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One-Sentence Summary:
Divergence of each EJC core subunit paralog and the MAGO-Y 14 heterodimer
duplicates in rice implicates the importance of these genes in cereal growth,

development, reproduction and adaptive evolution.
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Abstract

The exon junction complex (EJC) plays important developmental roles in animals;
however, its role in plants is not well known. Here, we show various aspects of
divergence of each duplicated MAGO- and Y14-gene pair in rice encoding the putative
EJC core subunits that form the obligate MAGO-Y 14 heterodimers. OsMAGOL,
OsMAGO2 and OsY14a were constitutively expressed in all tissues while OsY14b was
predominantly expressed in embryonic tissues. OSMAGO2 and OsY14b were more
sensitive to different stresses than OsMAGOL and OsY14a, and their encoded protein
pair shared 93.8% and 46.9% sequence identity, respectively. Single MAGO
downregulation in rice did not lead to any phenotypic variation; however,
double-gene knockdowns generated short rice plants with abnormal flowers, and the
stamens of these flowers showed inhibited degradation and absorption of both
endothecium and tapetum, suggesting that OSMAGO1 and OsMAGO?2 were
functionally redundant. OsY14a knockdowns phenocopied OSMAGO10sMAGO2
mutants while downregulation of OsY14b failed to induce plantlets, suggesting the
functional specialization of OsY14b in embryogenesis. OSMAGO10sMAGO20sY14a
triple downregulation enhanced the phenotypes of OSMAGO10sMAGO2 and OsY14a
downregulated mutants, indicating that they exert developmental roles in the
MAGO-Y 14 heterodimerization mode. Modified gene expression was noted in the
altered developmental pathways in these knockdowns, and the transcript splicing of
OsUDTY, a key regulator in stamen development was uniquely abnormal.
Concomitantly, MAGO and Y14 selectively bound to the OsUDT1 pre-mRNA,
suggesting that rice EJC subunits regulate splicing. Our work provides novel insights
into the function of the EJC locus in growth, development and reproduction in

angiosperms, and suggests a role for these genes in the adaptive evolution of cereals.

Keywords: exon junction complex (EJC); MAGO-Y 14 heterodimer; splicing; male

fertility; embryogenesis; rice
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INTRODUCTION

The exon junction complex (EJC) is one of the fundamental machineries in the
post-splicing processes in eukaryotes (Tange et al., 2004). The complex includes over
ten different proteins, such as MAGO (MAGO NASHI), Y14 (Tsunagi or RBM8),
elF4A-111 and BTZ (Barentsz, also MLN51) (Kim et al., 2001; Le Hir et al., 2001;
Mohr et al., 2001; Palacios et al., 2004; Park et al., 2009; Zhao et al., 2000). MAGO
and Y14 are core subunits of the EJC (Kataoka et al., 2001; Le Hir et al., 2001). Both
subunits have been confirmed to direct normal development of animals. In Drosophila
spp., a single point mutation in the MAGO locus causes several developmental defects,
such as improper development of the posterior lobe of the embryo, non-viable egg
sacs in female offspring, and impairment of germ plasm cell polarity and germline
stem cell differentiation (Boswell et al., 1991; Micklem et al., 1997; Newmark and
Boswell, 1994; Newmark et al., 1997; Parma et al., 2007). In Caenorhabditis elegans,
the mag-1 gene is involved in hermaphrodite germ-line sex determination (Li et al.,
2000). In mouse, MAGO gene is related to cell cycle regulation (Inaki et al., 2011).
Tsunagi, the Y14 ortholog (Kataoka et al., 2000), is involved in embryogenesis and
germline sexual switching (Kawano et al., 2004) and regulating oocyte specification
(Lewandowski et al., 2010; Parma et al., 2007). MAGO and Y14 have been recently
shown to be involved in the eye development of Drosophila ssp. (Ashton-Beaucage et
al., 2010; Roignant and Treisman, 2010). MAGO regulates proliferation and
expansion of neural crest-derived melanocytes (Silver et al., 2013), whereas Y14
targets neuronal genes to regulate anxiety behaviors in mice (Alachkar et al., 2013).
Therefore, these studies confirm the role of MAGO and Y14 genes in multiple related
developmental roles “in animal species.” However, limited evidence for the
developmental role of these genes is found in plants. PFMAGO proteins (MAGO
homologs from Physalis floridana) via interacting with the MADS-domain protein
MPF2 (MADS protein2 from P. floridana) are responsible for male fertility (He et al.,
2007). Arabidopsis thaliana AtMago gene is required for pollen grain development
and its knockout is lethal (Johnson et al., 2004; Park et al., 2009). Mutation of

Mv-mago disrupts spermatogenesis in Marsilea vestita (Boothby and Wolniak, 2011;
5

Downloaded from www.plantphysiol.org on May 12, 2014 - Published by www.plant.org
Copyright © 2014 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org/
http://www.plant.org

van der Weele et al., 2007). Besides, plant MAGO genes also seem to have broad roles
in the growth and development of other plant organs. Downregulating AtMago affects
the development of root, shoot, floral meristem and seed (Park et al., 2009). TcMago
is preferentially expressed in root hairs in Taiwania cryptomerioides and
overexpressing this gene produces taller transgenic tobacco plants with increased root
hairs (Chen et al., 2007). While the knockdowns of AtY14 yield a lethal phenotype
(Park et al., 2009).

MAGO and Y14 proteins form obligate heterodimers (Shi and Xu, 2003; Gong et
al., 2014) in eukaryotes. However, only MAGO-Y 14 heterodimer in metazoans binds
to the mRNAs 20-24 nucleotides upstream of the exon-exon junctions affecting the
multiple steps of post-splicing processes, such as mMRNA intracellular export,
cytoplasmic localization, nonsense-mediated MRNA decay (NMD), and translational
enhancement (Hachet and Ephrussi, 2001; Lee et al., 2009; Tange et al., 2004). These
subunits were recently demonstrated to be specifically involved in the splicing
process of genes with large introns and heterochromatin localization in Drosophila
ssp. (Ashton-Beaucage et al., 2010; Roignant and Treisman, 2010). The regulation of
plant development by EJC is poorly understood. Furthermore, the retention of two
copies for each gene family in cereals (Gong et al., 2014), suggests a specific
evolutionary role of these genes in cereal evolution. In the present study, we
characterized OsMAGO1, OsMAGQO2, OsY14a and OsY14b in rice to address the
developmental role of EJC subunits in plants. Our study showed the divergence of
each paralogous gene pair, and that they are essential to both vegetative and
reproductive development. The transcript splicing of the rice undeveloped tapetum 1
(OsUDT1), a major regulator of the early tapetum development (Jung et al., 2005),
was found to be specifically affected by depletion of these EJC subunits in rice. Our
data provide the first insight into the essential role of the EJC in growth, development

and reproduction of rice with an implication of adaptive evolution in cereals.

RESULTS

Divergencein Expressions and Sequences of Rice MAGO and Y14 Paralogs
6

Downloaded from www.plantphysiol.org on May 12, 2014 - Published by www.plant.org
Copyright © 2014 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org/
http://www.plant.org

Using gRT-PCR, we showed that, during normal development of rice, the genes,
OsMAGOL1 and OsMAGQO2, OsY14a were constitutively expressed in callus, all
tissues of seedlings, floral organs and seeds (Figure 1). The difference in expression
of these genes was not significant, suggesting co-regulation of their expression in rice
development. However, OsY14b had a different expression pattern and was expressed
in callus, early developmental stage of seed germination and floral tissues, but not in
seedlings (Figure 1). Thus, OsY14b may have a specialized role in rice development.
The expression of OSMAGOL and OsY14a was studied in response to various stimuli.
We observed that the OSMAGO2 expression was significantly (p < 0.001) induced by
brassinolide (BR), abscisic acid (ABA), gibberellic acid 3 (GA3), and indole acetic
acid (IAA) while OsY14b expression was significantly (p < 0.001) induced by BR,
GA3, ABA and IAA (Figure S1A-D). OsY14b was also significantly influenced (p <
0.01) by high temperature, salinity stress and water deficiency (Figure S1E-H).
Therefore, the mMRNA expression of OSMAGO2 and OsY14b is more sensitive to
various external stimuli as compared to that of OsSMAGO1 and OsY14a. Furthermore,
OsMAGO1 and OsMAGO?2 shared 93.8% sequence identity while OsY14a and
OsY14b shared 46.9% identity (Gong et al., 2014). Thus, relative rapid divergence of
rice Y14 might drive the functional divergence of the MAGO-Y 14 dimers, and

OsY14b might be under a neo- or subfunctionalization process.

Subcellular Localization and Heterodimerization of Rice MAGO and Y 14

The open reading frames (ORFs) of rice MAGO and Y14 were fused in-frame with
green fluorescence protein gene (GFP) and were transiently expressed in plant cells to
prove that sequence divergence may alter the subcellular localization of a protein. We
found that OSMAGO1, OsMAGO?2 and OsY14b showed identical distribution in cells,
and were localized in the nuclei and cytoplasm (Figure 2A, B and D), similar to their
homologs in other reported species. Surprisingly, OsY 14a seemed to be uniquely
localized in the nuclei (Figure 2C) deviating from the established subcellular
localization of these EJC subunits. GFP alone, as the control, was expressed in both

nuclei and cytoplasm (Figure 2E). These, again, reflect a more rapid divergence of
7
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rice Y14- than MAGO-pair after duplication.

Rice MAGO and Y14 formed heterodimers in yeast (Figure S2A and B; Gong et al.,
2014). The present study used bimolecular fluorescence complementation analyses
(BIFC) in plant cells to study this heterodimerization. The yellow fluorescence protein
(YFP) was divided into N-terminal (YN) and C-terminal (YC) halves. The ORFs of
these genes were separately fused with either YN or YC and co-expressed.
Fluorescence was observed when two proteins fused to each YFP half interacted with
one another. A YFP signal was detected when fusion proteins YC-OsMAGOL (or 2)
and YN-OsY14a (or b) were co-expressed (Figure 2F-1). In contrast, no YFP signal
was observed when fusion proteins YC-OsY14a and YN were used as controls
(Figure 2J). In line with subcellular localization pattern of rice Y14 proteins, the
interaction signal of OsMAGOL1 (or 2) with OsY14a was observed in the nuclei only,
whereas their interactions with OsY14b occurred in both nuclei and cytoplasm.
Nonetheless, OsMAGOL1 preferentially interacted with OsY14a while OsMAGQO?2
heterodimerized with OsY14b (p < 0.01; Figure S2C and D), indicating a potential
functional separation between OsMAGO1-0OsY14a and OsMAGO2-0sY 14b.

The above revealed divergence may cause a functional divergence in each
paralogous gene pair in rice. The developmental role of these EJC genes was further
characterized using RNA interference (RNAI). Table S1 and Table S2 detail the

independent transgenic lines that were generated and characterized for RNAI.

OsY14a |s Essential for Rice Growth, Development and Reproduction

Seven independent Ubi:OsY14a-RNAI transgenic lines (YaL1-YalL7) were analyzed,
and six of them showed significant downregulation of OsY14a mRNA while mMRNA
of OsY14b, OsMAGO1 and OsMAGO2 were not affected (Figure S3A). The six
OsY14a knockdowns showed similar phenotypic variations (Table S2) but were
significantly different from the wild-type (WT). The transgenic plants at the heading
stage were dwarfed in height as compared to WT (Figure 3A). In mature plants, the

wild-type had five internodes in total which were named | to V from the top to the
8
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bottom (Figure 3B). The panicle length (YaL4, 13.23 £0.13 cm; WT, 22.07 £ 0.26 cm;
p < 0.001) and the culm length (YaL4, 49.32 £ 0.21 cm; WT, 82.90 = 0.56 cm; p <
0.001) of Ubi:OsY14a-RNAIi transgenic plants were significantly shorter as compared
to WT (Figure 3B and C). The decreased culm length was mainly due to the reduced
length of each internode. In particular, internode “V’ was absent in the OsY14a
downregulated transgenic plants. Furthermore, in comparison to WT (Figure 3D and
H), the florets developed bigger lemma and palea (Figure 3E and I; Table S2).
Furthermore, the epidermal cells on the lemma were significantly longer than the
wild-type (Figure 3F and G; Figure S4A). The female organs were fertile since they
could produce normal seeds when crossed with the wild-type pollen (Figure 3J and K;
Table S3). However, the stamen and its filament became pale and were shorter than
those in the WT (Figure 3L and M; Table S2). Cell size on the filament and stamen
became significantly smaller than wild-type (Figure 3N-Q; Figure S4B and C) and
resulted in reduced stamen and filament size. Pollen maturation was inhibited in the
transgenic plants as compared to WT (Table S2). A substantial proportion of pollen
grains in the transgenic plants (Figure 3S) were not stained dark blue using the
iodine-potassium (I2-Kl) staining method as compared to the wild type (Figure 3R)
further proving that pollen maturation was inhibited in the RNA.I lines. Germination
pole was normal, but pollen morphology was abnormal (Figure 3T-Y). YaL7 without

affecting OsY14a expression had no phenotypic defect (Figure S3A; Table S2).

OsY14b I s Required in Rice Embryonic Organogenesis and Development
Surprisingly, transgenic plants could not be regenerated from Ubi: OsY14b-RNA. lines
with extra effort (Table S1). The callus formation was normal (Figure S5A), and tiny
shoot-like structures were sometimes regenerated (Figure S5B). However, they were
not able to develop into plantlets and finally withered and died (Figure S5C). These
observations suggest that OsY14b is essential in shoot formation from the callus and
in early shoot development as evident from gene expression analyses (Figure 1). Five
independent calli with tiny green shoots were examined and were found to have

extremely low levels of OsY14b expression, whereas the expression levels of OsY14a,
9
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OsMAGO1 and OsMAGO2 were not affected (Figure S5D). The failure in plant
regeneration of OsY14b-RNAI suggested that downregulation of this gene was lethal

to the growth and developments of rice plants.

Two MAGO Genes Play a Redundant Rolein Rice Growth and Development
The 3’untranslated region (3’UTR) of OSMAGOL1 was first used to silence OSMAGO1
gene in rice (Table S1). Five of six Ubi:OsMAGO1-3’UTR-RNAI transgenic plants
(M1L1-M1L6) were associated with severe and specific downregulation of
OsMAGOL1 (Figure S3B). However, they did not produce any phenotypic variations in
comparison with wild-type (Figure S6; Table S2) indicating a potential functional
redundancy between OsSMAGO1 and OsMAGQO2. Therefore, we tried to use their
coding regions (CDS) to silence the two genes simultaneously (Table S1). Altogether
we characterized 13 independent transgenic rice lines for Ubi:OsMAGO1-CDS-RNAI
(5 lines) and Ubi: OsMAGO2-CDS-RNA.i (8 lines). Three lines (M2L1-M2L3) with
severely downregulated OsSMAGO2 were identified in Ubi: OSMAGO2-CDS-RNAI
transgenic plants (Figure S3D). The phenotypes of these three plants were not
different from wild-type (Table S2). However, six lines with severe and specific
downregulation of both OSMAGO1 and OsMAGQO2 were further obtained from
Ubi:OsMAGO1-CDS-RNAi (M1L7-M1L9) and Ubi: OSMAGO2-CDS-RNAI
(M2L4-M2L6) (Figure S3C and D). These transgenic plants showed dramatic
phenotypic variations (Table S2). These transgenic plants at heading stage were
smaller in size than wild-type. At the maturation stage, the panicle length (M1L7,
15.30 £ 0.14 cm; M2L6, 14.07 £ 0.20 cm; WT, 22.07 £ 0.26 cm; p < 0.001) and culm
(M1L7,54.67 £0.32 cm; M2L6, 48.38 £ 0.24 cm; WT, 82.90 £ 0.56 cm; p < 0.001)
of these transgenic plants were significantly shorter in comparison with wild-type

( Figure 4A and B). The decreased culm length can be attributed to the reduced length
of each internode; especially the I internode. Furthermore, these transgenic plants
lacked the V internode (Figure 4A and B). Compared with wild-type (Figure 4C), the
florets were bigger in the RNAI lines (Figure 4D and E). The increased lemma

resulted from an increase in cell expansion (Figure 4F-H; Figure S4A). The female
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organs looked normal and were fertile (Figure 41-K; Table S3), while the stamen and
its filament became significantly shorter than wild-type. Unlike the WT (Figure 4L),
one filament bearing two stamens often developed in these transgenic plants (Figure
4M and N; Table S2). Cells on The stamen and filament became smaller as compared
to the WT (Figure 40-T; Figure S4B and C). A substantial proportion of pollen grains
were not only immature as revealed by I,-KI staining (p < 0.001; Figure 4U-W; Table
S2) but were also deformed (Figure 4X-Z). The two rice MAGO genes are; therefore,
functionally redundant.

OsMAGO10sMAGO2 double knockdowns showed similar phenotypic variations as
observed in Ubi:OsY14a-RNA. plants, suggesting that these genes may exert their
roles through the MAGO-Y 14 heterodimers.

Rice MAGO and Y14 Exert Their Rolesin an Obligate Heter odimerization M ode
In order to evaluate the developmental roles of the MAGO-Y 14 heterodimers, we
generated OSMAGO10sMAGO20sY14a knockdowns (OsY14b was excluded due to
the lethality of single knockdowns) using the Ubi: OSMAGO1-CDS-OsY14a construct.
Seven rice RNAI lines (MYaL1-MYaL7) were analyzed, and six of them showed a
strong downregulation of OsMAGO1, OsMAGQO?2 and OsY14a (Figure 5A). These
triple gene knockdowns featured similar phenotypic variation as observed in the
knockdowns of either double OSMAGO10sMAGO2 or single OsY14a. The transgenic
plants were smaller in size than the wild-type (Figure 5B). Panicle lengths (MYaL2,
11.23 £ 0.11 cm; WT, 22.07 £ 0.26 cm; p < 0.001) and culm lengths (MYaL2, 43.90 =
0.23 cm; WT, 82.90 + 0.56 cm; p < 0.001) of these transgenic plants were
significantly shorter than the WT (Figure 5C and D). The decreased culm length can
again be attributed to the reduced length of each internode. The V internode was also
absent in these transgenic plants (Figure 5C and D). Compared to the wild-type, the
floret developed bigger lemma and palea (Figure 5E and F; Table S2) with bigger
cells (Figure 5G and H; Figure S4A). The female organs were normal (Figure 7K and
L; Table S3), whereas the stamen and its filament became pale and shorter as

compared to those in wild-type (Figure 5M and N; Table S2) with smaller cells
11
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(Figure 50-R; Figure S4B and C), suggesting a functional abnormality. A large
portion of pollen grains was immature (p < 0.001; Figure 5S-T; Table S2) and
deformed (Figure 5U and V). These findings verify that both rice MAGO and OsY14a
have important roles through heterodimerization in the same developmental pathways.

The essential role in male fertility was particularly investigated.

Downregulating MAGO or Y14 Causes Abnormal Pollen Development in Rice
RNA.I transgenic plants showed a decreased seed setting rate once MAGO and Y14
genes were downregulated (Table S2). However, their seed-setting rate was similar to
that of artificially pollinated wild-type plants when crossed with wild-type pollens
(Table S3) suggesting that the female functionality was not altered. Pollen maturation
and morphology were severely influenced in transgenic plants; therefore, the
abnormality in male fertility was established as a major cause for low seed-set rate. A
histological analysis in the stamen development was performed to further understand
the role of male sterility in seed-set. According to Zhang and Wilson (2009), the rice
anther development is divided into 14 stages. The developmental defects were not
detected in anthers unless the genes were downregulated until stage 8b. At this stage,
the tetrads with four haploid microspores were formed, the middle cell layer
degenerated, and the endothecium became narrower in all plants (Figure 6A-E). At
stage 9, the young microspores were released from the tetrads. The microspores in the
wild-type and Ubi: OSMAGO1-RNA. transgenic plants (M1L1) had large nuclei, and
homogeneous cytoplasmic constituents were densely stained (Figure 6F-G). On the
other hand, the RNAI knockdowns of OsSMAGO10sMAGO?2 double (M2L6), OsYl4a
single (YaL4) or OsSMAGO10sMAGO20sY14a triple gene (MYaL2), showed more
vacuolated microspores that stained less as compared to the wild-type (Figure 6H-J).
Specifically, typical falcate pollen grains were formed. At stage 10, the wild-type and
M1L1 tapetum appeared to undergo degradation. The microspores were larger and
more vacuolated as compared to the WT (Figure 6K and L). In the M2L6, YalL4 or
MYaL2 knockdowns, the vacuolated microspores were irregular and shrunken, the

tapetum became swollen and broken irregularly (Figure 6M-0). Thus, the anther
12
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lobes were filled with the debris of abolished microspores and cytosolic constituents
of the tapetum. At stage 13, the wild-type and M1L1 tapetal layer and the
endothecium were completely degraded, and round and densely stained mature pollen
grains were formed (Figure 6P and Q). This showed that the normal microspores
contain starch, lipids, and other storage metabolites, and they are important for pollen
viability and function. However, anther wall layers persisted at this stage in M2L6,
YalL4 or MYaL2 knockdowns. The entire endothecium and the partial tapetum were
maintained, and most of the pollen grains disintegrated into debris (Figure 6R-T), thus,
leading to defect in pollen maturation and morphology. Therefore, OsSMAGO1 and
OsMAGQ2, OsY 14a and their heterodimers OsSMAGOL (or 2)-OsY14a play an

important role in anther development.

Rice MAGO and Y14 Genes Affect Transcript Levels of Putative Target Genes

To determine the molecular basis of phenotypic variation in the knockdowns of rice
MAGO and Y14 genes, we investigated the effects of EJC disruption on the transcript
levels of randomly selected genes that were involved in vegetative, flower
development and embryogenesis. For this purpose, we designed gene-specific primers
flanking full coding region or covering all exons for each gene (Table S4). In RT-PCR,
the alteration of mMRNA abundance of the investigated genes without any defects in
splicing was predominant in Ubi: OsMAGO2-CDS-RNAI (M2L6), Ubi:OsY14a-RNAi
(YYaL4) and Ubi:OsMAGO1-CDSOsY14a-RNAi (MYalL2) with downregulation of
OsMAGO10sMAGO2 and OsY14a genes in comparison to wild-type and transgenic
controls (M1L1 with a severe downregulation of OsMAGOL and YaL7 without any
downregulation of OsY14a) (Figure S7). The genes showing the downregulation of
MRNA expression were: OsGA200x2 (gibberellic acid (GA) 20-oxidase 2; Qiao and
Zhao, 2011), OsGAMYB (a R2R3MYB transcription factor as a positive GA-signaling
component; Kaneko et al., 2004); OseUI (elongated upper most internode; Zhu et al.,
2006), OsCIPK23 (calcineurin B-like interacting protein kinase 23; Yang et al., 2008),
OsC6 (encoding a lipid transfer protein; Zhang et al., 2010a), OsTDR (tapetum

degeneration retardation; Li et al., 2006), OsCSA (carbon starved anther; Zhang et al.,
13
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2010b) and OsMST8 (monosaccharide transporter 8; Mamun et al., 2006). However,
the OsPTCL1 transcripts (persistent tapetal cell 1; Li et al., 2011) increased.
Furthermore, the mature mRNA expressions of some genes were not altered in these
knockdowns. These were: OsRBP (dsRNA binding protein; Tang et al., 2002),
OsRabb5a (Wang et al., 2010), OsGSR1 (GA-stimulated gene; Wang et al., 2009),
OsSIN (short internodes; Han et al., 2005), OsMSP1 (multiple sporocyte 1; Li et al.,
2011), OsINV4 (rice anther-specific cell wall invertase gene; Oliver et al., 2005),
OsLEAFY (NM_001060277), OsMADSI18 (Fornara et al., 2004), OsSMADS3 (Kang et
al., 1997) and OsACTIN1 (NM_001057621). Interestingly, multiple splicing products
of the OsUDT1 (undeveloped tapetum 1; Jung et al., 2005) gene were visible in the
downregulation mutants of OSMAGO10sMAGO?2 and OsY14a genes (Figure S7).

The expression of these genes was also investigated (highlighted in the red box,
Figure S7) in Ubi:OsY14b-RNAi callus (YbL1), which showed increased expression
of OsRBP in comparison to the WT. On the other hand, the mature transcripts of
OsEUI, OsCIPK23, OsGAMYB and OsCSA genes were severely downregulated, and
OsRabb5a, OsGSR1, OsSIN, OsMSP1, OsMST8 and OsACTIN1 expressions seemed to
be remained unchanged. The expression of other genes was not detectable in the

callus.

Rice MAGO and Y14 Regulate the Splicing of the OsUDT1 Transcripts

The occurrence of multiple splicing products of the OsUDT1 transcripts in the
knockdowns of the rice EJC genes (Figure S7) indicated that the splicing of this gene
was affected in these RNAI lines. In order to ascertain the nature of these transcript
species, we cloned and sequenced the RT-PCR products from both the wild-type rice
and Ubi: Y14a-RNAi plants. As compared with the expected mature transcripts, three
abnormal transcript species (type I, Il and 111) of the OsUDT1 gene were produced
(Figure 7A). Intron retention was observed in the Type | species, exon skipping events
occurred in the Type Il and 11 transcript species. Interestingly, the first exon was
mis-spliced resulting in different size of “the first intron” observed in the Type Il and

I11 transcript species. These results suggested that these EJC subunits play a critical
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role in faithful splicing of the OsUDT1 pre-mRNA.

To further evaluate this, we examined the expression level of the pre-mRNA and
MRNA of the OsUDTL1 gene by gRT-PCR using primers to amplify both intron-exon
and exon-exon junctions (Figure 7B and C). A reduction in the amount of the mature
OsUDT1 transcripts in transgenic plants M2L6, YalL4 and MYaL2 was apparent as
compared to the wild-type (Figure 7B). The variability of pre-mRNA levels over the
length of the OsUDT1 gene (Figure 7C) further suggested an abnormal splicing of the
OsUDT1 transcripts in knockdowns of rice EJC genes. We next synthesized the fusion
proteins of rice MAGO and Y14 with GST (Glutathione S-transferase), respectively,
and incubated them with pre-mRNA of 14 genes (see Methods). All of these fusion
proteins could specifically bind to the OsUDT1 pre-mRNA after elution as
demonstrated by saturated RT-PCR amplification (Figure S8). Surprisingly, we found
that the rice MAGO or Y14 proteins could bind to all regions of the OsUDT1
pre-mRNA when a high dosage of each pre-mRNA segment was incubated with each
GST-fusion protein (Figure 8A). To clarify this, we did competitive binding assays
through reducing the concentrations of the EJC subunits. Once a low concentration of
GST-OsMAGOL (Figure 8B) or GST-OsY14a (Figure 8C) was input, these proteins
competitively bound to “the first exon region’ of the OsUDT1 transcripts. Similar was
observed for GST-OsMAGO2 and OsY14b (Figure S9A and B). The capability of
binding to pre-mRNA, particularly the preferential binding to ‘the first exon region’,
might form a key basis for regulating the splicing of the OsUDT1 transcripts by these
EJC subunits.

DISCUSSION

MAGO and Y14 are the core components of EJC and play essential roles in the
post-transcriptional processes and organism development in animals. However, these
processes are poorly understood in plants. In the present study, we show the
divergence of rice MAGO- and Y14-duplicated gene pairs, and establish that they are
all essential to growth and development of multiple organs. Furthermore, divergent

expressions in response to stresses imply a clear divergence of these genes for
15
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adaptation. Moreover, the OsUDT1, a key regulatory gene in stamen development

was found to be a post-transcriptional splicing target of the EJC subunits in rice.

Functional Divergence of MAGO- and Y14-Duplicated Gene Pairsin Rice

We found that OsSMAGO1 and OsMAGO2 were highly conserved (> 93%) and their
genes had a similar and constitutive expression pattern during rice development.
Moreover, single-gene-knockdowns of either OSMAGO1 or OsMAGO?2 did not show
any phenotypic variation while obvious phenotypic deviations from the wild type
were observed in the double OSMAGO10sMAGO2 knockdowns. Therefore, both
OsMAGO1 and OsSMAGO2 are redundant in rice development (Figure 9). The
OsMAGO10sMAGO?2 knockdowns affected floral growth and showed retarded
vegetative growth. The lemma and palea in these knockdowns became larger while
the stamen and its filament became shorter. Furthermore, the organ size appeared to
correlate to cell size in these organs, indicating that rice MAGO could affect cell
expansion. These knockdowns further showed inhibited stamen development, altered
pollen morphology and inhibited pollen maturation process. The cytohistological
assays we conducted revealed that normal degradation and absorption of both
endothecium and tapetum were inhibited, thus, leading to defect in pollen maturation
and morphology. Defect in pollen development was also observed in haplessl
(atmago) and AtMAGO-RNA plants in Arabidopsis (Johnson et al., 2004; Park et al.,
2009), and in the knockdowns of Mv-MAGO in Marsilea vestita (Boothby and
Wolniak, 2011; van der Weele et al., 2007). However, the transgenic rice plants in our
study did not show any defects in the floral meristem and seed development as were
observed in Arabidopsis (Park et al., 2009). Thus, MAGO genes probably went
through functional conservation and diversification in plants.

Unlike the paralogous OsMAGOL1/2 gene pair, the OsY14a/b pair showed distinct
divergence that was supported by dramatic sequence variations (< 47%) and distinct
differential gene expression patterns during rice development. OsY14a had a broad
expression domain similar to that of the OSMAGOL/2 pair; therefore, severe

downregulation of this gene led to similar phenotypic variation as observed in
16
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OsMAGO10sMAGO2 double knockdowns. Contrastingly, OsY14b, was only
expressed in embryonic callus and earlier vegetative and floral development.
Moreover, OsY14b protein was under positive selection, and the two paralogs became
extensively diverged in their sequences (Gong et al., 2014). These facts together
support a specialization of function for this gene. Similar to the mutation in AtY14 in
Arabidopsis (Park et al., 2009), we also observed a lethal phenotype associated with
failure in shoot induction from the embryonic callus in downregulating OsY14b. Thus,
we concluded that OsY14b plays a key role in embryo development and early
embryonic organogenesis (Figure 9). This function could not be replaced by OsY14a,
suggesting that the two paralogous genes underwent dramatic functional divergence
after duplication.

Similar mutational phenotypic variations were observed in the knockdowns of
OsMAGO10sMAGO?2 or OsY14a, suggesting that they might exert their roles via
forming heterodimers. The role of MAGO-Y 14 heterodimer has not been
demonstrated possibly due to its lethality in a species having a single copy. Due to the
essential role of OsY14b, it is hard to reveal the developmental role of OsY 14b and its
heterodimers with OsSMAGO1 and OsSMAGO?2 in rice. Nonetheless, using RNAI
technology, we generated the triple gene (OSMAGO10sMAGO20sY14a)
downregulated mutants. These transgenic rice plants showed enhanced phenotypic
variations that occurred in Ubi: OSMAGO10sMAGO2-RNAI and Ubi:OsY14a-RNAI
plants. As demonstrated in animals (Mohr et al., 2001; Kawano et al., 2004; Parma et
al., 2007; Lewandowski et al., 2010), rice MAGO and Y14 form a complex to exert
their role in the same or related developmental pathways that control growth,

development and reproduction.

Rice MAGO and Y 14 Sdlectively Regulate the Splicing of the OsUDT1 Transcript
Abnormal growth and development in the transgenic rice plants can be attributed to
the abnormal expression of related genes. This was consistent with the previous
observation (Qiao and Zhao, 2011) that downregulation of OsGA200x2 reduced the

plant height in rice. The multiple defects in pollen development and male sterility are
17
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thought to be associated with abnormal expression of various genes, such as OsCSA
encoding an MYB domain protein that regulates sugar partitioning (Zhang et al.,
2010b), OsGAMYB (Kaneko et al., 2004), OsUDT1 (Jung et al., 2005), OsTDR (L. et
al., 2006) and OsC6 (Zhang et al., 2010a). Another rice gene, OsINV4, is involved in
sucrose accumulation and pollen sterility in rice (Oliver et al., 2005) while the gene
OsMSP1 controls early sporogenic development (Li et al., 2011). However, the
expression of neither of these genes was affected by downregulating the rice EJC
genes. Our observations also support that multiple regulatory pathways are involved
in pollen development in rice (Wang et al., 2013). The interconnections of exon
junction complex subunits are important for the correct gene expression in
Arabidopsis (Mufarrege et al., 2011). This is corroborated by our data, which shows
that rice EJC subunits may fulfill their essential roles by regulating a substantial set of
gene expression.

The altered expression levels of these genes are unknown; however, the altered
splicing of the OsUDT1 transcripts was clearly supported by the occurrence of
multiple splicing products of this gene in our rice EJC knockdowns. Additional
sequencing suggested that the regulation on the OsUDT1 transcript splicing by rice
MAGO proteins and OsY14a was fulfilled in a combined manner consisting of intron
retention, exon skipping and recognition of alternative splice sites in the first exon.
Furthermore, we found that OsMAGO1/2, OsY14a and their heterodimers could bind
to the OsUDT1 pre-mRNA, particularly at the first exon. In line with our observations,
the EJC subunits also control the transcript splicing of the mitogen-activated protein
kinase (MAPK) gene in Drosophila (Ashton-Beaucage et al., 2010; Roignant and
Treisman, 2010). In eukaryotic cells, a nonsense-mediated MRNA decay (NMD), as a
surveillance mechanism, eliminates mMRNAs that contain nonsense mutations or
acquire premature termination codons because of aberrant splicing (Chang et al.,
2007). Therefore, NMD is an effective safeguard for eliminating aberrant gene
expression (Chang et al., 2007; Chuang et al., 2013; Kalyna et al., 2012; Nyiko et al.,
2013). However, the aberrant OsUDT1 transcripts were specifically maintained

despite the deletions of the rice MAGO and Y14 genes. Contrastingly, the expression
18
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levels of most altered genes was affected either by down- or up-regulation, suggesting
a role for these EJC subunits in transcriptional regulation. Considering the nature of
these EJC subunits, the ancillary subunits might be essential for the transcriptional
regulatory role. This was shown by the interaction of PFMAGO with MPF2, a
MADS-domain regulatory factor in P. floridana (He et al., 2007). Alternatively, the
observed transcriptional regulation might be a consequence of the abnormal splicing
of the OsUDT1, an upstream regulator in network of male fertility in rice (Wang et al.,
2013). Nevertheless, further investigations in rice are required to support these
notions.

The expression of genes from various developmental pathways was affected by
downregulating rice MAGO and Y14 genes, suggesting no specificity of the EJC
targets in rice. However, not all monitored gene expression was altered on disruption
of either MAGO or Y14 genes in rice, suggesting that the gene expression in general
does not require the EJC, hence arguing the specificity and priority of the EJC targets
in rice. However, in animals the EJC is proposed to bind to intron-containing genes
(Le Hir et al., 2000), and the intron length determines the EJC’s effect on splicing in
Drosophila ssp. (Ashton-Beaucage et al., 2010; Roignant and Treisman, 2010). The
presence of the alternative splicing sites within the large introns containing repetitive
sequences could interfere with the splicing of the introns they occupy (Ponicsan et al.,
2010). However, bias for long introns in human target units was not detected
(Michelle et al., 2012), nor was found in rice (Table S4). The target specificity of the
rice EJC subunits is not clear yet, but the OsUDT1, the upstream key regulator for
male fertility (Jung et al., 2005), is apparently the direct target for the rice EJC
subunits. The discrepancy and diversity of mechanisms for EJC target selection
between different species suggest that they act in a species-specific evolutionary

mode.

Therefore, our study suggests that MAGO and Y14 genes were separately duplicated
in cereals, and their sequence divergence shaped their functional evolution.

OsMAGO1 and OsY14a partitioned their fundamental roles in growth, development
19
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and reproduction through specific regulations of gene expression in rice, while
OsY14b specialized in embryo organogenesis (Figure 9). Moreover, both OSMAGO2
and OsY14b evolved to be sensitive to external changes. These findings in rice
implicate the importance of these EJC genes in cereal development and adaptive

evolution.

MATERIALSAND METHODS

Plant M aterials

The rice O. sativa L. cv. *Zhonghua 10’ and its transgenic plants generated in the
present work were cultivated in a growth chamber under short-day conditions (10/14
hrs light/dark cycle with 28/25°C accordingly) with a relative humidity of 50 per cent.
Nicotiana benthamiana plants were grown in an incubator (RXZ-380C, Ningbo,
China) under long-day conditions (16/8 hrs light/dark cycle) with a constant

temperature of 22°C.

Abiotic Stressesand Hormonal Treatments

For abiotic stresses, 12-day-old rice seedlings on 1/2 MS were irrigated with 20%
Mannitol or 200 mM NaCl solution. Hot or cold stresses were provided by placing the
seedlings in an incubator maintained at 4 or 42°C, respectively. Seedlings were
sampled at 0, 1, 4, 8, 12, 24, 36 and 48 hrs after treatments. For hormonal treatments,
seedlings were treated with 100 uM ABA (abscisic acid), 1 uM BR (brassinolide), 10
UM GA; (gibberellic acid 3), and 10 uM IAA (indole-3-acetic acid), respectively, and
then sampled at 0, 1, 3, 8 and 24 hrs. ABA (A1049), BR (E1641), GA; (G7645), and
IAA (12886) were purchased from Sigma-Aldrich (Sigma, St. Louis, USA).

RT-PCR Analyses

Total RNA from the tissues indicated was isolated using the Trizol Kit (Invitrogen,
USA), and then treated with RNase-Free DNase (Promega, USA) to remove genomic
DNA contamination. First-strand cDNA was synthesized using the MLV RT-PCR Kit

(Invitrogen, USA) in a 20.0 pl reaction with the oligo (dT)17 primer. qRT-PCR was
20
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performed using the SYBR Premix Ex Tag™ (Tli RNaseH plus) Kit (Takara, Dalian,
China) in an Mx3000P™ Real-Time PCR instrument (Stratagene, Germany) in a final
25.0 pL volume. The reactions were performed at 95°C for 30 s, 40 cycles of 95°C for
5s, and 60°C for 40 s, and then 60 s at 95°C, 30 s at 60°C and 30 s at 95°C , and one
cycle for melting curve analysis. Experiments were performed using three
independent biological samples. The mean and standard deviation are presented.

Semi-quantitative RT-PCR was performed using the ExTaq system (Takara, Dalian,
China) in a final 25.0 pl volume. The reactions were performed at 95°C for 3 min, 24,

or 28 or 30 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 2 min, and 72°C for 10
min. The PCR products were separated on a 1.2% agarose gel. A typical gel from
three experiments of independent biological samples is presented. OSACTIN1 gene

was used as an internal control.

Plasmid Construction

The cDNAs containing open reading frames (ORFs) were cloned into the pGEM-T
EASY vector (Promega, USA) and sequenced (Gong et al., 2014). To generate
constructs for RNAI, each coding region of OsSMAGO1 and OsMAGO2, 3' UTR of
OsMAGO1, and the gene-specific fragment of OsY14a or OsY14b was respectively
inserted into the vector pTCK303 driven by the ubiquitin promoter (Wang et al., 2004)
to make the pTCK303-OsMAGO1CDS pTCK303-OsMAGO2CDS,
pTCK303-OsMAGO1-3'UTR, pTCK303-OsY14a and pTCK303-0OsY14b plasmids.
The pTCK303-OsMAGO1CDS-OsY14a was also made for triple gene knockdowns.
For subcellular localization, the ORF of rice MAGO and Y14 was cloned into the
expression vector pPCAMBIA1302 to generate pPCAMBIA1302-OsMAGO1,
pCAMBIA1302-OsY14a and pCAMBIA1302-OsY14b using primers with restriction
digestion sites Nco | and Spe I. The ORF of OSMAGO2 was cloned into expression
vector pSuper 1300 to generate pSuper 1300-OsMAGQO?2 using gene-specific primers
containing Xba | and BamH | cutting sites. For the bimolecular fluorescence

complementation (BiFC) experiments, the ORFs from rice MAGO and Y14 were
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cloned into the pSPY353NE and pSPY35SCE vector (Walter et al., 2004) to generate
pPSPYNE/CE-OsMAGOQOL, pSPYNE/CE-OsMAGO2, pSPYNE/CE-OsY14a and
pPSPYNE/CE-OsY14b, respectively. Glutathione S-Transferase (GST) fusion proteins
were produced by inserting the ORF of rice MAGO and Y14 into the pGEX-4T vector
to generate pGEX-4T-OsMAGO1, pGEX-4T-OsMAGO2, pGEX-4T-OsY14a and
pPGEX-4T-OsY14b, respectively.

Sequencing Analyses and Primer Synthesis

All constructs (made) and products of the RT-PCR assays were commercially
sequenced. The primers used in the present work (shown in Table S5) were
commercially synthesized by the Beijing Genomic Institute and by Taihe

Biotechnology (Beijing, China).

Rice Transgenic Analyses
Rice embryonic calli were induced from germinated seeds on NgD> solid medium and
inoculated with Agrobacterium tumefaciens EHA105 as previously description (Xu et

al., 2005). Plantlet regeneration rate was summarized in Table S1.

Yeast Two-Hybrid Assay

The indicated combination of the bait and prey plasmids was co-transformed into the
yeast strain AH109. The non-lethal 3-galactosidase activity was performed on the
SD/-Trp-Leu-His-Ade plates. The o-nitrophenyl-f-D-galactoside (ONPG) was used as
a substrate to quantify the interacting affinity. The procedures described in Yeast

Protocols Handbook (Clontech, Mountain View, USA) were followed.

Transient Protein Expression Analyses

For subcellular localization, the derived pCAMBIA1302 constructs were first
transformed into the A. tumefaciens EHA105 cells, and then introduced into the
epidermal cells of N. benthamiana by agroinfiltration. The empty GFP vector

(pCAMBIA1302) was infiltrated as a control. For BiFC assay, the resulting
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pSPY35SNE and pSPY35SCE plasmids were transformed into A. tumefaciens EHA105,
respectively, and then the NE- and CE-fused proteins were co-expressed in the
epidermal cells of N. benthamiana by agroinfiltration (Walter et al., 2004). The GFP
or YFP signal was observed under a confocal laser scanning microscope (Olympus
FV1000 MPE, Japan). The YFP signal intensity was quantified using ImageJ
(http://rsb.info.nih.gov/nih-image; Abramoff et al., 2004).

Anther Histochemical and Microscopic Analysis

For anther cytohistological assay, the spikelets of various anther developmental stages
were fixed with FAA (70% ethanol: 5% glacial acetic acids: 3.7% formaldehyde) for
24 h at room temperature. Fixed anthers were dehydrated through an ethanol series,

and then embedded into Spurr’s resin (Sigma-Aldrich, St. Louis, USA) and
polymerized at 60°C for 24 hrs. The sample blocks were sectioned into 1 um thick

slices with a microtome (Leica ultracut R, Germany) and stained with 0.1% toluidine
blue O (Merck, Darmstadt, Germany). Pollen from mature anthers was dissected into
a drop of iodine/potassium iodide solution. The images were captured with a Zeiss
Imager Al Digital Camera System (Zeiss, Germany). For scanning electron
microscopic (SEM) analyses, lemma, anthers and filaments from mature florets were
fixed using FAA. Then they were dehydrated through an ethanol series followed by
replacing them with an isoamy! acetate series and drying with liquid carbon dioxide.
Images were captured with a scanning electron microscope (Hitachi S-800, Japan) at
10 KV. Florets and organs were photographed using a Nikon SMI 1000 microscopic
digital camera. Organ and cell size was measured by using the software Carl Zeiss

Vision Axiovision Rel. 4.7 (http://microscopy.zeiss.com).

GST-Fusion Protein I nduction and Abstraction
The GST fusion protein plasmids and the empty pGEX-4T-1 vector were transformed
into E. coli Rosetta (DE3) (TransGen, China), and protein expression was induced by

a certain concentration of IPTG. The soluble GST fusion proteins were extracted and
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immobilized onto glutathione sepharose beads (Amersham Biosciences, USA).

Pree-mRNA Binding with GST-Fusion Proteins

Genomic sequence of each gene was amplified using PCR amplification, and was
constructed into T-plasmid (pEASY-T1 or pEASY Blunt Zero vector, TransGen). Sense
pre-mRNA was transcribed from the plasmid after linearization by T7 promoter (In
Vitro Transcription T7 Kit, Takara, Dalian, China). The pre-mRNA binding with
GST-fusion proteins was performed as previously described (Ramasamy et al., 2006).
To search the pre-mRNA target of rice MAGO and Y14, 250 ng each pre-mRNA was
incubated with 1 ug of each GST-fusion protein. For a competitive binding assay, 125
ng of each intron and exon pre-mRNA were mixed and incubated with different
concentrations (2 nug, 1 ug and 0.5 ug) of each GST-fusion protein as indicated.
Reverse transcription of purified pre-mRNA was performed by random primer
(Hexadeoxyribonucleotide mixture, pd(N)s; Takara, Dalian, China) and used for

RT-PCR to detect each interacted pre-mRNA with GST fusion protein.

Supplemental Data

The following materials are available in the online version of this article.
Figure S1. Gene Expressions of Rice MAGO and Y14 under Different Types of
Stresses.

Figure S2. Interaction of Rice MAGO and Y14 Proteins in Yeast.

Figure S3. Genotyping Analyses of the RNAI Transgenic Rice Plants.

Figure $4. Variation in Cell Size in the Wild Type and Transgenic Rice Plants.
Figure Sb. Ubi: OsY14b-RNAI Transgenic Rice Plants.

Figure S6. Phenotype of OsMAGO1-3' UTR-RNAI Transgenic Rice Plants.
Figure S7. Gene Expression Profiles in the Transgenic Rice Plants.

Figure S8. Rice MAGO and Y14 Specifically Bind to the OsUDT1 Pre-mRNA.
Figure S9. OsMAGO2 and OsY14b Proteins Bind to the OsUDT1 Pre-mRNA.
Table S1. Transformation of Rice RNAI Lines.

Table S2. Phenotypic Variations in RNAI Transgenic Rice Plants.
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Table S3. Ovary Fertility Alteration in Transgenic Rice Plants.
Table $4. Gene Information Used in Expression Studies.

Table Sb. List of Primers Used in the Present Study.
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Figure Legends

Figure 1. Expression Patterns of Rice MAGO and Y14 Genes during Rice
Development.

Callus: 2-week-old on 1/2 MS medium; Shoots (S1-S7): 1- to 7-day-old seedlings
(without roots) on 1/2 MS medium; Roots: 12-day-old seedlings on 1/2 MS medium;
Leaf: flag leaves of mature plants at heading stage; G-L-L (mixture of glumes,
lemmas and lodicules); Stamen and Pistil from mature florets; Em1-Em12: embryo at
1, 3, 6 and 12 days after fertilization. OSACTIN1 was used as an internal control. The
expressions were detected with three independent biological samples. The expression
for each gene in S7 was set to 1. The average expression and the standard deviation

are presented.

Figure 2. Transient Expression of the Rice MAGO and Y14 Proteins.

(A-E) Subcellular localization. Expression of the fusion protein (A) OSMAGO1-GFP,
(B) OsMAGO2-GFP, (C) OsY14a-GFP and (D) OsY14b-GFP. (E) Expression of GFP
protein as a control. Bars = 50 um. (F-J) Rice MAGO-Y 14 heterodimerization
revealed in bimolecular fluorescence complementation assays. Co-expression of (F)
OsMAGOL1-YFPc and OsY14a-YFPn, (G) OsSMAGO2-YFPc and OsY 14a-YFPn, (H)
OsMAGOL1-YFPc and OsY14b-YFPn, and (I) OsSMAGO2-YFPc and OsY14b-YFPn.

The detection of YFP signals indicates an interaction of the combined proteins. (J)
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Co-expression of YFPc and OsY14a-YFPn proteins as a negative control. Bars = 50
um. Quantification of fluorescence intensity of YFP signals in nucleus (Nu) and

cytoplasm (Cp) is presented for each merged image. N, numbers of cells quantified.

Figure 3. Phenotypic Comparisons of the Wild-Type and OsY14a-RNAi Transgenic
Rice Plants.

(A) Rice plants at heading stage of wild-type (WT, left) and OsY14a-RNAi line 4
(YYaL4, right). Bars = 20 cm. (B) Internodes (I-V) and panicle of WT and YalL4 after
seeds maturation. Bars = 20 cm. (C) Size quantification of the internode (I to V, where
| is the uppermost) and panicle (Pa) between WT and YaL4. The significance was
evaluated by two-tailed t-test. * indicates P < 0.05, and ** indicate P < 0.01. (D and E)
Floret of WT and YalL4. Bars = 1 mm. (F and G) Epidermal cells on lemma of WT
and YaL4 with SEM. Bars =50 pm. (H and I) Artificial opened floret of WT and
YalL4. Bars = 1mm. (J and K) Pistil of WT and YalL4. Bars = 1 mm. (L and M) Stamen
of WT and YaL4. Bars = 1 mm. Glumes (Gl), lemma (Le), palea (Pa), stamen (Sta),
anther (An), filament (Fi), pistil (Pi), stigma (Sti) and ovary (Ov) are indicated in D, E
and H-M. (N and O) Cells on filament of WT and YaL4 with SEM. Bars =50 um. (P
and Q) Cells on anther of WT and YalL4 with SEM. Bars = 50 um. (R and S) The
I,-K1 staining pollen grains of the WT and YaL4. (T-W) Pollen of WT and YaL4 as
seen with SEM in different magnifications. Bars = 200 um in (T and U), 20 um in (V
and W). (X and Y) Germ pore of WT and YalL4 with SEM. Bars = 20 pm.

Figure 4. Phenotypic Variations in OSMAGO10sMAGO2 Downregulated Transgenic
Rice Plants.

(A) Internodes (1-V) and panicle comparison of the wild type (WT, left), M1L7

(Ubi: OSMAGO1-CDS-RNAI, middle) and M2L6 (Ubi:OsSMAGO2-CDS-RNAI, right)
after seed maturation. Bars = 20 cm. (B) Size quantification of the internode (I to V,
where | is the uppermost) and panicle (Pa) between WT, M1L7 and M2L6. The
significance was evaluated by two-tailed t-test. ** indicate P < 0.01. (C-E) Floret of

WT, M1L7 and M2L6. Bars = 1 mm. (F-H) Cells on lemma of WT, M1L7 and M2L6
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with SEM. Bars = 50 um. (I-K) Pistil of WT, M1L7 and M2L6. Bars = 1 mm. (L-N)
Stamen of WT, M1L7 and M2L6. Bars = 1 mm. Anther (An), filament (Fi), stigma
(Sti) and ovary (Ov) are indicated in I-N. (O-Q) Cells on filament of WT, M1L7 and
M2L6 with SEM. Bars = 50 pm. (R-T) Cells on anther of WT, M1L7 and M2L6 with
SEM. Bars = 50 pm. (U-W) The I,-KI staining pollen grains of the WT, M1L7 and
M2L6. (X-Z) Pollen of WT, M1L7 and M2L6 with SEM. Bars = 20 pm.

Figure 5. Phenotypic Variations of OSMAGO10sMAGO20sY14a Downregulated
Transgenic Rice Plants.

(A) Gene expression in Ubi:OsMAGO1-CDS-OsY14a-RNAi transgenic lines.
Hygromycin gene expression (HYG) detected by RT-PCR. OsACTIN1 was used as an
internal control. Three independent biological samples were used for detecting
expression. The expression for each gene in wild-type (WT) was set to 1. The average
expression and the standard deviation are presented. (B) Rice plant at heading stage of
WT (left) and MYaL2 (OsSMAGO10sMAGO20sY14a knockdown, right). Bars = 20
cm. (C) Internodes (I-V) and panicle of WT (left) and MYaL2 (right) after seed
maturation. Bars = 20 cm. (D) Size quantification of the internode (I to V, where 1 is
the uppermost) and panicle (Pa) between WT and MYaL2. The significance was
evaluated by two-tailed t-test. * indicates P < 0.05, and ** indicate P < 0.01. (E and F)
Floret of WT and MYaL2. Bars =1 mm. (G and H) Cells on lemma of WT and
MYaL2 with SEM. Bars = 50 um. (I and J) Artificial opened floret of WT and MYaL2.
Bars =1 mm. (K and L) Pistil of WT and MYaL2. Bars =1 mm. (M and N) Stamen of
WT and MYaL2. Bars =1 mm. Glumes (GI), lemma (Le), palea (Pa), stamen (Sta),
anther (An), filament (Fi), pistil (Pi), stigma (Sti) and ovary (Ov) are indicated in E-N.
(O and P) Cells on filament of WT and MYaL2 with SEM. Bars = 50 um. (Q and R)
Cells on anther of WT and MYaL2 with SEM. Bars =50 um. (Sand T) The I>-KI
staining pollen grains of the WT and MYaL2. (U and V) Pollen of WT and MYaL2
with SEM. Bars =20 pm.

Figure 6. Transverse Sections of Anthers in Wild-Type and Downregulated Mutants.
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Four stages of anther development in wild-type (WT) and transgenic plants were
compared. Images in (A, F, K and P) are WT; (B, G, L and Q) are the OsMAGO1
downregulated plant M1L1; (C, H, M and R) are the OsMAGO1/2 downregulated
plant M2L6; (D, I, N and S) are the OsY14a downregulated plant YalL4; (E, J, Qand T)
are the OSMAGO10sMAGO20sY14a downregulated plants MYaL2. (A-E), stage 8b;
(F-J), stage 9; (K-O), stage 10; (P-T), stage 13. Ep, epidermis; En, endothecium; Tds,

tetrads; Ta, tapetum; Msp, microspore; Mp, mature pollen. Bars = 50 pum.

Figure 7. Rice MAGO and Y14 Affect the OsUDT1 Transcripts.

(A) The OsUDTL transcript species from the knockdowns of the EJC genes. The
pre-mRNA and mature mRNA are given as controls. Grey rectangles, UTRs; white
rectangles, exons/E; straight lines, introns/l. The numbers represent the length of the
5’UTR and E1. Three abnormal transcript species were obtained: | type; the first
intron was retained because of the GC-AG boundary, Il type, lacking partial E1 and
entire E3, and Il type, lacking partial E1, the whole E2 and E3. (B) The OsUDT1
mature mRNA level is reduced in knockdowns of rice EJC genes. Primers spanning
each exon-exon junction were used in qRT-PCR. (C) Pre-mRNA variations of the
OsUDT1 gene in knockdowns of rice EJC genes. The total RNAs from the
inflorescence of the wild-type (WT) and three RNAI lines M2L6, YalL4 and MYaL2
as indicated were used for qRT-PCR using primers spanning each exon-intron
junctions. In B and C, the MADS-box gene OsSMAGO18 was used as a control. Three
independent biological samples were used, and error bars represent standard
deviations. The significance was evaluated by two-tailed t-test. * indicates P < 0.05,

and ** indicate P < 0.01.

Figure 8. Rice MAGO and Y14 Bind to the OsUDT1 Pre-mRNA.

(A) Pre-selection of binding region. Saturated RT-PCR was performed using each
exon (E) and intron (1) pre-mRNA from the GST-fusion protein beads indicated. The
“No template” and “pre-mRNA” were used as negative controls, while the plasmids

and cDNAs were used as positive controls. 1 ug GST, Glutathione beads (GST-Beads),
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GST-MAGO and GST-Y 14, were incubated with 250 ng of the pre-mRNAs as
indicated. (B and C) Pre-mRNA competitive binding assays. The mixture of each
exon (E) and intron (I) pre-mRNA fragment (125ng each) was incubated with the
indicated concentrations of GST-OsSMAGOL1 (B) or GST-Y 14a (C). Relative enriched
level of the bound pre-mRNA was shown by gRT-PCR assays. The bound E1
pre-mRNA level was set to 1. Each experiment was performed with three independent

samples, and error bars represent standard deviations.

Figure 9. Functional divergence of OsSMAGO1/2 and OsY14a/b in rice.

M1/2 and Ya/b are abbreviated from of OsSMAGO1/2 and OsY 14a/b. Solid patterns:
wild-type M1/2 or Ya/b; dotted patterns: mutants m1/2 and ya/b (null or knockdown).
Blue lines represent heterodimerization. Only the preferential heterodimerizations are

shown.
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