












sacs from PRP8Aa;bb pistils showed no or reduced expression in
the synergid and egg cells (Fig. 5J,K). Remarkably, of the prp8a
prp8b ovules with reduced FGR7.0 expression, 4.9±5% (n=64/
1288) showed higher FGR7.0 expression in the central cell than in
synergid cells, and the egg cell appeared to adopt the expression of
either the synergid or the central cell marker and lost EC1-mCherry
expression (Fig. 5K). These results imply that PRP8A and PRP8B
could redundantly function in regulating gene expression and
defining correct cell fate specification during ovule maturation.

RNA sequencing reveals splicing defects and deregulated
gene expression in prp8a prp8b ovules
The fact that the prp8a prp8b double mutant did not show
pleiotropic effects suggests that PRP8A and PRP8B are not
strictly constitutive regulators of the splicing machinery. To

unveil the extent of affected genes and define the molecular
phenotype following prp8a prp8b knockdown, we isolated RNA
from dissected ovules of PRP8Aa;bb pistils and conducted
150 bp paired-end RNA sequencing (RNA-seq) transcript
profiling. We analyzed differential gene expression (DGE),
intron retention (IR) and differential exon usage (DEU) relative
to wild-type ovules. Pearson pairwise correlation clustering
confirmed reproducibility of the replicates for individual RNA-
seq libraries (Fig. 6A). Using DESeq2 R studio with a false-
discovery rate (FDR) of <1%, RNA-seq data revealed that 764
genes (2.9%) were classified as downregulated and 779 genes (3%)
were upregulated in prp8a prp8b ovules (Fig. 6B). At a Log2 fold
change of >2 and P<0.05, 321 genes were considered downregulated
and 163 genes were classified as upregulated in prp8a prp8b ovules
(Fig. 6B; Tables S3, S4).

Fig. 5. Embryo sac morphology and expression of cell-fate markers is impaired in prp8a prp8b mutant ovules. (A) Superimposed cartoon summarizing
themorphological defects of the prp8a prp8b embryo sac. (B-F) Representative DIC images of ovules dissected fromwild-type andPRP8Aa;bb pistils at stage 13
of flower development. The embryo sac is highlighted in pink and its vicinity to the micropyle entry (turquoise) is marked by the red T-bone lines. Note the
changes in morphology and distance of the embryo sac to micropyle entry. (G) Quantification of classes of defective embryo sac observed. (H) Optical sections
from confocal laser scanning microscopy. Autofluorescent nuclei of each cell type of the female gametophyte are shown. Lower panels are at 3× magnification.
(I) Frequencies of number of nuclei in wild-type and double mutant prp8a prp8b embryo sac at stage 13. (J) Representative expression of triple cell fate
reporter markers FGR7.0 in wild-type mature ovules showing strong expression in synergid cells (open triangles), weak expression in the central cell (filled white
triangles) and EC1-mCherry expression in the egg cell (asterisk). (K) In contrast, FGR7.0 expression is misregulated in prp8a prp8b ovules showing
either no expression or stronger expression in the central cell and a loss of egg cell fate in some ovules. Graphs are quantification of FGR7.0 expression in
control wild-type and double mutant PRP8Aa;bb genotypes. A question mark indicates unknown cell fate of the egg cell, expressing either the synergid or the
central cell marker. Data aremean±s.d. (n=35). *P<0.05, **P<0.01, ***P<0.001 (Student’s t-test). CN, central cell nucleus; EN, egg cell nucleus; m,micropyle; SN,
synergid cell nucleus; V, vacuole. Scale bars: 50 µm.
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Analysis of the RNA-seq datawith the IRFinder platform identified
629 genes (2.9%) that showed >twofold significant IR in prp8a prp8b
ovules compared with wild-type ovules (Fig. 6C). Of these, 55%
showed reduced IR, whereas 45% showed increased IR events in
prp8a prp8b ovules (Fig. 6B; Tables S5, S6). Analysis of DEU
using DEXSeq R script (Anders et al., 2012) revealed 220
genes that showed significant DEU in prp8a prp8b ovules,
indicating pre-mRNA mis-splicing in prp8a prp8b ovules (Fig. 6D,
E; Tables S7-S9). Collectively, the RNA-seq data analyses suggest
that PRP8A/PRP8B participates in the pre-mRNA splicing of only the
subset of genes that are expressed in ovules.

PRP8AandPRP8Bco-regulate expression ofMYB98andCRP
genes
To investigate at the molecular level the likely cause of prp8a prp8b
defects in pollen tube attraction, we analyzed the RNA-seq data for
the expression of genes encoding CRPs, DEFLs, Rapid
alkalinization factors (RALFs), MLO proteins and transcription
factor MYB98, a family of genes that have been implicated to
mediate pollen tube attraction and reception (Dresselhaus et al.,
2016; Wang et al., 2017; Higashiyama and Yang, 2017; Leydon
et al., 2017). In prp8a prp8b ovules, 55 genes belonging to the CRP
family were mis-expressed, representing 11% of the total mis-
expressed genes in prp8a prp8b ovules (Fig. 7A). Of these, 34
genes encode proteins belonging to the low molecular weight CRP
subfamily and 21 encode the DEFL protein subfamily (Fig. 7A). Of
the 34 mis-expressed low molecular weight CRPs, 8 genes (24%)
were upregulated by up to fivefold and the remaining 26 genes
(76%) were downregulated by up to sevenfold (Fig. 7A). Of the 21
DEFL subfamily genes, all were downregulated by up to sixfold in
prp8a prp8b ovules (P<0.05, Fig. 7A). Of note, all of the LURE
genes, AtLURE1.1-1.5, were downregulated in prp8a prp8b ovules
(Fig. 7A). Similar analysis using edgeR (Robinson et al., 2010)
consistently revealed downregulation of LURE1.1 by 1.3 Log2 fold
and LURE1.2-1.5 by >2 Log2 fold (P<0.05) in prp8a prp8b ovules.

LURE gene expression is controlled by synergid cell-specific
MYB98 transcription factor, which is itself under the regulation of
central cell-specific CCG (Chen et al., 2007) and CBP1 (Li et al.,
2015). Analysis of our RNA-seq data reliably detected
downregulation of MYB98 and upregulation of CBP1 in
PRP8Aa;bb-derived RNA-seq expression in all three replicates
(Fig. 7C). To support this observation, we monitored the expression
of MYB98pro-NLS::GFP and MYB98pro-PM::GFP decorating
synergid cell nuclei and the plasma membrane, respectively, in
prp8a prp8b ovules. In contrast to 90.2±5% (n=121/134) of
positively expressing ovules in wild-type controls, live cell imaging
revealed complete downregulation of MYB98pro-NLS:;GFP
expression in the synergid cell nuclei of ∽46.9±4% (n=444/946)
ovules from PRP8Aa;bb dissected pistils, representing the prp8a
prp8b double mutant population (Fig. 7D). We obtained similar
results using proMYB98pro-PM:;GFP. Mutants myb98, ccg1 and
cbp1 all result in downregulation of CRPs including LURE gene
expression (Okuda et al., 2009; Li et al., 2015). Furthermore, all
members of the Egg Cell 1 family were also downregulated in
prp8a prp8b ovules (Fig. 7C). These results suggest that
downregulation of MYB98 is probably the reason why
downregulation of LURE and other CRPs impacts pollen tube
further circumventing prp8a prp8b ovules from any successful
gamete fusion and fertilization.

The RALF gene family was recently shown to regulate pollen tube
guidance and homeostasis (Mecchia et al., 2017; Ge et al., 2017). In
prp8a prp8b, RALF20 was more than fivefold upregulated, whereas
RALF21, RALF28 and RALF29 were up to fivefold downregulated
(Fig. 7A). Two MLO genes were also identified, MLO6 was
approximately fourfold upregulated and MLO12 was twofold
downregulated (Fig. 7A). However, the promoter activities of
MLO6 and MLO12 were not active in ovules and were only
detected in stigma and style, respectively (Davis et al., 2017).

We then tested whether AtLURE1.1-1.6, FERONIA (FER) and
LORELEI (LRE) genes could be mis-spliced in prp8a prp8b ovules.

Fig. 6. prp8a prp8b molecular phenotype revealed by RNA-seq. (A) Clustering of the ovule transcriptome samples based on Pearson pairwise correlation.
(B) DGE in prp8a prp8b mutant ovules analyzed using DESeq2 and independently complemented with edgeR analysis with P<0.05. (C) Frequency of IR
in prp8a prp8b ovules assessed using IRFinder pipeline at FDR<5%. (D) MA plot of fold change of exon usage versus averaged normalized counts per exon. Red
dots are exons with significant DEU at adjusted P<0.1.
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Intron profiling by semiRT-PCR and a test for the frequency of exon
usage (DEU) and IR events revealed no significant alterations in
pre-mRNA processing of LUREs, FER or LRE in prp8a prp8b
ovules (Fig. 7B; Fig. S3).
It is also evident that protein secretion and the endomembrane

system play pivotal roles in pollen tube guidance (von Besser et al.,
2006; Li et al., 2011; Hafidh et al., 2016b). We therefore extended
our RNA-seq analysis to include genes of the secretory pathways.
Analysis of IR frequency revealed a plethora of secretory pathway
genes to be aberrantly spliced in prp8a prp8b mutant ovules.

Among them were genes involved in ER-Golgi transport (GRIP),
Golgi-vacuole transport for sorting (DRP2A and VSR-1), Golgi-
plasma membrane transport and exocytosis (SFH3/SEC14 and
EXO70) (Fig. S4). Additional secretory genes were identified as
showing statistically significant DEU compared with wild-type
controls, including SFH3, Got1/SFT2, DUF ER vesicle transporter
(AT1G36050) and AtRABC2b (Fig. S4). In summary, our RNA-seq
data revealed downregulation of upstream regulators of LURE gene
expression and a plethora of other CRPs as well as aberrant splicing
of key secretory pathway genes in prp8a prp8b ovules, which might

Fig. 7. MYB98, LUREs and several CRPs are downregulated in prp8a prp8b ovules. (A) DESeq2 differential gene expression RNA-seq analysis reveals
several misregulated CRPs at Log2 >twofold, with FDR <5%. Note, however, only four of the CRP genes could be mapped toWuest et al. (2010) embryo sac cell-
specific transcriptome and are all expressed in all three cell types – central cell (CC), egg cell (EC) and synergid cells (SY). (B) Intron profiling by semi-qRT-PCR
validated that PRP8A/PRP8B does not regulate splicing of LURE genes, LORELEI or FER in ovules. (C) Normalized ovule RNA-seq data reveals reduced
expression of EC1 family members, MYB98 pollen tube attractant and overexpression of CBP1 in prp8a prp8b ovules. (D) Validation ofMYB98mis-expression in
prp8a prp8b ovules with MYB98pro-NL::GFP and MYB98pro-PM::GFP (plasma membrane). Insets show GFP-bright-field merged image. Graphs show
frequency of ovules with GFP expression (left) and those with no detectable expression (right) in respective genotypes. Scale bars: 50 µm.
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impair secretion of CRPs and therefore exacerbate the pollen tube
attraction defects of prp8a prp8b ovules.

PRP8A/PRP8B splicing activity targets more central cell
expressed genes
To investigate whether there is a cell-biased effect within the
embryo sac following prp8a prp8b loss of function, we mapped all
of the affected genes from IR, DGE and DEU to the female
gametophyte RNA-seq transcriptome from Wuest et al. (2010). Of
the 629 genes showing IR in prp8a prp8b ovules, 567 (90%) could
be mapped to the female gametophyte transcriptome, of which 214
IR genes (34%) were classified as reliably expressed in all three
replicates in at least one female gametophyte cell type – synergid

cell, central cell or egg cell (Fig. 8A; Supplementary Dataset 2B).
We observed that 79 genes (36.9%) with significant IR were central
cell-specific, 38 genes (17.8%) were egg cell-specific and no genes
with significant IR were identified to be synergid cell-specific
(Fig. 8A; Supplementary Dataset 2B). This distribution implies that
prp8a prp8b splicing defects impact central cell expressed genes
twice as much as egg cell encoded genes. In comparison, of the 484
genes that showed significant DGE, 280 genes (58%) could be
mapped to the female gametophyte transcriptome (Fig. 8A). Of
these, 43 genes (8.9%) were reliably expressed in all three replicates
in at least one female gametophyte cell type (Fig. 8A). Unlike IR
events, DGE was less biased on cell type-specific deregulated
expression (Fig. 8A). Similar results were also obtained with genes

Fig. 8. prp8a prp8b intron retention effect impacts more central cell expressed genes. (A) Mapping of misregulated genes in prp8a prp8b ovules based on
their cell type-specific expression according to Wuest et al. (2010) embryo sac cell-specific expression data. (B) Enriched keywords of the IR affected central cell
genes, including the number of genes and fold enrichment for each category. (C) DEU of exemplified embryo sac-specific genes, highlighting affected exons in
prp8a prp8b ovules.
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showing DEU, in which 53 genes (24.1%) of the 220 genes that
exhibited significant DEU were reliably expressed in the female
gametophyte but showed no significant bias for cell type-specific
effects (Fig. 8A). Keyword enrichment analysis (P<0.01) of central
cell genes with significant IR highlighted genes involved in
alternative splicing, transit peptide and chloroplast/plastid
differentiation as among the predominantly affected genes
(Fig. 8B). Of the genes showing DEU, the gene encoding VHS/
GAT-domain protein was identified as central cell-specific, and
genes encoding U-box domain protein kinase and 3-keto-acyl-coA
thiolase were identified as egg cell-specific (Fig. 8B). These results
imply that prp8a prp8b loss of function predominantly affects
central cell expressed genes through IR as the most common
molecular phenotype within the embryo sac.

Mutant prp8a prp8b ovules display differential exon usage of
female gametophyte expressed genes and embryo sac
developmental genes
To assess the possible molecular phenotype resulting in the prp8a
prp8b embryo sac morphological defects, we searched the RNA-seq
data with emphasis on mRNAs known to regulate embryo sac
development (Pagnussat et al., 2005). Using DEXSeq analysis,
genes of diverse subcellular roles were identified to show
differential exon usage compared with their expression in wild-
type ovules. Identified genes included those encoding plasma
membrane signaling proteins (GPI-anchored protein), transcription
factors and chromatin remodeling factors (DEIH-box helicase and
COL13), metabolic enzymes (ATPHS2), splicing factors (PWI-
domain splicing factor) and signaling kinases (CPK29) (Figs S5A
and S6). More specifically, we identified 12 genes with a direct role
in female gametophyte and embryo sac development to be
differentially spliced, showing DEU, IR or changes in gene
expression (Fig. S6). DEU-informed RNA-seq highlighted
EMBRYO SAC DEVELOPMENT ARREST 9 (EDA9, also known
as PGDH1, AT4G34200), EMBRYO SAC DEVELOPMENT
ARREST 30 (EDA30, AT3G03810) and MAP3K EPSILON
PROTEIN KINASE 1 (MAP3Kε1, also known as M3KE1) to
show statistically significant DEU in prp8a prp8b ovules (Fig. S5).
EDA9 is a 3-phosphoglycerate dehydrogenase that is essential for
embryo and pollen development, and eda9 mutant ovules are
arrested at the two-nuclei stage of embryo sac development
(Pagnussat et al., 2005). EDA30 is a O-fucosyltransferase family
protein that is essential for polar nuclei fusion (Pagnussat et al.,
2005). MAP3Kε1 is expressed in developing ovules and the double
mutant map3kε1 map3kε2 displays plasma membrane irregularities
in pollen grains, which result in pollen lethality (Chaiwongsar et al.,
2012; Mithoe et al., 2016). Post fertilization, MAP3Kε1 is a
downstream regulator of the YODAMAP kinase signaling pathway
and is essential for the specification of suspensor cell fate at the 1-2
cell stage of zygote development (Bayer et al., 2009). IR and DGE
analyses identified additional embryo sac developmental genes that
showed either significant intron retention (±IR ≥twofold, P<0.05)
or downregulation of their transcription in prp8a prp8b mutant
ovules (≥twofold change, P<0.05) (Fig. S6).

PRP8A and PRP8B exhibit autonomous regulation of their
pre-mRNA splicing and splicing of other spliceosome factors
Because PRP8A and PRP8B are subunits of the spliceosome
machinery, we investigated whether the spliceosome complex is
autonomously regulated by analyzing the RNA-seq data to compare
the splicing patterns of PRP8A and PRP8B in prp8a prp8b ovules.
DEU analysis revealed that exons 1-3 and 18-20 of AtPRP8A were

differentially expressed in prp8a prp8b mutant ovules, suggesting
defective splicing of PRP8A pre-mRNA (Fig. S5B), whereas
AtPRP8B showed significant differential expression of exon 19
(Fig. S5B). DEXSeq also revealed differential expression of exon
10 of a PIWI domain-containing splicing factor (AT2G29210)
(Fig. S5A). IRFinder further revealed mis-splicing of two genes
encoding SER/ARG-rich protein splicing factor 34 (SRP34) and
SRP34A in prp8a prp8b ovules, among other spliceosome subunits
encoding genes (Fig. S5C). SRP34 regulates alternative splicing
through binding in exonic enhancer and suppressor elements. Our
results identified autoregulation of core subunits of the spliceosome
machinery that probably culminate in the molecular phenotype of
prp8a prp8b knockdown.

PRP8A co-immunoprecipitates with U2-associated SF3A1
splicing enhancer
In humans and yeast, the N terminus of PRP8 interacts with the core
of the NineTeen Complex (Prp19/NTC) for activation of the
spliceosome machinery, whereas the two domains at the C-terminal
tail, the JAB1 (MPN) domain and the U6-RNaseH domain, interact
with BRR2 U5-snRNP, U2-snRNPs such as the human homolog of
SF3A1 (Tresini et al., 2015; Zhang et al., 2017), and human SLU7
step II factor for selection of the 3′-splice site junction (Zhang et al.,
2017). Because the T-DNA insertions in both prp8a-12 and prp8b-1
interrupt the U6-RNaseH domain, resulting in female and male
sterility, we tested whether the relationship between PRP8 and U2-
snRNPs identified in human is also conserved in plants to get a hint
on PRP8A/PRP8B mechanisms of action. We co-expressed
proPRP8A-PRP8A::GFP with AtSF3A1-mCherry (AT1G14650) in
Arabidopsis roots. PRP8A-GFP colocalized with AtSF3A1-mCherry
in a gradient-dependent manner within the nuclei of all cells at the
root tip (Fig. 9A). Close observation of nuclear speckles confirmed
that PRP8A and AtSF3A1 colocalized in some subdomains of
the nuclei, but they also formed distinct subdomains within the
nucleoplasm (Fig. 9A). Using these stable lines, we then performed in
vivo co-immunoprecipitation (Co-IP) experiments using a nuclear-
enriched proteome subfraction and a total cytosolic proteome from
7-day-old seedlings expressing proPRP8A-PRP8A::GFP as a bait.
Western dot blot analysis of PRP8A immunoprecipitated proteins
revealed that the PRP8A-GFP complex strongly co-
immunoprecipitated with AtSF3A1 in the nuclear-enriched and
total fractions, suggesting that PRP8A associates with SF3A1 in
Arabidopsis (Fig. 9B). We further observed similar affinity Co-IP of
PRP8A with histone H3 variant (Fig. 9B). In humans, histone
modifications, in particular H3K36me3 and H3K4me3, are strongly
linkedwith alternative splicing through interaction of Histone adaptor
(MRG15) and PTB-dependent exon inclusion (Luco et al., 2010,
2011), and recent reports have demonstrated association of several
histone variants with splicing factors (Xu et al., 2018). A nuclear
localized Translationally Controlled Tumor protein 1 (TCTP1), a non-
spliceosome subunit from Arabidopsis, was used as a negative control
to ensure Co-IP specificity (Fig. 9B). Our results revealed that
AtPRP8A associates with U2-snRNP SF3A1 and histone H3 in
Arabidopsis. We next investigated whether AtPRP8A associates with
AtSF3A1 via direct interaction.We performed ratiometric biomolecular
fluorescence complementation (rBiFC) (Grefen and Blatt, 2012) with
AtPRP8A-nYFP and AtSF3A1-cYFP in N. benthamiana leaves. As a
positive control, we included TCTP1-nYFP and CPN60-cYFP
interaction. We observed no reconstitution of the YFP fluorophore
when PRP8A-nYFP and SF3A1-cYFP were co-expressed (Fig. 9C).
The lack of interaction indicates that in Arabidopsis PRP8A might be
weakly or indirectly associated with SF3A1
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DISCUSSION
The spliceosome complex required for pre-mRNA splicing
functions uniquely in a tissue- and developmental-specific
manner and some of its subunits have been genetically
characterized as essential regulators of gamete development
(Gross-Hardt et al., 2007; Moll et al., 2008; Staiger and Brown,
2013). In mice, alternative splicing of acrosomal matrix protein,
preacrosin-binding protein (ACRBP), plays an essential role in the
formation of secretory functional acrosome and competent sperm
cells capable of fertilization (Kanemori et al., 2016). In Drosophila,
a mutation in the NTC/Prp19 pre-spliceosome complex specifically
impairs pre-mRNA splicing of early zygotic but not maternally
encoded transcripts, suggesting spatiotemporal regulation of the
spliceosome subcomplexes (Guilgur et al., 2014). In Arabidopsis,
lachesismutants (lis) with depleted U4/U6 splicing factor PRP4 are
defective in lateral inhibition of accessory cell development,
resulting in accessory cells with gametic cell fate identity (Gross-
Hardt et al., 2007), whereas CLOTHO/GAMETOPHYTIC
FACTOR 1 (CLO/GFA1), a U5 subunit of the spliceosome

machinery and interactor of PRP8A (Liu et al., 2009), is
specifically required for egg and central cell fate specification and
tissue-specific expression of LIS (Moll et al., 2008). Similarly,
ATROPOS (ATO, SF3A60) encodes a human homolog of SF3a60, a
subunit of the SF3Aa-U2 complex. SF3Aa1 is a member of the
SF3a-U2 complex and co-immunoprecipitates with PRP8A (Fig. 9).
The ato (sf3a60) mutant is female gametophytic lethal and also
shows severe reduction in male transmission with a maximum of
17.44% transmission efficiency (Moll et al., 2008). At ovule
maturity, 20% of ato (sf3a60) embryo sac contained less than seven
nuclei and the two female gametic-cell fate markers were
deregulated (Moll et al., 2008). In this study, the prp8a prp8b
double mutant embryo sac might have lost synergid and egg cell
fates by not expressingMYB98, LURE1.2 and EC1markers (Figs 5
and 7). Unlike lis/gfa1 or ato, the prp8a prp8b double mutant does
not show early gametophytic developmental defects. Even though
GFA1 interacts with PRP8A (Liu et al., 2009) and both are
components of the U4/U6.U5 tri-snRNP (Bartels et al., 2002;
Staiger and Brown, 2013), the lack of direct phenocopy between

Fig. 9. PRP8A colocalizes and
immunoprecipitates with SF3A1.
(A) Colocalization of PRP8A-GFP with
SF3A1-mCherry in 4-day-old Arabidopsis
roots. Within the nuclear domain, PRP8A also
localizes in unique subnuclear foci that do not
colocalize with SF3A1 (indicated by triangles).
Inset shows higher magnification of boxed
area. (B) Western dot blot analysis of PRP8A-
SF3A1 by in vivo Co-IP. SF3A1 was pulled
down by PRP8A-GFP and detected by
immunoblotting with anti-PRP8A, anti-SF3A1
and anti-Histone H3 antibodies. TCTP1
(AT3G16640) was used as a negative control.
Histone H3 and UGPase antibodies served as
nuclear and cytoplasmic markers,
respectively. (C) Ratiometric BiFC assays
reveals that PRP8A does not physically
interact with SF3A1 inN. benthamiana leaves.
PRP8A-nYFP, either as a full length genomic
or full length cDNA, was co-expressed with
SF3A1-cYFP in leaves of N. benthamiana.
TCTP1-CPN60 interaction was used as a
positive control for rBiFC. mCherry was used
as a marker for monitoring successful
expression. Scale bars: 40 µm (A); 5 μm (C).
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prp8a prp8b double mutant and the gfa1, lis or ato (sf3a60)
mutants, exemplifies the complex regulation of the spliceosome
individual subunits and non-universal role of the spliceosome
machinery. The phenotype with closest resemblance to the prp8a
prp8b double mutant phenotype is that of the ato (sf3a60) mutant,
which might explain the close association of PRP8A with SF3aA1
(Fig. 9).
Moreover, PRP8A and PRP8B are fully redundant in their

function in the gametophyte, as shown by the normal transmission
of prp8a and prp8b single mutations and the finding that
proPRP8A-PRP8A::3UTR and proPRP8B-PRP8B::GFP could
fully complement prp8a prp8b fertilization defects (Fig. 2).
However, this redundancy is restricted to the gametophyte, as
prp8a alone is embryo lethal (Schwartz et al., 1994; Meinke et al.,
2008). Our results suggest that PRP8A/PRP8B spliceosome
subunits are selectively involved in splicing of subsets of pre-
mRNAs with cell and developmental specific roles, and unlike other
U4/U6.U5 tri-snRNP splicing subunits, PRP8A/PRP8B function
might not be essential for early gametophyte development.

Intron mis-splicing predominates in central cell-expressed
genes in prp8a prp8b
The post-transcriptional effect in prp8a prp8b ovules revealed a
combined effect on intron splicing and DEU of approximately
4.18% (849 genes) compared with 1.8% (484 genes) on DGE at
≥twofold (Fig. 8). This observation suggests that PRP8A/PRP8B
directly participates in intron splicing of ovule-expressed genes and
that prp8a prp8b knockdown probably has an indirect effect on
altered gene expression. In support, we have shown that PRP8A co-
immunoprecipitates with a human homolog of SF3A1 as well as
with histone H3 variant (Fig. 9). How histones influence splicing
was not known until recently. In humans, histone modifications
such as H3K4me3, H3K9me3, H3K36me3 and H3acetyl all
positively influence recruitment of histone adaptor proteins
MRG15, GCN5, CHD1 and HP1α that facilitate recruitment of
splicing factors Polyuridine (polypyrimidine tract binding protein)
binding proteins (PTB), U2 snRNP and hnRNPs to influence exon
inclusion and alternative splicing (Luco et al., 2011). This was
exemplified through splicing of two PTB-dependent mutually
exclusive exons of human fibroblast growth factor receptor 2 (FGFR2)
where two histone modifications, H3K36me3 and H3K4me1, act
antagonistically to influence exon inclusion or exclusion, respectively.
Moreover, crosslinking and immunoprecipitation experiments have
demonstrated direct interaction of histone variants H1, H2A, H2B, H3
and H4 with splicing factors Rbfox2, Rbfox3 and proline- and
glutamine-rich protein (SFPQ) (Kim et al., 2018). In plants, the direct
link between alternative splicing and either chromatin structure or RNA
Pol II elongation rates has yet to be demonstrated; however,
recent studies in Arabidopsis have shown a positive correlation
(Cui et al., 2017).
The observed biased effect on intron splicing over gene

expression in the prp8a prp8b embryo sac extended to a cell type-
specific origin in the female gametophyte. Assessment of the IR
events of only genes expressed in all three replicates of the female
gametophyte (214 genes of the 397 IR genes; Fig. 8) revealed that
genes confined in the central cell are twice as affected on their intron
splicing (79/214 genes, 36.9%) compared with those encoded by
the egg cell (17.8%) (Fig. 8; Supplementary Dataset 2B). No
affected genes were specific to the synergid cell; however, several
genes expressed in the synergid cells were also mis-spliced (Fig. 8;
Supplementary Dataset 2B). The central cell has a direct role in
pollen tube attraction. Mutations in central cell-specific genes ccg

(Chen et al., 2007), cbp1 (Li et al., 2015), maa3 (Shimizu et al.,
2008) or gex3 (Alandete-Saez et al., 2008) completely abolished
pollen tube attraction. CCG (Chen et al., 2007) and CBP1 (Li et al.,
2015) are thought to mediate pollen tube attraction by regulating
transcription of synergid cell-specific MYB98 transcription factor,
an upstream regulator of LURE1 transcription (Okuda et al., 2009;
Li et al., 2015). We propose that aberrant splicing of central cell-
encoded genes, together with those affected in the synergid cells,
might kick-start the molecular cascade leading to loss of prp8a
prp8b ovule competence in pollen tube attraction. Although mis-
splicing is the major event observed in prp8a prp8b, particularly in
the central cell, it is difficult to draw a conclusion about whether this
is the major factor (over changes in gene expression) leading to
pollen tube attraction defects and lack in fertilization of prp8a prp8b
ovules.

Downregulation of MYB98 and CRPs could be the hallmark
cause of pollen tube attraction defects in prp8a prp8b
Although there was a prevalent effect on pre-mRNA splicing in
prp8a prp8b double mutant ovules, transcripts encoding CRPs
stood out the most, representing 20% (55/284 genes) of the total
downregulated genes by ≥twofold (Fig. 7). Upstream of CRPs, our
RNA-seq data supported by the MYB98pro-NLS::GFP reporter
constructs revealed downregulation of MYB98 and upregulation of
CBP1, both of which are essential transcriptional regulators of
LURE CRPs and pollen tube attraction (Fig. 7) (Kasahara et al.,
2005; Okuda et al., 2009; Li et al., 2015). CRPs are the major family
of proteins that have been implicated to function directly in pollen
tube attraction (Higashiyama and Yang, 2017). Among the
downregulated CRPs, are all six members of the LURE subfamily
expressed in the synergid cell (Fig. 7). Also, of significant note,
three out of four of the central cell-specific CRPs that are also
downregulated in ccg and cbp1 pollen tube attraction mutants,
DOWN-REGULATED IN dif22 (DD22, LCR80, At5g38330),
DD36 (At3g24510) and AT3G04540, were also downregulated by
>2.5-fold in prp8a prp8b ovules (Fig. 7). In line with the
misregulation of CRPs in pr8a prp8b ovules, we detected ectopic
promoter activities of a pollen-specific CRP Ole e 1 subfamily gene
LAT52, LAT52pro-GUS, initially in prp8a prp8b ovules and later
confirmed in prp8a single mutant ovules (Fig. S2). LAT52 is
secreted by pollen tubes and functions as a ligand perceived by
pollen-specific receptor-like kinases (RLKs), PRK2 and PRK4, to
regulate pollen tube growth by endocrine signaling (Tang et al.,
2002; Muschietti et al., 1994; Hafidh et al., 2016a,b). The −572 bp
LAT52 promoter fragment confers transcriptional regulatory
elements that provide pollen (vegetative cell) specificity and
enhanced transcriptional activity specifically in pollen (Twell
et al., 1990, 1991). The ectopic activation of LAT52 expression in
ovules culminates in the effect of the prp8a prp8b molecular
phenotype on CRPs misregulation. It will be informative to further
investigate which other male-specific expressed genes are
ectopically activated in prp8a prp8b ovules. This will be key in
defining the sexual identity and cell-fate specification of prp8a
prp8b ovules. We propose that the downregulation of MYB98 and
many CRPs is most likely the hallmark cause of the pollen tube
attraction defects observed in prp8a prp8b ovules.

Conclusions
This work has uncovered a molecular signature through which
PRP8A/PRP8B subunits act redundantly to define male-female
signaling competence for successful pollen tube attraction in
Arabidopsis. PRP8A/PRP8B facilitates pollen tube attraction by
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controlling transcription of LURE pollen tube attractants and
several other CRP genes via MYB98 transcriptional regulation as
well as through splicing of predominantly central cell-expressed
genes (Fig. S7). These defects in prp8a prp8b double mutants might
be coupled with loss in female gametic cell fate specification at
ovule maturity and thus could contribute to overall ovule
incompetence for pollen tube attraction. It will be important to
uncouple these two events and establish how PRP8A/PRP8B
controls pollen tube pathfinding competence to achieve successful
fertilization. Collectively, the results hint at a spliceosome
autoregulation mechanism and provide a potential pathway to
isolate upstream regulators for pollen tube attraction.

MATERIALS AND METHODS
Plant material and growth conditions
Arabidopsis thaliana plants were grown at 22°C and 60% humidity in
Conviron PGC Flex growth chambers under 16 h light/8 h dark conditions.
Seeds of Col-0 wild-type (WT), PRP8A (At1g80070) and PRP8B
(At4g38780) plants were obtained from The European Arabidopsis Stock
Centre. T-DNA insertion lines SAIL_274_D02 T-DNA ( prp8a-12),
SALK_085295C and SALK_085295 ( prp8b-3), SALK_044221C and
SALK_044221 ( prp8b-1) and SAIL_100_G10 ( prp8b-2) were used in this
study. T-DNA insertion lines were genotyped using SALK LBb1.3 and
SAIL LB2 oligonucleotides in combination with gene-specific
oligonucleotides (Table S1). The exact positions of the T-DNA insertions
were established by sequencing and are marked in Fig. 2A.

RNA-seq library construction and sequencing
Ovuleswere isolated by dissecting flowers from stage 13-14 (FG7) containing
a fully developed embryo sac (Christensen et al., 1997) from PRP8Aa;bb
double mutant plants and wild-type control plants. RNA extracted from three
biological replicates of each was used for Next Generation (NGS) RNA
Sequencing. Total RNA was isolated from dissected ovules using Qiagen
Plant RNA extraction kit (Qiagen). Total RNA was treated with DNase
(Ambion) and RNA integrity (RIN) analyzed using a bioanalyzer. RNA
(800 ng) with RIN >7 was processed using TrueSeq stranded total RNA
library with RiboZero plant prep kit (Illumina, San Diego, CA, USA) as per
the manufacturer’s protocol. Samples were run on HiSeq4000 2×100 bp
paired-end run Illumina sequencing machine (Illumina, San Diego, CA,
USA) by Macrogen (Geumcheon-gu, Seoul, South Korea).

mRNA-seq data analysis
The raw sequenced data were subjected to quality control and trimming
using FastQC and Timmomatic (Bolger et al., 2014). Resulting reads were
mapped to the TAIR 10 genome with STAR aligner, version 2.6 (Dobin
et al., 2013) using default parameters. The Feature Count program from the
subread package, version 1.6.2 (Liao et al., 2014) was used to generate the
count matrix by following steps described in the documentation.

R programs DESeq2, version 1.22.1 (Love et al., 2014) was utilized to
determine DGE and DEXSeq, version 1.28.0 (Anders et al., 2012) was used
to determine DEU between wild-type and prp8a prp8b mutant plants. The
count matrix was used as inputs in DESeq2. False discovery rates (FDR)
were calculated for gene-specific P-values of <0.05 using the Benjamini–
Hochberg method (Benjamini and Hochberg, 1990). Gene expression levels
were then quantified using rlog normalized counts.

Counts, as input for DEXSeq, were prepared with included Python
scripts. The generalized linear model (GLM) was used to detect DEU with
FDR adjusted to the overall gene expression level with P<0.1. IRFinder
(Middleton et al., 2017) with default parameters was applied to determine
differentially retained introns between the wild-type and prp8a prp8b
double mutant. Introns were considered differentially retained if the
Benjamini–Hochberg adjusted P-value was <0.05 while the IR ratio was
≥2. All biostatistic analyses were implemented and performed using in-
house scripts written in Unix shell and R. For graphical display, all genes
identified to show statistically significant exon usage in prp8a prp8b ovules
are presented in HTML interactive format (Table S7). The data discussed in

this article have been deposited in GEO under accession number
GSE151462.

In vivo co-immunoprecipitation with nuclei fraction
The full length coding sequences (CDSs) of PRP8A together with its native
promoter (997 bp) were amplified and cloned into pB7FWG,0 to create
proPRP8A-PRP8A::eGFP constructs. A 35S-AtSF3A1::mCherry construct
was a donation from the Andreas Nebenfuhr laboratory (University of
Tennessee). For detailed cloning information, see the next section. Stable
Arabidopsis transformants were generated expressing both constructs. Total
proteins from approximately 2 g of 4-day-old seedlings expressing
proPRP8A-PRP8A::eGFP and 35Spro-AtSF3A1::mCherry constructs were
isolated according to Deng et al. (2016) using Honda lysis buffer (25 mM
Tris·HCl pH 7.4, 2.5% Ficoll 400, 5% dextran T40, 0.4 M sucrose, 10 mM
MgCl2, 5 mM DTT, and 1× complete protease inhibitor cocktail). The
homogenate was filtered through 50 μm nylon mesh to clear larger fragments
and Triton X-100 was added to a final concentration of 0.5%. For nuclei
enrichment, the flow throughwas centrifuged at 1500×g for 5 min at 4°C. The
pellet was gently resuspended twice with nuclei resuspension buffer (10 mM
Tris HCl pH 8.0, 0.25 M sucrose, 10 mM MgCl2, 5 mM β-mercaptoethanol,
1% Triton X-100, 0.1 mM PMSF, protease inhibitors) and centrifuged at
1500×g for 5 min at 4°C. Nuclei were then resuspended in ice-cold nuclei lysis
buffer [200 mM (NH4)2SO4, 20% glycogen, 25 mM HEPES pH 7.9, 5 mM
DTT, 1 mM PMSF, protease inhibitors] and gently mixed for 2 h at 4°C to
release the nuclear proteins. The nuclear fraction was centrifuged at 17,950×g
for 10 min to remove remaining debris. Total and nuclear-enriched proteomes
were used immediately for Co-IP. GFP-Trap-A agarose (Chromotek) was used
in subsequent Co-IP assays. The immunoprecipitates were detected by anti-
PRP8A (1:1000; Abcam 79237), anti-SF3A1 (1:1000; Abcam 128898),
anti-TCTP (1:500; Abcam 37506), anti-H3 (1:1000; Abcam 1791) and anti-
UGPase (1:1500; Agrisera AS05086) antibodies. To monitor primary
antibodies specificity, strips with omitted primary antibodies were used as
negative controls. Appropriate alkaline phosphatase-conjugated anti-rabbit
and anti-mouse secondary antibodies were used for detection using nitro-blue
tetrazolium chloride (NBT) and 5-bromo-4-chloro-3′-indolyphosphate
p-toluidine salt (BCIP) chemiluminescence detection.

Bimolecular fluorescence complementation analysis
To create ratiometric PRP8Agenomic-nYFP and AtSF3A1-cYFP constructs, a
genomic fragment of PRP8A coding sequence and CDSs of SF3A1 from the
cDNA of rosette leaves were cloned into the 35Spro:pBiFCt-2in1-CC vector to
generate the PRP8Agenomic-nYFP SF3A1cds-cYFP co-expression construct
(Grefen and Blatt., 2012). Similarly, CDSs of PRP8Awere amplified from leaf
cDNAand, togetherwithSF3A1,were cloned into 35S:pBiFCt-2in1-CCvector
to generate the PRP8Acds-nYFPSF3A1cds-cYFP co-expression construct. All
cloning was performed using multisite gateway technology (Invitrogen).
The specific oligonucleotides used are described in Table S1. These constructs
were subsequently introduced into Agrobacterium strain GV3101 and used for
infiltration into leaves of N. benthamiana. After transformation, plants
were grown in light condition for 48 h before observation. The YFP
fluorescence was observed using a Zeiss LSM880 microscope.

Constructs and plant transformation
All PCRs to amplify cloned fragments were performed using high-fidelity
Phusion polymerase (New England Biolabs) according to the manufacturer’s
instructions. Oligonucleotide sequences are listed in Table S2. For the full-
length PRP8A-GFP under native promoter, a fragment of 14,523 bp,
including 997 bp of promoter and 5′UTR, was amplified with/without stop
codon, cloned into the pENTR/D-TOPO vector and recombined into the
destination vector pK7FWG,0 (Karimi et al., 2002) bearing the eGFP marker
to generate the proPRP8A-PRP8A::eGFP construct. To generate proPRP8A-
PRP8A-3′UTR, extended 3′-end oligonucleotides were used to incorporate
the 498 bp 3′UTR and the entry clone was used in LR reaction with
pH7FWG,0 backbone to generate the proPRP8A-PRP8A-3′UTR expression
construct. Full-length proPRP8B-PRP8B::GFP was amplified and cloned
using a similar approach. All constructs were transformed into Arabidopsis
via floral dipping (Clough and Bent, 1998).
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Transmission analysis
PRP8Aa heterozygous plants were back-crossed into Col-0 wild-type
background for determining female transmission and crossed into male
sterilems1-/- (Yang et al., 2007) to study male transmission. To generate the
PRP8Aa;bb double mutant plants, flowers of PRP8Aa were emasculated
and pollinated with homozygous prp8bb pollen grains; inversely, prp8bb
flowers were emasculated and pollinated with PRP8Aa pollen grains. For
transmission analysis of the double mutant, PRP8Aa;bb flowers were
emasculated and pollinated with Col-0 wild-type pollen grains and used to
calculate female transmission efficiency. In addition, pollen grains from the
PRP8Aa;bb double mutant plants were used to pollinate male sterile ms1-/-
pistils and the resulting progeny used to calculate male transmission
efficiency. Progeny of these crosses were genotyped by PCR for the
presence of T-DNA insertion and the transmission efficiency calculated.

Imaging of embryo sacs
Stage 12a (FG1) and stage 13-14 (FG7) flowers (Christensten et al., 1997)
were dissected on double-sided tape. The placentas bearing the developing
ovule primordia were excised and placed immediately in chloral hydrate
clearing solution. After 2 days, the fixative was removed and the placental
strands mounted onto microscope slides in a 30% glycerol solution. During
mounting, the two placental strands were separated and excess tissue was
removed. Ovule primordia were observed under Zeiss AxioImager
Apotome 2. Images were collected with a 40×/1.2 W C-Apochromat
objective.

Live cell imaging of prp8ab ovules
Pistils from PRP8Aa;bb were emasculated and left to mature for 2 days.
Emasculated pistils as well as controlms1 pistils were pollinated with pollen
expressing the LAT52pro::GFP;HTR10pro::RFP marker line. After 24 h,
pollinated pistils were placed on double sided tape and the placentas bearing
developing ovule primordia were excised with a 25 G needle and placed
immediately on a microscope slide on a drop of 30% glycerol. Fertilization
events were captured using a Zeiss LSM 880 confocal laser scanning
microscope with C-Apochromat 40×/1.2 WI, excitation 514 nm, emission
recorded 566-719 nm for the red channel and excitation 490 nm and
emission recorded 509-520 nm for the green channel. Representative single
slice confocal sections were used for presentation. Image processing was
done using a Fiji application.

Analysis of ovule attractivity by aniline blue staining
Pistils were harvested at 18 HAP and subjected to aniline blue staining as
described below. Samples were analyzed by Zeiss Axioimager Apotome2
and images captured with ZEN software.

Pollen viability stain and aniline blue staining
For aniline blue staining, pistils of self-pollinated wild-type and PRP8Aa;bb
plants or cross-pollinated ms1 plants with wild-type or PRP8Aa;bb pollen
were stained for callose according to the protocol of Mori et al. (2006).

Confocal and DIC microscopy
For mutant embryo phenotypic screening, seeds were cleared in a solution of
chloral hydrate. Overnight clearing was sufficient for all developmental
stages. Samples were observed under the DIC optics on a Nikon TE-2000
microscope. Images were processed in the NIS Elements software (LIM).
Confocal images were taken on a Nikon Eclipse Ti confocal microscope
equipped with CSU-X1 spinning disk module and Andor iXon3 EMCCD
camera, as well as with a Zeiss LSM880 confocal microscope, and captured
with ZEN 2.3v software. Images were analyzed and assembled with ImageJ/
Fiji (http://imagej.net/http://fiji.sc/Fiji), Adobe Photoshop CS6 (www.
adobe.com), Ink-scape (www.inkscape.org) and NIS Elements (LIM)
software.

Blue dot assay
Young buds of wild-type and PRP8Aa;bb plants before anther dehiscence
were emasculated and let mature for 48 h until the stigma papillae fully
developed. Pistils were then pollinated with pollen expressing the

LAT52pro-GUS construct, pollen grains derived from PRP8Aa;bb plants
or control wild-type pollen grains. Pistils were collected at 18-20 HAP.
Fertilized pistils were dissected under the binocular dissection microscope
(Leica) and strings of ovules attached to septum were transferred to GUS
staining solution (0.2 M Na2HPO4, 0.2 M NaH2PO4, 10 mM EDTA, 0.1%
Triton X-100, 1 mM K3Fe(CN)6, 2 mM X-Gluc). Samples were stained for
between 2-48 h. Stained tissues were cleared of chlorophyll by bleaching
in ethanol series of 90%, 70%, 50% and 0% (v/v) prior to imaging.
Stained pistils were observed under the Nikon TE-2000 microscope
equipped with DIC optics for the presence of a blue dot or with Zeiss
binoculars containing a CCD camera for overall pollen tube growth
through the pistil.

Pollen tube cultivation
In vitro pollen tube growth was performed according to the protocol of
Boavida and McCormick (2007). Pollen tube length was measured after 8 h
of in vitro growth using the NIS Elements software. For semi-in vivo pollen
tube growth assay, sterile ms1 pistils were pollinated with wild-type or
PRP8Aa;bb pollen and pistils were collected at 1-2 HAP. Pistils were
excised at the stigma shoulder with a needle and transferred to the growth
medium (Palanivelu et al., 2006) on a small Petri dish. Pistils were tilted to
enable the pollen tubes to emerge onto the solid medium surface and
cultivated in a humidified growth chamber at 22°C for 24 h. Pollen tube
length was measured using the NIS Elements software from the point where
they emerged from the cut pistil.

Statistics
All statistical analysis was performed using Welch’s analysis of unequal
variances, Chi square test and Student’s t-test where appropriate.

RNA extraction and qRT-PCR analysis
Tissue samples were collected and frozen in liquid nitrogen. RNA was
extracted using RNeasy Plant Mini Kit (Qiagen) and treated with RQ1
RNAse-free DNase I (Promega). First strand cDNA synthesis was
conducted using recombinant M-MLV reverse transcriptase (Promega).
qRT-PCR measurements were obtained using LightCycler 480 Instrument
(Roche). Relative expression quantification was obtained using the ΔΔCT
method following the manufacturer’s instructions. Oligonucleotides were
designed to distinguish between Arabidopsis PRP8A and PRP8B genes.
Specificity of the oligonucleotides was verified by sequencing of purified
PCR products. All measurements were conducted in three biological and
two technical replicates.

Sequences, alignment and phylogenetic analysis
Protein sequences of AtPRP8A and its homologs were downloaded from
Phytozome v12.1 (www.phytozome.jgi.doe.gov) and NCBI (https://www.
ncbi.nlm.nih.gov) databases. Multiple sequence alignment was carried out
using T-Coffee algorithm (Notredame et al., 2000) or Clustal Omega and
processed in Jalview alignment editor (Waterhouse et al., 2009). The
phylogenetic tree shown in Fig. 1Awas constructed using PhyML software
(Guindon et al., 2010). Numbers at the nodes of the phylogenetic tree
correspond to approximate likelihood ratio test with SH-like (Shimodaira–
Hagesawa-like) support from maximum likelihood method. The
phylogenetic tree was visualized and processed in Mega 6 software
(Tamura et al., 2013). If multiple copies of PRP8 were present in one
organism, they were labeled as ‘a’ or ‘b’ variants. Variants ‘a’ were
sequentially more similar to AtPRP8A. This labeling does not reflect the
phylogenetic relationship between homologs from different organisms.
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Gross-Hardt, R., Kägi, C., Baumann, N., Moore, J. M., Baskar, R., Gagliano,
W. B., Jürgens, G. and Grossniklaus, U. (2007). LACHESIS restricts gametic
cell fate in the female gametophyte of Arabidopsis.PLoSBiol. 5, e47. doi:10.1371/
journal.pbio.0050047

Guilgur, L. G., Prudêncio, P., Sobral, D., Liszekova, D., Rosa, A. and Martinho,
R. G. (2014). Requirement for highly efficient pre-mRNA splicing during
Drosophila early embryonic development. eLife 3, e02181. doi:10.7554/eLife.
02181

Guindon, S., Dufayard, J.-F., Lefort, V., Anisimova, M., Hordijk, W. andGascuel,
O. (2010). New algorithms and methods to estimate maximum-likelihood
phylogenies: assessing the performance of PhyML 3.0. Syst. Biol. 59, 307-321.
doi:10.1093/sysbio/syq010
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