed female-sterile mutants were
backcrossed to the wild-type to generate BC1 progeny and propagated by self-pollination to generate BC1F2 segregating population.

The equal amount of genomic DNA extracted from leaves of mutant plants and non-mutant plants were pooled. The libraries of both
pools were constructed and sequenced by Illumina HiSeq ™2500 platform at Novogene Corporation. The average sequencing depth
was about 32× coverage for both mutant and nonmutant pools. The reads we obtained from mutant and non-muatant pools were
aligned to the Col-0 reference genome (Arabidopsis_thaliana.TAIR10.21) by the software BWA, and SAMtools-mpileup was used to
identi�ed potential SNPs as described [17]. Single nucleotide polymorphisms (SNPs) of mutants was detected among BC1F2
segregants. Each candidate SNP was con�rmed by PCR and sequencing at least 12 mutants separately in BC2 progeny using primers
as listed in Fig S1.

 

PCR-based screening of T-DNA insertions

 

Molecular identi�cation of genotype of the T-DNA insertion lines was performed as described [36]. The primers used for identi�cation
were designed by online tool (http://signal.salk.edu/tdnaprimers.2.html). For ap1g2-1 , T-DNA-speci�c primer LBb1.3 (5’-
ATTTTGCCGATTTCGGAAC-3’) was used to determine the genotype by PCR combined with the speci�c primers on genomic sequence,
ap1g2-1RP (5’-actttgttatcctggttctttg-3’) and ap1g2-1LP (5’-GAGCTCAAGAAGCAACAATCC-3’). For ap1g2-3, the genotype was
determined by PCR using the LBb1.3 combined with ap1g2-3RP (5’-TTATGAATTTCGCATCAAGCC-3’) and ap1g2-3LP (5’-
GAGTCACTAACAGCCAGCAGG-3’). For the other two candidate genes, the genomic sequence-speci�c primers were included in Fig S2.

 

qRT-PCR

 

Total RNAs were extracted from different organs using Total RNA Kit I (OMEGA). The �rst-strand cDNA synthesis for Real-time PCR
and the later were respectively performed using PrimeScript® RT reagent Kit and SYBR Premix Ex Taq™ (Takara). Real-time RT-PCR
was performed with using primers AP1G2q-F (5’-CTCCTGGCAAGCGGTAGT-3’), AP1G2q-R (5’-GCGAGGGAAGTTGCTGAC-3’) for AP1G2
and Actin2F (5’-TCCCTCAGCACAT

TCCAGCAGAT-3’) and Actin2R (5’-AACGATTCCTGGACCTGCCTCATC-3’) for the reference gene ACTIN2.

 

Seed set and fertility analysis
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To analyze the seed set of the wild-type and mutants, the total number of ovules and seeds contained in the �rst 7-15 siliques on the
primary in�orescence were counted, as described [37]. We used 10 plants per genotype to comparing the seed set. For
megagametophyte analysis, ovules were excised from different-sized pistils previously �xed in FAA (70% ethanol: acetic acid: 30%
methyl aldehyde, 9:0.5:0.5). They were cleared with chloral hydrate solution (chloral hydrate: lycerol: sterilized water, 8:1:2) and
examined with the Olympus BX63 microscope equipped with DIC and phase-contrast optics. The seed set in each siliques was is the
percentage of seeds to the total number of ovules. Statistical signi�cance of the values using One-Way ANOVA, followed by a LSD
(Least Signi�cant Difference) test.

 

Vectors Construction

 

The genomic region ~ 2kb before the start codon ATG corresponding to the putative AP1G2 promoter was ampli�ed by PCR from wild
type genomic DNA using proAP1G2-F (CACCAATACATGAGGGAAAGGTGAGA) in combination with the reverse primer proAP1G2-R
(TTGGTCCACCGGCAACTTTA). For the molecular complementation test, the 7912bp of genomic fragment containing the promoter
and gene of AP1G2 was ampli�ed by PCR using the forward primer proAP1G2-F, in combination with the reverse primer AP1G2-R
(CAACCCGCGAGGGAAGTTG) upstream of the stop codon. All PCR products were cloned in the pENTR/D/TOPO vector (Invitrogen).
The generated entry vectors were subsequently used for generating the corresponding expression vectors PGWB533-GUS.

 

Plant transformation

 

Arabidopsis plants were transformed with agrobacterium tumefaciens strains GV3101 using �oral dip method [38]. The presence of
the transgene in T1 plants was con�rmed by PCR using forward primer pro-F (agtagagtaggtagcgtcagaa) for transgenic lines with
promoter and gene-F (ACGGAAAAGATGTATTAGAGG) for complementation lines, and combined with the reverse primer GUS-R
(CGGCGAAATTCCATACCTG).

 

Histology and microscopy

 

For phenotypic analysis, The whole in�orescences from wild type and ap1g2 mutants were �xed in FAA �xative solution overnight,
and transferred to sterilized water for 2min. The ovaries were dissected on a slide and cleared in chloral hydrate solution and �nally
photographed using Olympus BX63 microscope equipped with DIC and phase-contrast optics. For β-Glucuronidase (GUS) staining,
GUS histochemical assays kit (Real-Time, China) was used following the manufacturer’s protocol. In�orescences and developing
seedlings were incubated in GUS staining buffer at 37°C overnight. Ovules were then washed in 75% ethanol for 7 h, repeat 3 times for
examination and photographs. To test the viability of the pollen, the anthers were collected at anthesis stage and evaluated by
staining with Alexander (Solarbio). The development stage of pollen in wild type and mutants was analyzed for each subsequent bud
in the same in�orescence from an open �ower to the next 10 unopened buds. Anthers were placed on slides with DAPI staining
solution (0.02 M citric acid, 0.16 M Na2HPO4, 0.2μgml-1 DAPI (Sigma-Aldrich) [23].

 

Confocal microscopy of ovules

 

To con�rm that megagametogenesis was affected in ap1g2 ovules, ap1g2-1+/- mutant plants were crossed with pAKV:H2B-YFP
marker lines. We then analyzed �ve progenies with an ap1g2-1 allele that showed partial sterility. The ovules at different �ower stages
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were observed using a Leica TCS SP8X confocal microscope at an excitation wavelength of 488 nm. Emissions were collected at 500-
530 nm to visualize yellow �uorescence protein (YFP). Anthers for each successive bud mounted into slides with DAPI staining
solution were also observed using the confocal microscope at an excitation wavelength of 405 nm and emissions were collected at
415 nm-500nm.
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Tables
Table 1. Segregtion of ap1g2-1+/- mutation in selfed and reciprocally backcrosses.

Parental genotypes Progeny genotypes
Female Male WT ap1g2-1+/- ap1g2-1-/-

ap1g2-1+/- ap1g2-1+/- 114 123 -
ap1g2-1+/- WT 44 28 -

WT ap1g2-1+/- 43 26 -

 

Table 2. Synchrony of female gametophyte in wild-type and ap1g2-1+/- pistils.

Pistil
number

No. of FGs at developmental stages in wild-type
pistils

  No. of FGs at developmental stages in ap1g2-1+/- pistils  

FG0 FG1 FG2 FG3 FG4 FG5 FG6 FG7 Total
FGs

FG0 FG1 FG2 FG3 FG4 FG5 FG6 FG7 No
nuclei

Total

FGs

 

P1 44               44 43                 43  
P2 33 12             45 21 28               49  
P3 9 34             43 1 25 39             65  
P4   36 2           38 1 25 3 9           38  
P5   39 15 2 1       57   22 1 13 5   1   5 47  
P6   25 10 4         39   22 1 6 12   1   5 47  
P7   13 17 9 1       40   18 2 7 7 3     6 43  
P8   9 6 26 10       51   17 2 3 3 3 4 4 6 42  
P9       1 15 3 6 10 35   23   2 1   4 14 6 50  
P10         11 10 11 10 42   18         3 18 9 48  
P11             3 50 52   18         1 21 10 50  
P12               51 51   17           20 19 56  
P13               49 49   6           24 19 49  
P14               50 50   5           21 20 46  

                                           

 

 

Table 3 Synchrony of female gametophyte in ap1g2-3-/- and ap1g2-4-/- pistils
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Pistil
number

No. of female gametophytes at developmental stages in
ap1g2-3-/- pistils

  No. of female gametophytes at developmental stages in
ap1g2-4-/- pistils

 

FG0 FG1 FG2 FG3 FG4 FG5 FG6 FG7 No
nuclei

Total
FGs

FG0 FG1 FG2 FG3 FG4 FG5 FG6 FG7 No
nuclei

Total
FGs

P1 41                 41 50                 50
P2 18 28               46 40 11               51
P3 1 36 1           5 43 6 37 2             45
P4 1 35 1           9 46 10 35 1             46
P5 1 45 1           9 56   28 3 7         6 44
P6   29 3           3 35   7 2 7 10       19 45
P7   30 2 4         7 43   7 4 11 10 1     18 51
P8   32 2 2 4       9 49   2   6 8 7 4   20 47
P9   16 1 1 3 3 1 1 10 36   7   5 11 3 4 3 12 45
P10   27   1 3 1 1 2 19 54   3   7 7 2 2 13 13 47
P11   21 1   1 2   2 16 43   7   1 1   2 17 27 55
P12   21     1 2 5 5 15 49   6   2   1 4 9 25 47
P13   16       1 1 12 20 50   5       1 2 15 21 45
P14   15         1 10 23 49   6           19 26 51

 

Table 4. List of phenotypes of three ap1g2 alleles

Name Mutant site Phenotype observed
ap1g2-
1+/-

T-DNA insertion in 7th exon About 50% female gametophytes arrested at stage FG1 and about 46.04% male
gametophytes arrested before PM1

ap1g2-
3-/-

T-DNA insertion in 3’UTR 77.75% female gametophytes arrested at stage FG1 and about 49.71% male
gametophytes arrested before PM1

ap1g2-
4-/-

Multiple mutantions including a base
change in 7th exon

57.30% female gametophytes arrested at stage FG1; outer integuments development
arrested; seeds malformed; big flowers

 

 

Figures
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Figure 1

Phenotypes of EMS-induced sterile mutant. (A)The phenotypic variation between wild-type (WT) and EMS-induced mutant plant. (B)
The wild-type �owers are smaller than mutant �owers. (C) Comparison in mature silique length of the wild type and mutant (D) The
open siliques of the wild type have normal seed setting and mutant have aborted seeds. (E) Seeds of WT. (F) Seeds of mutant after
two rounds of backcrosses. Bar=0.5 cm in B and D; 1 cm in C, E and F.
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Figure 2

ovule development in WT and the EMS-induced sterile mutant. (A- E) ovule development in WT. (A) Ovule primordium showing a
megaspore mother cell (mmc). (B) Stage 2-  when the outer integument initiated. (C) Stage FG1. (D) Stage FG3. (E)Stage FG7. (F-L)
Ovule development in the mutant. (F) Ovule primordium showing a megaspore mother cell (mmc); (G) ovule at stage 2-  without outer
integuments initiation; (H) Ovule at stage FG1 with abnormal integuments; (I) Stage FG3. (J-L)Stage FG7; ii, inner integuments; oi,
outer integuments; mmc, megaspore mother cell; FM, functional megaspore; cc,central cell; ec, egg cell; sc, synergid cells.
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Figure 3

Identi�cation of candidate genes. (A) The number of candidate SNPs. 95 candidate SNPs with the non-reference allele > 90%
frequency in the mutant pool and < 50% in the non-mutant pool. (B) Frequency of non-referency allele in mutants of BC2 progeny. (C)
Annotation of candidate SNPs and associated genes. Shown are candidate genes, the base position, sequence of the reference allele,
sequence of the non-reference allele, type of alteration, and predicted amino acid change for each SNP.
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Figure 4

(A) Schematic [39] representation of the gene AP1G2 with the positions of the various T-DNA insertions (ap1g2-1 and ap1g2-3) and
EMS mutant harboring a G-to-A base change at nucleotide position 8444076 (ap1g2-4). (B) ap1g2 fruits contain aborted ovules and
are shorter than those of the wild type and complementation lines of the ap1g2-1+/- and ap1g2-3-/- mutant. (C) Quanti�cation of seed
set in siliques of ap1g2-1+/-, ap1g2-3-/-, apg2-1/apg2-3 mutants, wild-type plants, and genetic complementation lines of ap1g2-1+/-
and ap1g2-3-/-. Error bars indicate standard error. The capital letters above the bars mean very signi�cant difference with the wild type
(P<0.01).
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Figure 5

Female gametogenesis is impaired in ovules from ap1g2-1+/- and ap1g2-3-/- plants. (A-E) Ovule development in the wild type, stage
FG1 (A); stage FG3 (B); stage FG4 (C); stage FG5(D); stage FG7 (E). (F-J) Ovules in ap1g2-3-/-, normal ovule at stage FG1 (F); aborted
mature ovule (G I); aborted ovules arrested at FG1; (J) Aborted ovules with functional megaspore degenerated. (K-N) ) Analysis of
H2B-YFP expression under the control of the AKV promoter in ap1g2-1+/- indicating one gametophytic cell. (P) YFP signals in the wild
type at FG2. Scale bars are 20μm, ii, inner integuments; oi, outer integuments; FM, functional megaspore; cc, central cell; ec, egg cell;
sc, synergid cells.
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Figure 6

Pollen development was impaired in apg2-1+/- mutants. (A-D) The nuclear constitution of WT pollen grains through
microgametogenesis developmental stages. Nuclei are indicated by arrows, mn, microspore nucleus; vn, vegetative nucleus; gn,
generative nucleus; sn, sperm neclei. Bars = 10 μm. (E, F) Pollen viability by means of Alexander’s staining in anthers from WT and
ap1g2-1+/- respectively. Arrows indicate impaired pollen grains. (G, H) Alexander’s staining of mature pollen grains from WT and
ap1g2-1+/-, respectively. Arrows indicate impaired pollen grains. (I, J) 40,6-Diamidino-2-phenylindole (DAPI) staining of pollen grains
from buds at stage 13 in WT and ap1g2-1+/- respectively. Arrows indicate impaired pollen grains. (K, L) DAPI staining of microspores
from buds at stage 9 in WT and ap1g2-1+/- respectively. (M, O) Nuclear constitution by means of DAPI staining in pollen grains in
buds at stage 12 from WT and ap1g2-1+/-, respectively. Nuclei are indicated by arrows. (N, P) Bright �eld images of (I) and (K),
respectively. Bars = 20 μm in E-P.
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Figure 7

. Pollen development was impaired in apg2-3-/- mutants. (A, B) Scanning electron micrographs (SEMs) of anthers from WT and
ap1g2-3-/-, bars = 200 μm. (C, D) SEMs of pollen grains from WT and ap1g2-3-/-, bars = 30 μm. (E, F) Pollen grains germination in vitro
of WT and ap1g2-3-/-, respectively, bars = 100 μm. Arrows point at aborted pollen grains.
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Figure 8

Quantitative qRT-PCR analysis of the AP1G2 gene expression. Each result was the average of three independent biological replicates.
Error bars indicate standard error.
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Figure 9

Activity of AP1G2 in ovules and anthers. (A-F) GUS staining in ovules: 100% of ovules containing female gamete before stage FG3
and 14% of ovules containing female gametophyte at FG4 or FG5 were not detected GUS expression (A-B); ovules containing female
gametophyte at FG4 to 7 with GUS staining (C-E), GUS staining reduced in embryogenesis (F). (G-I) GUS staining in anthers and pollen
grains. Number means the percentage of ovules either stained by GUS or not. Bars = 20μm. 0μm in D, F, H.
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