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plicing and alternative splicing (AS)

are widespread co- and post-transcrip-
tional regulatory processes in plants.
Recently, we characterized genome-wide
AS landscapes and virus-induced AS pat-
terns in Brachypodium distachyon (Brachy-
podium), a C3 model grass. Brachypodium
plants infected with Panicum mosaic virus
(PMV) alone or in mixed infections with
its satellite virus (SPMV) were used for
high-throughput, paired-end RNA
sequencing. Here, using gene attributes of
~5,655 intronless genes, ~13,302 consti-
tutively spliced, and ~7,564 alternatively
spliced genes, we analyzed the influence of
genomic features on splicing incidence
and AS frequency. In Brachypodium, gene
length, coding sequence length, and exon
and intron number were positively corre-
lated to splicing incidence and AS fre-
quency. In contrast, exon length and the
percentage composition of GC (%GC)
content were inversely correlated with
splicing incidence and AS frequency.
Although gene expression status had litte
correlation with splicing occurrence per se,
it negatively correlated to AS frequency:
i.e., genes with >5 alternatively spliced
transcripts were significantly less expressed
compared to genes encoding <5 alterna-
tive transcripts. Further gene set enrich-
ment  analysis  uncovered
functional relationships among non-
spliced, constitutively spliced and alterna-
tively spliced genes.

unique

Introduction

About 95% of genes in the human
genome are alternatively spliced, and
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splicing-related processes underlie upwards
of 15% of human genetic diseases."”
Recent studies using next-generation RNA
sequencing demonstrated that alternative
splicing (AS) is also prevalent among plants
with about 60%, 50% and 35% of the
expressed genes in Arabidopsis, soybean
and rice being alternatively spliced.®>® Sev-
eral plant genes that function in flowering
processes, circadian clock and defense are
also known to be alternatively spliced.”®
Furthermore, AS processes are develop-
mentally regulated and modulated during
stresses.”® Alternative splicing is thought
to primarily influence transcriptome and
proteome diversity and to provide plasticity
in adapting to stress. However, the extent
and influence of genomic attributes on AS
processes, and the functional relevance of
the thousands of AS transcript variants is
yet to be investigated.

Brachypodium  distachyon (Brachypo-
dium) is a temperate Cj; grass that is
being used as a model plant to investigate
several aspects of grass biology including
cell-wall composition, growth and devel-
opment, and biotic and abiotic stress
responses.”'® Brachypodium is a diploid
plant with a small genome (272 Mbp)
that is highly collinear to the genomes of
key agronomic grasses including wheat,
barley, rice and maize."" We have estab-
lished Brachypodium and Panicum
mosaic virus (PMV) and its satellite virus
(SPMV)'*'* a5 a pathosystem to charac-
terize genome-wide AS landscapes and
the occurrence of differential splicing
during virus infection.'” Approximately
42% of Brachypodium multi-exonic
genes are alternatively spliced. Among
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the AS events, intron retention events
predominated and exon skipping AS
events were the least frequent. Here, we
further analyzed the genomic factors that
influence or constrain Brachypodium
splicing incidence and AS frequency, and
determined unique functional traits of
the different splicing groups and non-

Genomic Attributes and
Correlation with Splicing
Incidence and Frequency

It is thought that preemRNA splicing
and recognition of splice sites in plants
follows the intron definition model, as
opposed to the exon definition model in

genomic features on splicing incidence
and frequency in plants remains largely
unknown. To analyze such relationships
in the Brachypodium spliceome, we per-
formed statistical analysis for correlations
among 8 Brachypodium genomic attrib-
utes including gene length, coding
sequence (CDS) length, exon number,

spliced genes. animals.'® However, the influence of exon length, intron number, intron
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Figure 1. Genomic attributes of intronless, constitutively- and alternatively-spliced genes and relationship with splicing incidence and frequency.
(A) Gene length [bp] (B) CDS length [bp] (C) exon number, (D) exon length [bp], (E) intron number, (F) intron length [bp] (G) %GC content, and (H)
expression [Fragments per kilobase of transcript per million mapped fragments, FPKM] statistics of intronless genes, constitutively spliced (Non-AS) and
alternatively spliced (AS) genes are graphed. Genes with <5 and >5 isoforms are designated as low and high AS genes respectively. Pearson correlation
coefficient values (R?) among the different groups are indicated. Error bars represent standard error. Statistically significant differences (o < 0.01) are
determined by Tukey's Studentized Range test. AS event frequency and correlation to genome size and number of gene models per chromosome in (1)
Brachypodium, (J) rice, and (K) Arabidopsis are shown. The genomic features of Brachypodium, rice and Arabidopsis were obtained from Phytozome,
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length, the %GC content and expression
of 5,655 intron less genes, 13,302 consti-
tutively spliced (non-AS), and 7,564 alter-
natively spliced genes. The expression of
the different genes was determined from
our RNA-seq anatlysis.15 The frequency of
AS in Brachypodium genes ranged from 2
to 11 events. To detect constraints affect-
ing splicing frequency among genes, we
divided the 7,564 AS genes into low (<5
isoforms) and high (=5 isoforms) fre-
quency. By this criterion, about 6,818
genes were low AS frequency, while 746
genes were high AS frequency. Statistical
analyses were performed using the SAS
Generalized Linear Method and applying
a Tukey’s Studentized Range (HSD) test
that corrects for Type I experiment-wise
false discovery errors. The square of the
Pearson product moment correlation coef-
ficient (R%) was used to determine robust
correlations.

We found that gene length, CDS
length, exon number and intron number
were all strongly and positively correlated
(R* > 0.89, @ < 0.01) to splicing inci-
dence among intronless, constitutive and
alternatively spliced genes (Fig. 1A-C, E).
Further, splicing frequency within the low
and high AS categories was also positively
correlated to gene length, CDS length,
number and number
(Fig. 1A-C, E). By contrast, both splicing
incidence and frequency were negatively
correlated (R* > 0.64, a < 0.01) to exon
length and %GC content (Fig. 1D and
G), suggesting that exonic splicing signals

exon intron

and nucleotide composition are critical
regulators of pre-mRNA  splicing in
We
between intron length and gene expression

plants.'® found little correlation
with splicing occurrence among the
intronless, constitutively spliced and AS
genes (Fig. 1F and H). However, splicing

frequency was inversely proportional to
gene expression levels (Fig. 1H). For
example, genes with a greater number of
isoforms (>5, high AS genes) had signifi-
cantly less expression (a < 0.05) com-
pared to genes with <5 isoforms (low AS
genes) (Fig. 1H). Thus co-transcriptional
processes likely guide AS frequency or vice
versa. Finally, we analyzed chromosome-
level distribution of the AS events, and
their relationship with genome size and
number of genes in Brachypodium, rice
(Oryza sativa var. japonica), and Arabi-
dopsis. In all 3 plants, we found a strong
positive correlation of AS event incidence
to number of genes per chromosome
(Fig. 11-K) with no chromosome-specific
biases, attesting to the co- and post-tran-
scriptional nature of the AS phenomenon.
Together, these analyses reveal genomic
features that influence splicing processes
in plants.
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Figure 2. Gene ontology (GO) analyses of Brachypodium splicing groups. (A) Distribution of significantly enriched (FDR<0.05) GO terms among intron-
less, non-AS and AS genes in Brachypodium. REVIGO scatter plot visualization of GO terms in (B) biological process. (C) cellular component, and (D)
molecular function common among intronless, non-AS and AS gene groups. In the REVIGO plots, bubble color and distance represent uniqueness
among the GO terms, where related terms are clustered together with similar color shades. Bubble size represents the relative frequency of the GO term
in the underlying GO annotation database, with smaller bubble sizes representing more specific terms.
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Functional Enrichment and
Relationships among
Brachypodium Splicing Groups

To define genome-wide functional
relationships of genes in the different
splicing groups, we took a statistical
approach and analyzed gene ontology
(GO) functional annotations. Gene set
enrichment analysis (SEA) of the different
GO terms in biological processes, molecu-
lar functions and cellular components was
performed for the intronless, non-AS and
AS genes using the AgriGO progra\m.17
Gene SEA was performed against a pre-
calculated ~ Brachypodium  reference
genome using X’ test for significance, fol-
lowed by false discovery rate (FDR) cor-
rection using the Hochberg method (FDR
<0.05). We identified about 124 GO
terms that were significantly enriched in
the different splicing groups. About 76
terms were enriched among all 3 splicing
groups (Fig. 2A), including biological

processes (primary metabolism, transport,
gene expression, protein modification)
and cellular components (nucleus, cyto-
plasm and other organelles) (Fig. 2B-D).
By narrowing the functional terms that
were uniquely enriched among the splic-
ing groups, we found 14, 10 and 7 terms
that were unique among intronless, non-
AS and AS genes, respectively. These 31
terms were subjected to REVIGO redun-
dancy filtering, and significantly enriched
terms were plotted in 2-dimensional,
semantic-space scatter plots to visualize
relationships among the different terms.'®

The REVIGO analysis identified biolog-
ical processes
(G0:0015979),
(GO:0000003),
(GO:0009875),
(GO:0007154), embryonic development
(G0O:0009790), and a cellular component
thylakoid  (GO:0009579) as uniquely
enriched among the intronless gene group
(Fig. 3A and D). Incidentally, the unique

photosynthesis
reproduction

such as

pollen-pistil interactions

cell  communication

enrichment of photosynthesis- and thyla-
koid-related functions in the plant intronless
genes is consistent with, and further lends
support to the modern synthesis of the the-
ory of endosymbiosis'® explaining the origin
of plastids from a cyanobacterium™— a
prokaryotic organism whose genes are
devoid of introns. Among the non-AS or
constitutively-spliced gene groups, biologi-
cal processes such as response to biotic stim-
ulus (GO:0009628) and abiotic stimulus
(GO:0009607), cellular components such
as extracellular regions (GO:0005576), cell
wall (GO:0005618), plasma membrane
(GO:0005886), endoplasmic reticulum
(GO:0005783), and intracellular organelle
lumen (GO:0070013) were uniquely
enriched (Fig. 3Band E). The enrichment
of membrane-bound and cell-surface
localization terms in the non-AS genes
correlates well with signal transduction
activity (e. g., receptor-like kinases)
required to mediate responses to biotic
stimuli.
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Figure 3. Unique functions enriched among Brachypodium intronless, constitutively- and alternatively-spliced (AS) genes. Significantly enriched
(FDR<0.05) and unique gene ontology (GO) terms in biological process (A-C), and cellular component (D-F) of intronless genes (A and D), non-AS genes
(B and F), and AS genes (C and F) are depicted as colored bubbles in REVIGO two-dimensional semantic-space scatter plots. Bubble color and distance
represent uniqueness among the GO terms, where related terms are clustered together with similar color shades. Bubble size represents the relative fre-
quency of the GO term in the underlying GO annotation database, with smaller bubble sizes representing more specific terms.
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Among the AS genes, unique functions
such as response to endogenous stimuli
(G0O:0009719), cell cycle (GO:0007049),
and cellular components such as cytosol
(GO:0005829), nuclear part (GO:004
4428), nuclear envelope (GO:0005635)
and cytoskeleton (GO:0005856) were
enriched (Fig. 3C and F). Our analysis
suggests that AS genes might respond to
endogenous stimuli and cell-cycles in
addition to their known responses to
biotic and abiotic stresses.

Conclusion

Gene-level architectural differences of
the Brachypodium nonspliced, constitu-
tively- and alternatively-spliced genes, and
genomic attributes that positively and neg-
atively influenced splicing occurrence and
frequency were analyzed. The negative
correlation we found between exon length
and splicing occurrence suggests that exon
splicing signals are also important regula-
tors of pre-mRNA splicing in plants.
Although splicing processes and AS genes
are implicated in both biotic and abiotic
stress responses, our results show that
non-AS genes are uniquely enriched in
functions related to response to biotic and
abiotic stress. In contrast, AS genes are
primarily enriched in functions of
response to endogenous stimuli and cell
cycle. Together, these findings provide
novel insight into AS regulation and its
functional relevance to plant cellular
processes.
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