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Abstract

Eukaryotic precursor mRNAs often harbor noncoding introns that must be removed prior to translation. Accurate splicing of
precursor messenger RNA depends on placement and assembly of small nuclear ribonucleoprotein (snRNP) sub-complexes of
the spliceosome. Yeast (Saccharomyces cerevisiae) studies established a role in splice-site selection for PRE-RNA PROCESSINGS
(PRP8), a conserved spliceosome scaffolding protein of the U5 snRNP. However, analogous splice-site selection studies in mul-
ticellular eukaryotes are lacking. Such studies are crucial for a comprehensive understanding of alternative splicing, which is
extensive in plants and animals but limited in yeast. In this work, we describe an Arabidopsis (Arabidopsis thaliana) prp8a
mutant that modulates splice-site selection. We isolated prp8a-14 from a screen for suppressors of pex14-6, which carries a
splice-site mutation in the PEROXIN14 (PEX14) peroxisome biogenesis gene. To elucidate Arabidopsis PRP8A function in spli-
ceosome fidelity, we combined prp8a-14 with various pex14 splice-site mutations and monitored the double mutants for
physiological and molecular consequences of dysfunctional and functional peroxisomes that correspond to impaired and re-
covered splicing, respectively. prp8a-14 restored splicing and PEX14 function to alleles with mutations in the exonic guanine
of the 5'-splice site but did not restore splicing or function to alleles with mutations in the intronic guanine of 5'- or 3'-splice
sites. We used RNA-seq to reveal the systemic impact of prp8a-14 and found hundreds of differentially spliced transcripts
and thousands of transcripts with significantly altered levels. Among differentially spliced transcripts, prp8a-14 significantly al-
tered 5'- and 3'-splice-site utilization to favor sites resulting in shorter introns. This study provides a genetic platform for
probing splicing in plants and hints at a role for plant PRP8 in splice-site selection.

Introduction remove introns, which interrupt coding regions of the pre-

Splicing is an essential step in eukaryotic protein production mMRNA. Various mRNA products can arise from one gene
that processes precursor messenger RNAs (pre-mRNAs) to  through differential exon ligation in a phenomenon termed
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alternative splicing. Alternative splicing expands proteome
diversity without concurrent genome expansion. This com-
pressed storage of genetic information partially explains why
genome size does not track linearly with organism complex-
ity (Nilsen and Graveley, 2010; Chen et al, 2014).

Alternative splicing is relatively common and can augment
protein diversity. However, examples of actual contributions
to protein diversity are sparse, and proteomic support for
much of the observed mRNA diversity is lacking (Chaudhary
et al, 2019). Examples of effectual alternative splicing in hu-
man biology include the regulation of immunoglobulin pro-
duction in B cells (Early et al, 1980; reviewed in Schaub and
Glasmacher, 2017) and T-cell differentiation through differ-
ential splicing of PTPRC, which encodes Protein Tyrosine
Phosphatase Receptor Type C to make various protein iso-
forms (reviewed in Schaub and Glasmacher, 2017). In addi-
tion, cardiac muscle development relies on alternative
splicing of TITIN to produce flexible muscles in infant hearts
and rigid muscles in adult hearts (Linke, 2008). In plants,
examples of regulation via intron retention and subsequent
nonsense-mediated mRNA decay include LATE ELONGATED
HYPOCOTYL (LHY), PSEUDO RESPONSE REGULATOR7
(PRR7), and CIRCADIAN CLOCK ASSOCIATED1 (CCAT),
which control the circadian clock (reviewed in Chaudhary
et al, 2019). As in humans, there are only a few docu-
mented cases of functional protein isoforms derived from al-
ternatively spliced plant mRNAs. One example is the cold-
induced alternative splicing of the Arabidopsis (Arabidopsis
thaliana)  transcription  factor gene  INDERMINATE
DOMAIN14 (IDD14), which results in a nonfunctional pro-
tein that binds to and inhibits the functional isoform (Seo
et al, 2011).

Intron removal and exon ligation are performed by the
spliceosome (Brody and Abelson, 1985), a dynamic molecu-
lar machine composed of five main RNA-protein sub-
complexes (reviewed in Lerner et al, 1980; Galej, 2018).
These sub-complexes are small nuclear ribonucleoproteins
(snRNPs) named U1, U2, U4, U5, and U6 (Lerner and Steitz,
1979; Black et al, 1985 Chabot et al, 1985; Krainer and
Maniatis, 1985; Black and Steitz, 1986; Winkelmann et al,
1989) after the small nuclear RNA (snRNA) that they con-
tain (Lerner and Steitz, 1979). snRNPs bind to a pre-mRNA
at splice sites flanking an intron and specify which pre-
mRNA region is removed (Zhuang and Weiner, 1986;
Seraphin et al, 1988; Siliciano and Guthrie, 1988). The
snRNPs assemble in a highly orchestrated manner and re-
cruit other protein complexes to facilitate the multiple steps
of pre-mRNA processing (Mount et al, 1983; Konarska and
Sharp, 1987, Seraphin and Rosbash, 1989; Seraphin et al,
1991). To complete the two transesterification reactions
that remove an intron and ligate adjacent exons (Konarska
et al, 1985), the splicecosome cycles through ten conforma-
tions with varying compositions of snRNPs and facilitating
proteins (Fabrizio et al, 2009; reviewed in Hoskins et al,
2011; Galej, 2018).
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Consensus sequences define the splice sites at the 5 and
3’ ends of an intron (Rogers and Wall, 1980; Mount, 1982)
and at a catalytically important intronic adenine upstream
of the 3'-splice site that is the lariat branch point (Domdey
et al, 1984; reviewed in Galej, 2018). The U1 and U2 snRNAs
(in the corresponding snRNPs) base pair with the 5'-splice
site and branch site to precisely position spliccosome assem-
bly on the pre-mRNA and ensure 5'-splice-site recognition
(Zhuang and Weiner, 1986; Parker et al, 1987). The U4, U5,
and U6 snRNPs then bind to the U1 and U2 snRNPs
(Cheng and Abelson, 1987; Konarska and Sharp, 1987;
reviewed in Wahl et al, 2009). After snRNP assembly, addi-
tional facilitating proteins associate and release to rearrange
the splicecosome-pre-mRNA assembly into the catalytically
active conformation (reviewed in Galej, 2018).

The core U5 snRNP remains present as hundreds of pro-
teins transiently associate with the spliceosome during an
assembly and catalysis cycle. The largest protein of the U5
subcomplex is PRE-RNA PROCESSINGS (PRPS8), a highly con-
served structural protein that coordinates placement of
other snRNPs and the pre-mRNA (Galej et al, 2013). PRP8
interacts with the 5'- and 3'-splice sites and the branch site
to position the 5'- and 3'-exons in the spliceosome active
site (Turner et al, 2006). Between the first and second cata-
lytic steps, the PRP8 RNaseH-like domain moves to reorient
the pre-mRNA and juxtapose the 5'- and 3'-splice sites. The
position of the RNaseH-like domain promotes either the first
or second catalytic step (reviewed in Liu et al, 2007; Galej
et al, 2013).

Two genes encode PRP8 in Arabidopsis: PRPSA
(At1g80070) and PRP8B (At4g38780). PRP8A is more highly
expressed than PRP8B, and prp8a null mutations are lethal
(Schwartz et al, 1994, Marquardt et al, 2014). In contrast,
insertional alleles of the less-expressed PRP8B are viable but
display female gametophytic defects in combination with
prp8a mutants (Kulichova et al, 2020). Several viable prp8a
missense alleles displaying reduced splicing efficiency have
been characterized, including prp8a-6, prp8a-7, prp8a-10,
and prp8a-11 (Marquardt et al, 2014; Sasaki et al, 2015;
Kanno et al,, 2017).

In addition to loss-of-function alleles, gain-of-function
prp8 alleles have been identified in Arabidopsis and in the
yeast Saccharomyces cerevisiae. These gain-of-function prp8
mutations were isolated using suppression screens for sec-
ondary mutations that improved splicing in an original mu-
tant with defective splicing. For example, spliceosome
assembly is impaired in an Arabidopsis protein arginine
methyltransferase5 (prmt5) mutant, and the prp8a-8 and
prp8a-9 missense alleles restore splicing in prmt5 by improv-
ing prp8a association with a stabilizing protein complex,
thus restoring spliceosome assembly and function (Deng
et al, 2016). In yeast, pre-mRNAs with mutated splice-site
consensus sequences that disrupt recognition by the spliceo-
some were used to screen for prp8 mutants that restore
splicing (Collins and Guthrie, 1999; Query and Konarska,
2004). These prp8 mutants illuminated splice-site fidelity,
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spliceosome recognition, and the role of PRP8 in splice-site
selection.

In an investigation of peroxisome function in plants, we
employed a suppression screen approach. We screened for
suppressors of pex14-6, a mutant with an altered 5'-splice site
that disrupts PEX14 RNA processing, reduces PEX14 protein
accumulation, and impairs peroxisome function (Burkhart
et al, 2013). Screening the progeny of mutagenized pex14-6
plants for suppressors with improved peroxisome function
yielded a suppressor that restored protein levels and mRNA
splicing to pex14-6, and we identified a causal mutation in
PRP8A. This mutant represents an Arabidopsis splicing factor
allele that recognizes noncanonical splice-site sequences.

Results

Identification of a prp8a missense allele as a pex14-6
suppressor with improved IBA responsiveness

We isolated a prp8a mutant as a suppressor of pex14-6, a mu-
tant arising from mis-splicing of the PEX14 gene (Burkhart
et al, 2013). PEX14 is a crucial peroxisome biogenesis protein
(Azevedo and Schliebs, 2006). Consequently, pex14-6 peroxi-
somes inefficiently import enzymes into the lumen of peroxi-
somes, which slows the processing of indole-3-butyric acid
(IBA) into the active phytohormone auxin, indole-3-acetic
acid (IAA; Burkhart et al, 2013). In wild-type seedlings grown
on IBA-supplemented media, IAA derived from peroxisomally
metabolized IBA limits root cell elongation, slowing root
growth (Figure 1A; Zolman et al, 2000). In contrast, pex14-6
peroxisomes inefficiently convert IBA into IAA, allowing roots
to elongate despite the presence of IBA (Figure 1A; Burkhart
et al, 2013). We identified suppressors by growing the prog-
eny of ethyl methanesulfonate (EMS)-mutagenized pex14-6
on IBA and screening for individuals with short roots indica-
tive of restored peroxisome function (Figure 1A).

We used whole-genome sequencing of backcrossed lines to
identify mutations in one pex14-6 suppressor (Figure 1B).
Because pex14-6 is a mis-splicing allele, which might be
repaired by modifying the splicing machinery, we searched
the genes carrying nonsynonymous mutations for those re-
lated to splicing and found a missense mutation in PRP8A/
At1g80070 (Figure 1D). PRP8 is a critical component of the
U5 snRNP that coordinates pre-mRNA positioning within the
spliccosome. The identified mutation in exon 13 would
change the conserved Gly1326 to Arg (Figure 1, D and F) in
the Thumb/X domain (Figure 1E), which interacts with the
US snRNA as well as the 5’ and branch point splice sites
(Turner et al., 2006).

We determined that the identified prp8a mutation was
linked to the causal suppressing mutation by examining IBA
responsiveness of the progeny of the suppressor backcrossed
to pex14-6. Seedlings that were homozygous for pex14-6 and
segregating for the suppressing mutation were scored for
IBA root sensitivity and then individually genotyped for the
prp8a mutation. We found that prp8a pex14-6 seedlings dis-
played wild-type IBA responsiveness and PRP8A pex14-6
seedlings were IBA resistant (Figure 1C), confirming linkage
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of the causal mutation to the prp8a locus. Like the homozy-
gous double mutant, PRP8A/prp8a pex14-6/pex14-6 seedlings
displayed improved IBA responsiveness (Figure 1C). This
semi-dominance suggests that the prp8a Gly1326-to-Arg
mutation might alter, rather than simply reduce, the func-
tion of the splicing factor. We named this allele prp8a-14.

prp8a-14 improved pex14-6 mRNA splicing, PEX14
protein accumulation, and peroxisome function

We examined the consequences of prp8a-14 on pex14-6
splicing. The pex14-6 mutation in the last nucleotide (nt) of
exon 1 changes the AG|gu consensus to AA|gu and disrupts
splicing (Figure 2A; Burkhart et al,, 2013). The major pex14-6
mRNA derives from a cryptic ag|gu 5'-donor site 87-nt up-
stream of the normal 5'-splice site; splicing at this site
removes exon 1 and part of the 5'-untranslated region
(UTR; Figure 2A; Burkhart et al, 2013). This altered pex14-6
transcript is 87-nt smaller than the wild-type transcript, a
difference that we detected following agarose gel electropho-
resis of cDNA amplified with primers spanning the excised
region (Figure 2B). We isolated RNA from pex14-6 prp8a-14
seedlings and reverse transcribed and PCR-amplified the af-
fected region of the pex14 transcript. Comparing these prod-
ucts to those from wild type and pex14-6 revealed that the
suppressor restored a wild-type-sized cDNA in pex14-6
(Figure 2B). We sequenced this amplicon from the suppres-
sor and found that splicing was now occurring at the mu-
tated AA|gu 5'-splice site at the end of exon 1, which would
restore the reading frame but change Glu25 to Lys in the re-
sultant pex14 protein (Figure 2D).

The pex14-6 mutant accumulates very low levels of pro-
tein detected by an anti-PEX14 antibody (Burkhart et al,
2013). Immunoblot analysis revealed that the suppressor
largely restored pex14 protein levels (Figure 2C), confirming
that pex14-6 splicing was improved.

Despite the Glu25-to-Lys alteration in the pex14 protein ac-
cumulating in the suppressor, the mutated protein improved
several peroxisome-related defects of pex14-6. PEX14 helps im-
port peroxisomal enzymes from the cytosol into the organelle
lumen. This import can be indirectly evaluated via immuno-
blot analysis of proteins that have their targeting sequences
removed once inside the peroxisome, which results in a mo-
lecular weight difference between the intact cytosolic protein
and the cleaved lumenal protein (Kao et al, 2018). One such
protein is peroxisomal malate dehydrogenase (PMDH;
Pracharoenwattana et al, 2007). We used immunoblotting to
compare PMDH processing in wild-type, pex14-6, and pex14-6
prp8a-14 seedlings and found that the suppressor increased
PMDH cleavage in pex14-6 (Figure 2C). This processing resto-
ration suggested that lumenal protein import was improved.

We identified the prp8a-14 allele based on its ability to re-
store IBA responsiveness to pex14-6 roots (Figure 1A), and
quantifying this phenotype confirmed improvement in per-
oxisome function. The prp8a-14 mutation fully restored the
ability of IBA to inhibit pex14-6 root elongation in light-
grown seedlings (Figure 2E). IBA also inhibits seedling stem
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Figure 1 Identification of prp8a-14 as a pex14-6 suppressor. A, pex14-6 suppressing mutants were isolated from a screen for restored sensitivity to
the inhibitory effects of IBA on primary root growth as a proxy for restored peroxisome function. Representative seedlings grown for 8 days on 10-
UM IBA were photographed. B, Whole-genome sequencing of one suppressor was used to identify mutations. The schematic of the five
Arabidopsis chromosomes shows genes with homozygous nonsynonymous EMS-consistent mutations by gene ID number, including a missense
mutation in PRP8A. C, prp8a-14 suppression of pex14-6 is semi-dominant. About 64 F, seedlings from the backcrossed suppressor were grown in
the presence of 10 uM IBA along with wild-type and pex14-6 controls, and roots were measured after 8 days. Each F, seedling was genotyped for
the prp8a-14 mutation and root lengths were plotted by genotype ( +, wild type; —, mutant). Boxes show second and third quartiles, horizontal
lines are medians, and whiskers show the highest and lowest values within 1.5-fold of the interquartile range (n > 12). Data not sharing a letter
above the boxplot are significantly different (one-way ANOVA with Tukey’s post-hoc test, P < 0.01). D, Gene diagram of PRP8A with exons shown
as rectangles, introns shown as connecting lines, and the prp8a-14 missense mutation shown below the diagram. E, Protein schematic of PRPSA

(Continued)
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(hypocotyl) elongation in dark-grown wild-type seedlings
(Strader et al, 2011), whereas pex14-6 hypocotyls elongate
on IBA (Figure 2F; Burkhart et al, 2013). As with light-grown
root elongation, prp8a-14 fully restored IBA responsiveness
to pex14-6 hypocotyls (Figure 2F).

We also assessed pex14-6 peroxisome function by moni-
toring seedling growth with and without supplemental fixed
carbon. Until photosynthesis is established, seedlings rely on
peroxisomal B-oxidation of stored seed fats for fixed carbon
(reviewed in Graham, 2008). The peroxisomal defects of
pex14-6 limit growth on medium lacking fixed carbon
(Figure 2F). Like other peroxisome-defective mutants
(Hayashi et al, 1998; Zolman et al, 2000), pex14-6 growth
can be restored by the addition of a fixed carbon source (su-
crose) to the growth media (Burkhart et al, 2013). Like IBA
responsiveness, the prp8a-14 mutation restored sucrose-
independent hypocotyl elongation to dark-grown pex14-6
seedlings (Figure 2F). Together, these physiological and mo-
lecular assays indicated that the prp8a-14 mutant improved
peroxisome function by correcting splicing in the pex14-6
mis-splicing allele.

prp8a-14 restored splicing to only a subset of mis-
spliced pex14 transcripts

We have recovered a variety of pex14 splice-site mutations
from a range of peroxisome dysfunction screens (Monroe-
Augustus et al, 2011; Burkhart et al, 2013; Fleming, 2016).
To probe splice-site fidelity, we examined the ability of
prp8a-14 to suppress these mutants. Like in pex14-6, the
mutated splice sites in pex14-7, pex14-4, and pex14-12
(Figure 3A) confer peroxisome-defective phenotypes, includ-
ing IBA-resistant and sucrose-dependent hypocotyl elonga-
tion in dark-grown seedlings (Figure 3, B-D), loss of full-
length PEX14 protein (Figure 3, E-G), and reduced lumenal
protein processing (Figure 3, E-G).

The pex14-7 allele (Fleming, 2016) has a 5'-splice site G-to-
A mutation analogous to pex14-6, changing a canonical
AG|gu splice site to AA|gu in the last nucleotide of exon 5
(Figure 3A). We found that the spliceosome fails to recog-
nize the mutated 5'-splice site of exon 5 and uses a cryptic
5'-splice site (GG|GU) 34-nt upstream in exon 5 (Figure 3A).
This altered pex14-7 transcript would encode seven out-of-
frame amino acids starting at amino acid 226 followed by a
stop codon (Supplemental Figure S1, A and B). We crossed
prp8a-14 to pex14-7, isolated RNA from the resultant double
mutant, and amplified pex14 cDNA using primers in exons 4
and 6 (Figure 3A; Supplemental Table S1). The pex14-7
cDNA amplicon was smaller than the wild-type amplicon,

Figure 1 (Continued)
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whereas pex14-7 prp8a-14 had a wild-type sized amplicon in-
dicative of restored splicing (Figure 3H). We sequenced the
major amplicon and confirmed restored splicing in the dou-
ble mutant at the AA|gu site (Figure 3H; Supplemental
Figure S1B).

This improved splicing in pex14-7 prp8a-14 was accompa-
nied by partially restored pex14 protein levels and improved
PMDH processing (Figure 3E). Moreover, pex14-7 prp8a-14
seedlings extended hypocotyls similarly with and without su-
crose, unlike the sucrose-dependent elongation exhibited by
pex14-7 (Figure 3B). Similarly, IBA responsiveness was im-
proved in the pex14-7 prp8a-14 double mutant (Figure 3B).
These phenotypic restorations suggest improved lumenal
protein import and peroxisomal [-oxidation of fatty acids
and IBA, implying that the pex14 protein in the double mu-
tant, which would carry a Glu238-to-lys mutation
(Supplemental Figure S1B), remains functional.

Next, we tested pex14-4, which has a G-to-A mutation in
the first nt of intron 8 (Monroe-Augustus et al, 2011). We
found that this AG|gu-to-AG|au alteration results in skip-
ping of exon 8 (Figure 3A), creating a frameshift with 24
out-of-frame amino acids starting at residue 293 followed by
a stop codon (Supplemental Figure S1C). Analysis of cDNAs
amplified using primers in exons 4 and 12 (Figure 3A;
Supplemental Table S1) revealed exon 8 skipping not only
in pex14-4, but also in pex14-4 prp8a-14 (Figure 3l), indicat-
ing that prp8a-14 did not restore pex14-4 splicing. As
expected from the persistence of this splicing defect, prp8a-
14 also did not restore PEX14 protein levels (Figure 3F), im-
prove PMDH processing (Figure 3F), or restore IBA respon-
siveness or sucrose independence to pex14-4 (Figure 3C).

To assess the ability of prp8a-14 to impact 3'-splice-site
selection, we monitored pex14-12 (Fleming, 2016), which has
a G-to-A mutation in the 3'-splice-acceptor site in the last
nt of intron 11 (Figure 3A). We found that pex14-12 tran-
scripts were spliced at a cryptic 3'-splice site (AG|CG) 19-nt
downstream of the mutated site (Figure 3A), which results
in 78 frameshifted amino acids followed by a stop codon
(Supplemental Figure S1D) and loss of full-length PEX14 pro-
tein (Figure 3G). We detected no splicing changes when we
analyzed pex14-12 transcripts with or without the prp8a-14
mutation (Figure 3J). Accordingly, pex14-12 defects in PEX14
protein levels (Figure 3G), PMDH processing (Figure 3G),
growth without sucrose (Figure 3D), and IBA responsiveness
(Figure 3D) were not restored by prp8a-14. We concluded
that prp8a-14 was able to restore splicing to only a subset
of splice-site mutations.

functional domains (RT, reverse transcriptase; Th, thumb; Endo, endonuclease-like; MPN, Mpr1 Pad1 N-terminal) with the positions of various
prp8a mutations indicated. The bar below the Th/X domain indicates the region that interacts with U5 snRNA and the 5" and branch point splice
sites in yeast Prp8. F, Partial alignment of A. thaliana (At) PRP8A (At1g80070), and PRP8B (At4g38780) with homologs from Oryza sativa (Os;
AAT07657.1), Homo sapiens (Hs; NP_006436.3) and S. cerevisiae (Sc; CAA80854.1) generated using the Clustal W method of the Megalign program
(DNAStar). Amino acids identical in at least three proteins are in white text. The positions of selected prp8a missense alleles are indicated above

the alignment.
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Figure 2 prp8a-14 improves pex14-6 splicing, restores PEX14 protein accumulation, and improves peroxisome-related physiological functions. A,
Pre-mRNA diagram of PEX14 showing alternative splicing observed in pex14-6 and primers used for cDNA amplification (horizontal arrows).
Noncoding nucleotide residues are in lower case. B, prp8a-14 restores pex14-6 splicing. Electrophoresis of cDNA amplified from seedling RNA using
primers shown as horizontal arrows in (A). The major amplicons were excised and sequenced, and the observed splicing products are depicted to
the right of the corresponding amplicons. C, prp8a-14 restores pex14 protein accumulation in pex14-6. Protein extracts from 8-day-old light-grown
seedlings were processed for immunoblotting with the indicated antibodies. Mature (m) PMDH is synthesized as a precursor (p) that has its tar-
geting sequence removed after peroxisomal import. Heat shock cognate 70 (HSC70) is a cytosolic loading control. D, Sequences of spliced tran-
script encompassing the pex14-6 mutation from wild-type, pex14-6, and pex14-6 prp8a-14 cDNAs shown above the predicted protein sequences.
Note the E25K missense mutation in the correctly spliced pex14-6 transcript in the pex14-6 prp8a-14 mutant. Exon sequences are capitalized, and
UTR sequences are in lower case. E, prp8a-14 increases IBA responsiveness in light-grown pex14-6 seedlings. Root lengths of 8-day-old seedlings
grown at 22°C under continuous, yellow-filtered light are shown (n > 12). Boxes show second and third quartiles, horizontal lines are medians,
and whiskers show the highest and lowest values within 1.5-fold of the interquartile range. Data not sharing a letter above the boxplot are signifi-
cantly different (one-way ANOVA with Tukey’s post-hoc test, P < 0.01). F, prp8a-14 increases IBA responsiveness and restores sucrose indepen-
dence in dark-grown pex14-6 seedlings. Hypocotyl lengths of 5-day-old seedlings grown in the dark on the indicated media at 22°C are shown
(n > 9). Boxes show second and third quartiles, horizontal lines are medians, and whiskers show the highest and lowest values within 1.5-fold of
the interquartile range. Data not sharing a letter above the boxplot are significantly different (one-way ANOVA with Tukey’s post-hoc test,
P < 0.01). G-I, prp8a-14 has small rosettes (G), reduced stature (H), and reduced fertility and internode elongation (I). Seedlings germinated on
plant nutrient media with 0.5% sucrose were transferred to soil and representative plants (G, H) or inflorescence stems (I) were photographed at
19 (G), 39 (H), or 52 (1) days after sowing.
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Global impacts of the prp8a-14 mutation on
development, transcript levels, and splicing

The prp8a-14 single and double mutants displayed reduced
fertility along with small stature due to reduced leaf expan-
sion (Figure 2G) and shortened inflorescence stems (Figure 2,
H and [). These morphological defects suggested that the
prp8a-14 mutation caused transcript changes beyond altered
pex14 splicing. To explore the impact of prp8a-14 on tran-
script levels and splicing, we prepared RNA from three biolog-
ical replicates of 8-day-old wild-type and prp8a-14 seedlings
and conducted RNA-seq analysis. Each sample yielded be-
tween 282 million and 36.2 million paired-end reads, of which
975%-97.7% mapped to The Arabidopsis Information
Resource (TAIR)10 Arabidopsis reference genome. Out of
26,896 transcripts detected, 7,241 had significantly different
abundance in prp8a-14 seedlings, including 784 with at least
two-fold lower levels and 246 with at least two-fold higher
levels (Supplemental Data Set 1; Figure 4A). Both PRPSA and
PEX14 mRNAs were present at similar levels in wild-type and
prp8a-14 seedlings (Supplemental Data Set 1).

We monitored enriched gene ontology (GO) terms
among differentially expressed genes in our dataset.
Transcripts downregulated more than two-fold in prp8a-14
were significantly enriched for responses to sulfur starva-
tion and triterpenoid metabolism GO terms (Figure 4B),
and RNA processing, gene expression, and root develop-
ment GO terms were enriched among all genes signifi-
cantly downregulated (Supplemental Figure S2A).
Transcripts upregulated more than two-fold were enriched
in multiple GO terms involving seed and reproduction pro-
cesses (Figure 4C), whereas RNA processing, photosynthe-
sis, pigment biosynthesis, and postembryonic development
GO terms were enriched among all genes significantly
upregulated (Supplemental Figure S2B).

Because the prp8a-14 mutant altered splicing in pex14-6
(Figure 2) and pex14-7 (Figure 3), we assessed the global
consequences of the prp8a-14 mutation on splicing by ana-
lyzing splice junctions in our RNA-seq data. We quantified
intron retention, exon skipping and use of alternative 5'-
and 3'-splice-site events in wild type and prp8a-14
(Supplemental Data Set 2). Consistent with previous findings
(Wang and Brendel, 2006; Marquez et al, 2012), intron re-
tention was the most common (5,475, 41.5%) alternative
splicing event among 13,177 alternative splicing events
detected in wild type and prp8a-14 (Figure 5A). No addi-
tional alternative splicing events were detected in prpr8a-14
that were not also present in wild type. We compared the
frequency of alternative splicing events between wild type
and prp8a-14. Of all alternative splicing events detected, 684
(52%) were significantly differentially spliced in prp8a-14
compared to wild-type (Figure 5A). Genes with significantly
different splicing in prp8a-14 were enriched for GO terms in-
volving regulation of circadian rhythm and several regulatory
processes (Figure 5B).

Among alternative splicing events detected, only ~2% of
the intron retention (139/5475) or exon skipping (77/3213)
events were significantly different in prp8a-14 (Figure 5A). In
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contrast, 10% of the detected alternative 5'- (200/1844) and
3'- (268/2645) splice-site events were significantly different
in prp8a-14 and wild type (Figure 5, A and C), hinting that
the mutation impacted splice-site selection more than the
decision to remove an intron or skip an exon. Indeed, hyper-
geometric testing supports a significant prp8a-14 enrich-
ment of differentially spliced 5'- and 3'-splice-site events
(P < 0.0001), but not of intron retention or exon skipping
events. In addition, prp8a-14 appeared to favor the splice
site closest to the branch site (Figure 5A). Specifically, 60%
(119/200) of the altered 5'-splice sites favored the closer site
in prp8a-14 (P = 0.007, two-tailed z test compared to a 1:1
ratio). Similarly, 73% (195/268) of altered 3'-splice sites fa-
vored the closer site in prp8a-14 (P < 0.0001, two-tailed z
test compared to a 1:1 ratio).

We generated sequence logos to visualize preferred se-
quence motifs at the 1,844 5'-splice sites with alternate
splicing events. As expected, the intronic +1 (g) and +2 (t)
positions of the AG|gt 5'-splice-site motif were highly pre-
ferred, whereas the exonic —1 (G) and -2 (A) positions were
less preferred. Splice sites preferred by wild type and prp8a-
14 were similar (Figure 5D; Supplemental Figure S3A, top
row). In the 200 junctions in which prp8a-14 and wild type
had an at least 5 percentage point difference in 5'-splice-site
selection, we found a significant decrease in the preference
for the exonic -1 G and a significant increase in the prefer-
ence for —1 A in the prp8-14 mutant (Figure 5D;
Supplemental Figure S3A, middle row, P = 0.046, two-sample
Chi-square test). This difference was further exaggerated
when we limited the analysis to the 92 junctions where wild
type and prp8a-14 differed by at least 20 percentage points
(Figure 5D; Supplemental Figure S3A, bottom row,
P < 0.0001, two-sample Chi-square test), indicating that the
prp8a-14 mutation reduced the preference for a G at this
position. In contrast, the splice-site motifs between alterna-
tively spliced 3'-splice sites appeared similar in wild type and
prp8a-14 (Supplemental Figure S3B).

Altered splicing can lead directly to changes in transcript
levels (e.g. nonsense-mediated decay) or can change tran-
script levels indirectly through impacts of alternative splicing
on regulatory networks. To investigate the possible impact
of altered splicing in prp8a-14 on transcript levels, we com-
pared our genes with differentially spliced transcripts with
our genes with altered transcript levels. We did not find sig-
nificant enrichment of differentially expressed genes among
our differentially spliced transcripts (Figure 5A), suggesting
that the altered splicing that we detected was not robustly
impacting transcript levels.

BRR2, named after the yeast Bad response to refrigeration
2 (Brr2) protein, is a spliceosomal helicase that directly inter-
acts with PRP8 (Nguyen et al, 2013). Like prp8a-14, the
brr2a-2 mutant has a compact rosette and small siliques
(Mahrez et al, 2016). This mutant has been subject to RNA-
seq analysis in 15-day-old seedlings, and transcripts with dif-
ferential intron retention in the mutant are annotated
(Mahrez et al, 2016). We found minimal overlap between
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Figure 3 prp8a-14 restores splicing and pex14 protein to a subset of pex14 mis-splicing alleles. A, Pre-mRNA diagram of PEX74 showing alternative splic-
ing observed in selected pex14 alleles and primers used for cDNA amplification (horizontal arrows). Noncoding nucleotide residues are in lower case; B—
D, Hypocotyl lengths of 5-day-old seedlings grown in the dark on the indicated media reveal that prp8a-14 restores sucrose-independence and IBA re-
sponsiveness of pex14-7 (B) whereas prp8a-14 does not change IBA responsiveness or sucrose dependence of pex14-4 (C) or pex14-12 (D). Boxes show sec-
ond and third quartiles, horizontal lines are medians, and whiskers show the highest and lowest values within 1.5-fold of the interquartile range (n > 8).
Data not sharing a letter above the boxplot are significantly different (one-way ANOVA with Tukey’s post-hoc test, P < 0.01). E-G, Immunoblots of pro-
tein extracted from 8-day-old seedlings and probed with the indicated antibodies reveal that prp8a-14 restores pex14 protein accumulation and PTS2
processing to pex14-7 (E), but not pex14-4 (F) or pex14-12 (G). p, precursor; m, mature; H-J, cDNA amplified from seedling RNA using the indicated pri-
mers and separated using agarose electrophoresis reveals that prp8a-14 restores pex14 splicing to pex14-7 (H), but not pex14-4 (1) or pex14-12 (J). The ma-
jor amplicons were excised and sequenced, and the observed splicing products are depicted to the right of the corresponding amplicons.
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Figure 4 Thousands of genes are differentially expressed in prp8a-14. A, Summary of transcript accumulation in prp8a-14 compared to wild type.
The volcano plot was generated using the EnhancedVolcano package in R. Of the 26,895 transcripts detected (Supplemental Data Set 1), levels of
7,241 transcripts were significantly altered in prp8a-14 (g < 0.05) (points above horizontal dashed line). Transcripts altered at least two-fold are in
red (246 increased and 784 decreased). B, Enriched GO terms (q < 0.05) for genes with transcripts down at least two-fold in prp8a-14. C, Enriched
GO terms (g < 0.05) for genes with transcripts up at least two-fold in prp8a-14.

brr2a-2 and prp8a-14 transcripts with increased or decreased
intron retention. Only two genes, At2g34450 and At3g09540,
displayed increased retention of an intron in both mutants;
no genes with decreased intron retention were shared. In
addition, we compared differentially accumulating tran-
scripts in prp8a-14 and brr2a-2 to determine whether similar
pathways were misregulated (Supplemental Data Set 3). We

found significant overlap (hypergeometric test, P < 0.0001)
between commonly upregulated (73) and downregulated
(41) genes (Supplemental Figure S4). The common upregu-
lated genes were enriched for GO terms involved in circa-
dian rhythm and light responses, whereas shared
downregulated genes were enriched for defense and im-
mune response (Supplemental Figure S4).
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Figure 5 prp8a-14 altered 5'- and 3'-splice-site selection. A, Summary of splicing in prp8a-14 compared to wild type. rMATS was used to detect altered
splice junctions in RNA-seq data from 8-day-old light-grown seedlings. Schematics illustrate four categories of alternative splicing events; rectangles de-
pict exons, thick (blue) lines depict introns, and thin (red) lines highlight alternative splicing of light blue regions. Significantly different splicing (DS)
events in prp8a-14 were tabulated and further subtotaled by prp8a-14 splicing preference. DS events in prp8a-14 differentially expressed (DE) transcripts
are tabulated. Hypergeometric testing P-values are shown in purple; P < 0.05 indicates significant enrichment. B, Enriched GO terms (g < 0.05) for
genes with differential splicing events in prp8a-14. C, Examples of alternatively spliced junctions that were differentially spliced in wild type and prp8a-14
illustrated by plotting RNA-seq reads using IGV spanning an impacted 5'- (top) or 3'-splice site in the indicated genes. D, Sequence logos generated using
WeblLogo 3 of preferred wild-type and prp8a-14 5'-splice-site sequence motifs for all 1,844 5'-alternative splicing events (top row), the 200 junctions with
significantly DS (> 5 percentage points [pp]) between prp8a-14 and wild type (middle row), and the 92 junctions with significantly DS (> 20 pp) be-
tween prp8a-14 and wild type (bottom row). Error bars indicate approximate Bayesian 95% confidence intervals. Asterisks indicate significant differences
from wild type (*P < 0.05; **P < 0.0001; two-sample Chi-squared test).
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Discussion

Accurate mRNA splicing requires precise recognition of
sequences that define the 5/, 3/, and branch point splice
sites. We used pex14-6, a peroxisome-defective mutant with
reduced protein accumulation due to mis-splicing of the
first exon (Figure 2A), in a suppression screen for restored
peroxisome function. We recovered a mutant in the PRP8SA
splicing factor that corrected pex14-6 splicing, restored
pex14 protein accumulation, and improved peroxisome
function. PRP8 is a permanent component of the U5 snRNP
that scaffolds pre-mRNA positioning within the splicecosome
by interacting with four regions on the pre-mRNA to define
which section to remove (reviewed in Siatecka et al, 1999).
PRPS also interacts with other permanent and transient pro-
teins that usher the spliceosome as it cycles through the dif-
ferent conformations to remove an intron. To analyze the
extent of suppression, we employed an allelic series of
splice-site mutations in PEX74, which encodes a protein that
assists the import of proteins into the peroxisome lumen
(Azevedo and Schliebs, 2006). prp8a-14 improved pex14
splicing and rescued the peroxisome-defective phenotypes
of pex14-6 and pex14-7 but not pex14-4 or pex14-12. Thus,
only pex14 alleles with mutations in the exonic G of the 5'-
splice site (AG|gu to AA|gu) were suppressed by prp8a-14.

Arabidopsis prp8 mutants

Arabidopsis PRP8A is essential for embryogenesis, and prp8a
null alleles confer embryo lethality (Schwartz et al, 1994
Marquardt et al, 2014; Sasaki et al, 2015; Deng et al, 2016;
Kulichova et al, 2020). Two of the previously described viable
prp8a missense alleles, prp8a-6 and prp8a-7 (Figures 1, E and 6,
B), are hypomorphs that are late flowering and display in-
creased intron retention (Marquardt et al, 2014; Sasaki et al,
2015). The developmental impacts of other prp8a missense
mutations (prp8a-8, prp8a-9, prp8a-10, and prp8a-11; Figures 1,
E and 6, B) have not been reported. Our viable prp8a missense
mutant exhibits pleiotropic defects, including reduced fertility
and small stature (Figure 2, G and H) that are perhaps unsur-
prising given the dramatic repercussions that even small
changes in splicing can have on protein production.

Global analysis of mRNA splicing in prp8a-14 showed signif-
icant differences from wild type at only a small subset of
splicing junctions. Strikingly, we did not detect alternative
splicing events in prp8a-14 that were not also detected in
wild type. This result indicates that prp8a-14 did not mark-
edly reduce splicing efficiency, which would presumably in-
crease intron retention and/or exon skipping. Instead, the
alternatively spliced junctions that were altered in prp8a-14
were enriched for those showing differential splicing of 5'-
and 3'-splice sites (Figure 5A). Among these differentially
spliced junctions, prp8a-14 often favored the site closest to
the branch site, thus shortening the intron in both the 5'-
and 3'-splice sites (Figure 5, A and C). Indeed, in both pex14
mutants suppressed by prp8a-14, the prp8a-14 mutant fa-
vored a splice site closer to the branch site (Figures 2, B and
3, H). In contrast, intron retention and exon skipping events
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were not significantly enriched in prp8a-14 versus wild type
(Figure 5A). This disproportionate alteration of 5'- and 3'-
splice sites among detected alternative splicing events sug-
gests that the prp8a-14 mutation modulates splice-site selec-
tion without markedly affecting excision and ligation of RNA
substrates, which would be consistent with a role for PRP8a
in alternative splicing. Moreover, analysis of splice-site motifs
of differentially spliced junctions suggests that prp8a-14
relaxes fidelity at the —1 position of 5'-splice sites (Figure 5D).
Interestingly, both pex14 mutations that were suppressed by
prp8a-14 carry mutations at the —1 position of 5'-splice sites
(Figures 2 and 3).

The first reported viable missense mutation of PRP8A,
prp8a-6, was isolated for its impact on FLOWERING LOCUS C
(FLGC, At5g10140) expression due to altered splicing of the
anti-sense transcriptional regulator COOLAIR (At5g01675;
Marquardt et al, 2014). The prp8a-6 mutation (Figures 1, E
and 6, B) increases FLC expression, which delays flowering
(Marquardt et al, 2014). COOLAIR and FLC had the largest
relative decreases in transcript levels in  prp8a-14
(Supplemental Data Set 1). However, these genes did not
emerge from our analysis of genes differentially spliced in
prp8a-14 (Supplemental Data Set 2), perhaps because tran-
script levels were very low in the mutant: COOLAIR transcript
was undetected in two of three prp8a-14 biological replicates
and FLC was undetected in one replicate (Supplemental Data
Set 1). Analysis of transcripts from older plants might increase
detection of FLC and COOLAIR transcripts to allow analysis of
any splicing alterations in prp8a-14.

Although prp8a-14 has a compact rosette, small siliques,
and short inflorescence stems (Figure 2, G-I), GO enrichment
analysis of transcripts that differentially accumulated
(Figure 4, B and C) or were differentially spliced (Figure 5B) in
prp8a-14 seedlings did not reveal terms that were obviously
related to rosette architecture. Investigation of RNA from
adult tissues might illuminate specific transcriptional or splic-
ing changes that are driving these prp8a-14 phenotypes.
Adult morphological phenotypes are not reported for the
other Arabidopsis prp8a alleles; however, the small stature of
prp8a-14 resembles brr2a-2 (Mahrez et al, 2016), a mutant of
the helicase that interacts with PRP8 to activate the spliceo-
some for the first catalytic step (Nguyen et al, 2013). We
found significant overlap in genes upregulated or downregu-
lated in both mutants (Supplemental Figure S4). For example,
both prp8a-14 (Supplemental Data Set 1) and brr2a-2 seed-
lings (Mahrez et al, 2016) have reduced FLC transcript levels.
We did not find substantial overlap in transcripts with altered
intron retention in the two mutants, however, and informa-
tive comparison of this and other splicing parameters would
require a direct assessment using RNA from age- and growth
condition-matched samples.

Arabidopsis prp8a-14 may impact the second step
of splicing

Extensive suppression studies in yeast have established a
critical role for Prp8 in spliceosome splice-site recognition
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Figure 6 Predicted position of residue altered in Arabidopsis prp8a-14 based on the crystal structure of the related S. cerevisiae Prp8 in the C*
complex spliceosome. A, Surface model of PRP8 of RT (reverse transcriptase)/palm through RNase-H like domains rendered from PDB 5WSG using
ChimeraX (Yan et al,, 2017) colored as annotated in Figure 1E. The U5 snRNA is shown in lavender, pre-mRNA 5'-exon and 3'-intron/exon are in
purple, and the altered residue in prp8a-14 is in yellow. B, Ribbon model of S. cerevisiae Prp8 colored as in (A) and rotated 90° with altered resi-
dues corresponding to prp8a-14 shown in yellow and other Arabidopsis missense alleles shown in magenta. C, Ribbon models of S. cerevisiae Prp8
rotated 90° with Arabidopsis prp8a-14 in yellow and S. cerevisiae suppressors discussed in the text in blue (step-one suppressors) or red (step-two
suppressors). Step-one suppressors confirmed using mutated pre-mRNA are shown in light blue (Liu et al,, 2007). The RNase-H-like domain was
removed from the center panel to more clearly show clustered first- and second-step suppressors in the Endo domain.
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and fidelity (Liu et al, 2007; Galej et al, 2013). To examine
the role of yeast Prp8 in splice-site recognition, pre-mRNA
reporters mutated at different locations in the 5, 3/, or
branch point splice sites were used to monitor pre-mRNA
processing in various prp8 mutants (Collins and Guthrie,
1999; Siatecka et al, 1999; Ben-Yehuda et al, 2000; Query
and Konarska, 2004; Liu et al, 2007). The prp8 first-step
alleles restore splicing to splice-site mutations that block the
first trans-esterification reaction (characterized by reduced
levels of both lariat and fully spliced transcript), whereas
second-step alleles restore splicing to splice-site mutations
that stall after the first trans-esterification reaction (charac-
terized by lariat presence but reduced levels of fully spliced
transcript) (Figure 6G Query and Konarska, 2004; Liu et al.,
2007). Improvements in either the first or second step are
mutually exclusive, which led Query and Korsanka to de-
velop the two-state model of splicing. In this model, the
spliceosome alternates between conformations favoring the
first or second step, and mutations that disrupt this equilib-
rium impair splicing (Query and Konarska, 2004).

Our prp8a-14 mutant resembles the yeast second-step
alleles. Only second-step alleles fully splice the 5'- and 3'-
mutations tested in yeast (Liu et al, 2007). Thus, prp8a-14
restoration of fully spliced transcripts in our 5'-splice-site
AG|gu-to-AA|gu pex14-6 and pex14-7 mutations implies a
second-step allele. Further supporting second-step classifica-
tion is the location of our prp8a-14 mutation. Examination
of the yeast Prp8 structure in the C* spliceosome conforma-
tion (Yan et al, 2017) reveals that the prp8a-14 G1326R mu-
tation is in the Thumb/X subdomain between the reverse
transcriptase fingers/palm (RT) and endonuclease (En)
domains at the center of the active site in the concave sur-
face facing the RNaseH-like domain (Figure 6). Several yeast
second-step alleles are located along the same surface in the
RT/En domain surrounding the active site facing the
RNaseH-like domain (Figure 6C; reviewed in Galej et al,
2013). In contrast, the yeast first-step alleles, excluding those
on the RNaseH-like domain, reside along the outer-facing
surfaces of Prp8 (Figure 6C; reviewed in Galej et al, 2013).
Definitive classification of prp8a-14 as a second-step allele
could be provided by examining prp8a-14 effects on addi-
tional splice-site mutations analogous to those tested in
yeast.

Failure to complete the second catalytic reactions in
pex14-6 and pex14-7 might result from altered base-pairing
with the substrate RNA in the active site. The predominant
transcript in both pex14 alleles used a cryptic 5'-splice-site
upstream of normal splice site. However, the improved splic-
ing that we observed in the suppressor implies that some
correctly cleaved intron lariat accumulated. The 5'-AA|gu
mutations in pex14-6 and pex14-7 do not alter the lariat se-
quence and are expected to keep wild-type configurations
with U2 and U6 snRNA (Wan et al., 2016). However, the ad-
ditional adenine on the end of the exon might form a con-
ventional A:U pairing with a uracil on the end of U5 loop 1,
rather than the G:U wobble pairing of wild type. This altered
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pairing might stabilize the exon in the active site and inhibit
repositioning of the spliceosome or ligation with the 3'-
splice site, eventually triggering complex destabilization and
lariat degradation. Indeed, mutated yeast 5'- and 3'-pre-
mRNA reporters display elevated lariat intermediate levels
when degradation is inhibited (Liu et al, 2007). Our prp8a-
14 mutation (G1326R) is in the Thumb/X domain in the
spliceosome active site that binds the end of the 5'-exon
and the U5 loop (Figure 6A; reviewed in Galej et al, 2013).
Perhaps the ectopic arginine restores RNA substrate active
site interaction to favor ligation with the 3'-exon, saving the
transcript from degradation.

The pex14-4 allele (AG|gu to AGl|au) was the only pre-
mRNA mutation we tested with an analogous mutation in
the yeast studies. This + 1 intron position is one of only
two 5'-positions that are not suppressed by a yeast second-
step prp8 allele (Collins and Guthrie, 1999; Siatecka et al,
1999; Query and Konarska, 2004). Similarly, this allele was
not rescued in our assays (Figure 3, C, F, and I). Because ac-
cumulation of lariat intermediate in the yeast studies of this
position (Query and Konarska, 2004) suggests a capacity to
be rescued by a second-step allele, failure to restore splicing
implies the + 1 intron position is critical for the second re-
action in yeast. In Arabidopsis, nearly 5% of spliced junctions
use the minor U12-containing spliccosome and remove |at-
ac| introns rather than the canonical |gt-ag| introns proc-
essed by the predominant U2-containing spliceosome
(Marquez et al, 2012). Although the pex14-4 mutation
changes the 5'-splice site of intron 8 to match the U12 con-
sensus, the 3'-ag| splice site likely prevents U12-mediated
splicing at this mutated site.

Our prp8a-14 allele also failed to restore splicing to a 3'-
splice-site mutation (ag|CC to aa|CC) in pex14-12 (Figure 3,
D, G, and )). In yeast, second-step prp8 alleles do rescue
splicing defects of several 3'-splice-site mutations, including
a change to cytosine in the same position as pex14-12
(Collins and Guthrie, 1999). However, the ag|CC 3'-splice
site in PEX14 that we tested is not canonical (ag|GU), and
the pex14-12 mutation to aa|CC may render the site unrec-
ognizable. Indeed, yeast prp8 does not restore splicing if
both guanines in the 3'-splice site are changed to cytosines
(Query and Konarska, 2004). Testing changes to a canonical
3'-splice site could clarify if our prp8a mutant is capable of
the range of suppression seen in yeast second-step prp8
alleles.

Although in-depth yeast studies have elucidated the rela-
tionship between Prp8 and pre-mRNA sequence, the impact
of changes to the exonic guanine in the —1 position of the
5'-splice site was not explored. In yeasts, this guanine is not
critical for splice-site recognition (Lesser and Guthrie, 1993).
However, this guanine is highly conserved in mammals and
plants and, along with the following intronic guanine,
defines the exon—intron boundary during splicing in humans
(Aebi et al, 1987; Galej, 2018). Further investigation of the
relationship between the exonic guanine and the spliceo-
some may elucidate critical components of the spliccosome
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in multicellular organisms. Of particular interest would be
elucidation of components or mechanisms for alternative
splicing, which is limited in yeast but plays important roles
in plant and animal development.

pex mutants provide a convenient platform for
genetic dissection of splicing specificity
Most viable Arabidopsis prp8a missense mutations, includ-
ing our allele, were isolated in investigations of biological
processes other than splicing using suppression screens that
were (unknowingly) sensitized to detect altered splicing
(Marquardt et al, 2014; Sasaki et al,, 2015; Deng et al, 2016;
Kulichova et al, 2020). Similarly, several yeast prp8 alleles
were isolated in suppression screens (Galej et al., 2013).
Unlike the pre-mRNA mutations probed in the yeast stud-
ies, which were specifically developed to report measuring
splicing efficiency (Lesser and Guthrie, 1993), the alleles we
used were genomic mutations recovered from screens for
peroxisome-defective mutants. Our lab has accumulated an
extensive collection of splice-site mutants because the muta-
gen used (EMS) alters guanine base-pairing during replication
to cause G-to-A mutations (Greene et al, 2003). Thus, the
splice-site consensus sequences AG|gt and ag|GT, each with
two guanines, are particularly vulnerable to EMS mutagenesis.
Splice-site mutations disrupt translation, resulting in drastic
effects on protein production. Of sixteen PEX14 alleles recov-
ered from a range of peroxisome dysfunction screens
(Monroe-Augustus et al, 2011; Burkhart et al, 2013; Fleming
2016), half are splice-site mutants. Because PEX14 is important
but not essential for peroxisome protein import (Monroe-
Augustus et al, 2011), null pex14 alleles, including splice-site
mutations, disrupt peroxisome function without conferring le-
thality, resulting in easily monitored physiological phenotypes
that are reversed when splicing is restored. Therefore, we can
assess peroxisome function as a proxy for splicing efficiency.
Although our alleles were not generated to study splicing, the
range of splice-site mutants recovered and the simple peroxi-
some assays available make this system a facile platform to
study splicing. It will be interesting to learn if additional pex14
suppressors further illuminate the splicing machinery in plants.

Materials and methods

Plant material

Plants were from the Columbia-0 (Col-0) accession of
Arabidopsis (A. thaliana), which was used as wild type. The
pex14-6 prp8a-14 double mutant identified in the suppres-
sion screen was backcrossed to pex74-6 and then crossed to
Col-0 to isolate the single prp8a-14 mutant before pheno-
typic analysis. pex14-4 (Monroe-Augustus et al, 2011),
pex14-6 (Burkhart et al, 2013), pex14-7 (Fleming, 2016), and
pex14-12  (Fleming, 2016) were previously described.
Homozygous double mutants were selected from progeny of
pex14-4, pex14-7, or pex14-12 crossed with backcrossed
pex14-6 prp8a-14 using polymerasae chain reaction (PCR)-
based genotyping with the primers listed in Supplemental
Table S2.
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Growth conditions and physiological assays

Seeds were surface sterilized in 3% (v/v) NaOCl and 0.1% (v/
v) Triton X-100, washed, suspended in 0.1% (w/v) agar, and
stratified for 1-2 days in the dark at 4°C prior to plating. All
growth assays were performed at 22°C. For dark-grown
physiological assays, seeds were pre-germinated for 1day in
continuous white light prior to plating. For light and dark-
grown assays, seeds were plated on plant nutrient media
(Haughn and Somerville, 1986) solidified with 1% (w/v) agar
and supplemented with 0.5% (w/v) sucrose and/or IBA as
indicated. For dark-grown hypocotyl assays, plates were
placed under continuous long-pass yellow-filtered light to
slow IBA decomposition (Stasinopoulos and Hangarter,
1990) for 1day and then wrapped in foil and positioned ver-
tically for 4days in the dark. For light-grown root assays,
plates were positioned vertically under continuous long-pass
yellow-filtered light for 8 days. Plates were imaged using a
flatbed scanner, and hypocotyls (dark-grown seedlings) or
roots (light-grown seedlings) were measured with Image] us-
ing the segment line and measure tools. Measurement data
were graphed using the ggplot2 plug-in for RStudio
software.

For monitoring phenotypes of mature plants, seeds were
plated on 0.6% (w/v) agar-solidified plant nutrient media
with 0.5% (w/v) sucrose and grown in continuous white
light for 9days and then transferred to soil and grown in
continuous white light.

Mutant isolation and recombination mapping
pex14-6 seeds were mutagenized using 0.20% (v/v) EMS
(Normanly et al, 1997) and 8 pools of M, seeds were
surface-sterilized and screened for restored IBA sensitivity af-
ter 7days on 8-uM IBA plant nutrient media plates with
0.5% (w/v) sucrose. Individuals with short roots were se-
lected as putative pex14-6 suppressors and moved to soil for
immunoblot testing and propagation. Progeny from selected
mutants was retested for IBA sensitivity and backcrossed to
the parental pex14-6 line. Backcrossed suppressors were
identified using IBA responsiveness.

Whole-genome sequencing

Genomic DNA (gDNA) was isolated (Thole et al, 2014)
from the pooled progeny of six plants from the backcross of
a suppressor to pex14-6 that displayed 100% IBA-sensitive
roots. gDNA was sequenced by the Washington University
Genome Technology Access Center using an lllumina HiSeq
2000. Sequencing data were aligned to Arabidopsis Col-0
with TAIR build 10 using Novoalign (Novocraft; http://novo
craftcom). Mutations were identified with SAMtools (Li
et al, 2009) and then annotated with snpEFF (Cingolani
et al, 2012). Identified mutations were filtered for homozy-
gous G-to-A or C-to-T point mutations that cause either
nonsynonymous amino acid changes or splice-site changes
(Farmer et al, 2013).
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Immunoblot analysis

Protein extracts from seedlings grown on 0.6% (w/v) agar-
solidified plant nutrient media with 0.5% (w/v) sucrose in
continuous white light for 8 days were processed by grinding
frozen tissue in a 1.7-mL microcentrifuge tube with a pestle.
Ground tissue was suspended in 2x volume of sample
buffer [106-mM Tris, pH 8.5, 2% (w/v) lithium dodecyl sul-
fate, 0.51-mM EDTA, pH 8.0, 10% (w/v) glycerol, 0.22-mM
Coomassie blue G250, 0.166-mM phenol red (Invitrogen,
Waltham, MA, USA)] supplemented with 50-mM DTT.
Samples were incubated at 100°C for 5min and centrifuged
at 18,500 rcf for 5min. Equal volumes of supernatants were
loaded on Bolt 10% (w/v) Bis—Tris gels (Invitrogen) beside
broad range prestained markers (New England Biolabs,
Ipswich, MA, USA; P7712 or P7719). Samples were electro-
phoresed in MOPS running buffer (Invitrogen) and then
transferred to Hybond-ECL nitrocellulose membrane
(Amersham Pharmacia Biotech, Piscataway, NJ, USA; VWR
10120-006) using GenScript eBlot L1 western blotting trans-
fer system according to recommendations of the manufac-
turer. Membranes were air-dried for 1h then blocked in 8%
(w/v) nonfat dry milk in Tris-buffered saline (TBS; 20-mM
Tris, pH 7.5, 150-mM NaCl) for 1h at room temperature be-
fore overnight incubation in primary antibody diluted in 8%
nonfat dry milk in TBST (TBS with 0.1% (v/v) Tween-20) at
4°C. Membranes were rinsed 3 times with TBST and then
incubated in horseradish peroxidase (HRP)-linked secondary
antibody diluted in 8% nonfat dry milk in TBST for 2h at
room temperature. Membranes were rinsed in TBS, incu-
bated in WesternSure PREMIUM chemiluminescent sub-
strate (LI-COR 92695000), and imaged using an Odyssey Fc
imaging system (LI-COR). Different primary antibodies were
serially incubated and imaged on the same membrane with-
out stripping. The primary antibodies used were rabbit anti-
PEX14 (1:10,000 dilution; Agrisera AS08 372), rabbit anti-
PMDH2 (1:5000 dilution; Pracharoenwattana et al, 2007),
and mouse anti-HSC70 (1:50,000 dilution, StressGen
Bioreagents SPA-817). Secondary antibodies used were HRP-
conjugated goat anti-rabbit (1:5000 dilution, GenScript
A00098) or anti-mouse (1:5,000 dilution, GenScript A00160)
antibodies.

RNA isolation and analysis

Seedlings were grown for 8days in continuous white light
on sterilized Whatman 3 MM blotting paper atop 0.6% (w/
v) agar-solidified plant nutrient media with 0.5% (w/v) su-
crose. Seedlings frozen with liquid nitrogen were ground
with a pestle, and RNA was extracted using RNeasy plant
mini kits (Qiagen, Hilden, Germany; 74904).

For reverse transcription-PCR analysis, gDNA was re-
moved from RNA (5-8 ug) using Invitrogen DNA-free DNA
removal kit according to the recommendations of the man-
ufacturer. DNAse-treated RNA was used as a template for
cDNA synthesis using the 3'-gene-specific primers listed in
Supplemental Table S1. To make c¢DNA, 1puL of primer
(2uM) and 4pL of ANTPs (2.5mM) was added to the iso-
lated RNA (10pL) and incubated at 65°C for 5min then
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transferred to ice for 1min, after which 4pL of 5x First
strand buffer, TuL 0.1 DTT, 1puL RNase Out, and 1puL of
Superscript Il Reverse Transcriptase (Invitrogen; 18080-044)
were added. Reactions were incubated at 50°C or 55°C for
1h and then 70°C for 15-30 min.

To analyze individual splicing products, cDNAs were PCR-
amplified using the primers listed in Supplemental Table S1,
separated by electrophoresis in TAE gels containing 1% (w/
v) agarose and 50 mM guanosine, and imaged with a Bio-
Rad Gel Doc XR +. Individual amplicons were excised, and
DNA was purified with QIAquick gel extraction kit (Qiagen;
catalog: 28706) prior to Sanger sequencing at Genewiz.

RNA-seq library construction and sequencing
analysis

RNA purified from 8-day-old light grown Col-0 and prp8a-
14 seedlings (three biological replicates) was sequenced at
the Genome Technology Access Center of Washington
University in St. Louis. Libraries were prepared from 5 to
10ug of total RNA with an RIN (RNA integrity number)
greater than 8.0 as determined using an Agilent Bioanalyzer
or 4200 Tapestation. mMRNA was enriched by poly-A selec-
tion using Oligo-dT beads (mRNA Direct kit, Life
Technologies) and fragmented in reverse transcriptase buffer
by heating to 94°C for 8 min. Fragmented mRNA was re-
verse transcribed to yield cDNA using SuperScript lll RT en-
zyme (Life Technologies, Carlsbad, CA, USA) primed with
random hexamers according to the manufacturer’s instruc-
tions. A second strand reaction was performed to yield ds-
cDNA. The cDNA was blunt ended, had an A base added to
the 3'-ends, and then had Illumina sequencing adapters li-
gated to the ends. Ligated fragments were amplified for 12—
15 cycles using primers incorporating unique dual index
tags. Fragments were sequenced on an lllumina NovaSeg-
6000 using paired-end reads extending 150 bases with a se-
quencing depth of 30 million reads per sample.

Adapters were trimmed using the bbduk program within
BBTools  (https://sourceforge.net/projects/bbmap/).  Reads
were aligned to the TAIR10 genome using HISAT2 (Kim et al,
2019) and counts were obtained using htseq-count (Anders
et al, 2015). Differential expression was performed using
PoissonSeq (Li et al, 2012) with a g-value cutoff of 0.05. Read
counts were normalized to FPKM (fragments per kb per mil-
lion mapped reads) before calculating fold changes.

Alternative splicing analysis

Alternative splicing sites were mapped and differential splicing
events between Col-0 and the prp8a-14 mutant were deter-
mined using rMATS (Shen et al, 2014). Skipped Exon (SE),
Alternative 5'-splice site (A5SS), Alternative 3'-splice site
(A3SS), Mutually Exclusive Exon (MXE), and Retained Intron
(RI) events were determined based on the HISAT2 read align-
ment to the TAIR10 genome. After event detection, MXE
events were removed from downstream analysis due to the
low number identified (99). For the remaining four alternative
SE, A5SS, A3SS, and R, differentially spliced sites in the prp8a-
14 mutant were determined using rMATS with a g < 0.05
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and a difference in splicing junction utilized of >0.05 (>5
percentage point difference in splicing junction utilized be-
tween Col-0 and prp8a-14). Sequence logos of utilized splice
sites (4 nt on either side of exon/intron boundaries) were
generated with Weblogo3 (Crooks et al, 2004) (http://
weblogo.threeplusone.com/). Example RNA-seq reads span-
ning impacted 5'- or 3'-splice site were displayed using
Integrative Genomics Viewer (IGV; Robinson et al,, 2011).

GO enrichment analysis

GO enrichment analysis was performed using PANTHER
(Thomas et al, 2003) against the gene models detected in
the RNA-Seq dataset (26,895 genes) as the reference list. GO
enrichment networks were constructed using ClueGo
(Bindea et al.,, 2009).

Statistical analysis

Statistical analysis for physiological assays was performed
with a one-way ANOVA (analysis of variance) with Tukey’s
post-hoc test using P < 0.01 (SPSS Statistics software, ver-
sion 24.0.0.0). Hypergeometric tests for enrichment were
performed using the phyper function in R. Two-tailed z-tests
and two-sample Chi-squared tests were performed in JMP
(https://www.jmp.com/).

Accession numbers

Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession numbers
At5g62810 (PEX14), At1g80070 (PRP8A), and At1g20960
(BRR2A). The raw and processed RNA-Seq data were
submitted to the National Center for Biotechnology
Information Gene Expression Omnibus database
(Accession number GSE182779).
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The following materials are available in the online version of
this article.

Supplemental Table S1. Primers for cDNA synthesis, am-
plification, and sequencing.

Supplemental Table S2.
enzymes.

Supplemental Figure S1. pex714 cDNA sequences in pex14
mis-splicing mutants.

Supplemental Figure S2. Network analysis of significantly
enriched GO terms of transcripts significantly downregu-
lated (A) or upregulated (B) in prp8a-14 seedlings.

Supplemental Figure S3. 5'- and 3'-splice sites utilized in
differentially spliced wild-type and prp8a-14 transcripts.

Supplemental Figure S4. Comparison of differentially
expressed genes in prp8a-14 and brr2a-2.

Supplemental Data Set 1. Differential expression analysis
of prp8a-14 versus wild type.

Supplemental Data Set 2. Differential splicing analysis of
prp8a-14 versus wild type.

Supplemental Data Set 3. Gene expression comparison
of prp8a-14 and brr2a-2 mutants.
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