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Abstract

Alternative preemRNA splicing (AS) is prevalent among all plants and is involved in many
interactions with environmental stresses. However, the evolutionary patterns and underlying
mechanisms of ASin plants remain unclear. By analyzing the transcriptomes of six plant species,
we revealed that AS diverged rapidly among closely related species, largely due to the gains and
losses of AS events among orthologous genes. Furthermore, AS that generates transcripts
containing premature termination codons (PTC), although only representing a small fraction of
thetotal AS, are more conserved than those that generate non-PTC containing transcripts,
suggesting that AS coupled with nonsense-mediated decay (NMD) might play an important role
in regulating MRNA levels post-transcriptionally. With a machine learning approach we
analyzed the key determinants of AS to understand the mechanisms underlying its rapid
divergence. Among the studied species, the presence/absence of alternative splicing site (SS)
within the junction, the distance between the authentic SS and the nearest dternative SS, the size
of exon-exon junctions were the major determinants for both alternative 5° donor site and

3’ acceptor site, suggesting arelatively conserved AS mechanism. Comparative analysis further
demonstrated that variations of the identified AS determinants, mostly are located in introns,
significantly contributed to the AS turnover among closely related species in both Solanaceae
and Brassicaceae taxa. These new mechanistic insightsinto the evolution of ASin plants
highlight the importance of post-transcriptional regulation in mediating plant-environment

interactions.
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INTRODUCTION

Dueto their sessile lifestyle, plants have evolved various mechanisms to respond to
environmental stresses. Alternative splicing (AS), a mechanism by which different mature RNAs
are formed by removing different introns or using different splice sites (SS) from the same pre-
MRNA, is known to be important for stress-induced responses in plants (Mastrangelo et al., 2012;
Staiger and Brown, 2013). Both biotic and abiotic stresses such as herbivores (Ling et a., 2015),
pathogens (Howard et al., 2013), cold (Leviatan et al., 2013) and salt (Ding et al., 2014) can all
induce genome-wide changes in AS in plants. The environment-induced AS changesin turn can
affect phenotypic traits of plants and may contribute to their adaptations to different stresses
(Mastrangelo et al., 2012; Staiger and Brown, 2013). For example, low temperature-induced AS
changes of flowering regulator genes affect flowering time and floral development in A. thaliana
(Severing et a., 2012; Rosloski et al., 2013). The strong association between AS and
environmental stimuli suggests that ASisinvolved in adaptation processes and thus evolved
rapidly.

Two main functions of AS have been postulated: (i) to expand proteome diversity when
different transcript isoforms are trandated into different proteins (with different subcellular
localizations, stability, enzyme activity etc.) (Kazan, 2003; Reddy, 2007; Barbazuk et al., 2008);
(ii) to regulate gene expression by generating transcripts harboring premature termination codons
(PTC) that are recognized by the nonsense-mediated decay (NM D) machinery and degraded
(Chang et al., 2007; Kalyna et al., 2012; Kervestin and Jacobson, 2012). Although initially
considered to be transcriptional noise, several AS events that introduce PTCs have been found to
be highly conserved in animals (Ni et al., 2007; Lareau and Brenner, 2015) and plants (lida and

Go, 2006; Kalynaet al., 2006; Darracq and Adams, 2013), suggesting that that the combination
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of AS with NMD might play an important role in controlling mRNA levels post-transcriptionally.
However, it isunclear whether NM D-coupled AS is more conserved than the AS that generates
transcripts without PTC at a genome-wide level.

The evolution of ASin plants, compared to that in vertebrates, remains largely unclear.
Studies that compared organ-specific transcriptomes from different vertebrate species spanning
~350 million years of evolution showed that AS complexity differs dramatically among
vertebrate lineages, and AS evolved much faster than gene expression has (Barbosa-Morais et al.,
2012; Merkin et al., 2012). For example, within 6 million years, the splicing profiles of an organ
are more similar to other organs of the same species than the same organ in other species, while
the expression profiles of the same organ are similar to the organ in other species (Barbosa-
Morais et al., 2012; Merkin et al., 2012). In plants, largely due to the lack of comprehensive
transcriptomic data, such comparative analysis remains unavaliable. However, several
indications suggest that AS in plants and vertebrates may share evolutionary pattern of the rapid
divergence. For example, only 16.4% of AS between maize and rice, and 5.4% between Brassica
and Arabidopsis are conserved (Severing et a., 2009; Darracq and Adams, 2013). A more recent
study further showed that only 2.8% of genes showed conserve AS between two species of mung
beans, Vigna radiate and V. angularis (Satyawan et al., 2016). Furthermore, large changesin AS
also exist between different ecotypes of the same species (Streitner et a., 2012). However, such
low conservations of AS found among species could also be due to several other confounding
effects. For example, it is also known that the levels of gene expression, which are highly
associated with AS, also diverge rapidly in plants (Y ang and Wang, 2013). As a consequence, it
remains unclear whether the low observed levels of AS conservation results ssmply from the

rapid expression changes between species. Furthermore, AS detection of is highly dependent on
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82  sequencing depth and the tissue types used for generating transcriptomic data (Xu et al., 2002;
83 Ellisetal., 2012; Ling et al., 2015). Therefore, it is necessary to systematically control for
84  different confounding effects in order understand the evolutionary pattern of ASin plants.
85 From a mechanistic perspective, divergence of AS among speciesis contributed by
86 factorsthat affect the exon-intron splicing process, which is mediated by the spliceosome. While
87  therecognition processes of exonic and intronic regions are directed by sequence features of the
88  pree-mRNA in animals, how the spliceosome removes introns and ligates exons is poorly
89  understood in plants. In metazoans, it is known that four crucial signals are required for accurate
90 splicing: (i) 5 splice sites (SS), which contains a GU dinucleotide at the intron start surrounded
91 by apieceof longer consensus sequences of lower conservation, (ii) 3' SS, which includes an
92 AGatthe3 end surrounded by similar sequencesof 5 SS, (iii) a polypyrimidine tract (PPT) and
93  (iv) abranch site (BS) sequence located ~17-40 nt upstream of the 3' SS (Black, 2003; Fu and
94  Ares, 2014). In plants, smilar sequence features with a small difference at specific positions
95  werefound, except for the requirement of a BS (Reddy, 2007). In addition, a UA-rich tract in
96 introns has also been found to be important for efficient splicing in plants (Lewandowska et al.,
97  2004; Simpson et al., 2004; Baek et al., 2008). In animals, the regulation of splicing also depends
98 largely on cissignals and trans-acting splicing factors (SFs) that can recognize the signals
99 (Barbosa-Moraiset al., 2012; Merkin et al., 2012). Among different SFs, serine/arginine-rich
100  (SR) proteins are from an important SFs family that has been shown to beinvolved in AS
101  regulation (Lopato et al., 1999; Gao et a., 2004; Wang and Brendel, 2004; Reddy, 2007; Reddy
102  and Shad Ali, 2011). In addition, many splicing regulatory elements (SREs) and RNA-binding
103  proteins (RBPs) have been identified in animals, and the interactions among these SREs in the

104 premRNA and RBPs were found either to promote or suppress the use of aparticular splice sites
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105 (Licatalos et al., 2008; Chen and Manley, 2009; Barash et al., 2010). The number of SR proteins
106  genesin plantsisnearly twice that of number found in non-photosynthetic organisms, although
107  the number varies among different species (lidaand Go, 2006; Isshiki et a., 2006; Richardson et
108  d., 2011). To date, more than 200 RBPs and 80 SREs in plants have been identified using

109  computational approaches (Lorkovic, 2009), however, only afew of these have been functionally
110  validated (Yoshimuraet a., 2002; Pertea et al., 2007; Schoning et al., 2008; Thomas et al., 2012).
111 In mammals, the emergence of AS originated from constitutive splicing with the fixation
112  of SREs and the creation of alternative competing SS (Koren et al., 2007; Lev-Maor et al., 2007).
113 Distinctive features that distinguish alternatively spliced exong/introns from constitutively

114  spliced exong/introns can be used to accurately predict the specific AS type (Koren et al., 2007,
115  Braunschweig et al., 2014). Furthermore, other factors including secondary and tertiary RNA

116  structures, chromatin remodeling, insertion of transposable elements (TES) and gene duplication
117  (GD) may also beinvolved in regulating AS (Liu et al., 1995; Sorek et al., 2002; Donahue et al.,
118  2006; Su et a., 2006; Kolasinska-Zwierz et a., 2009; Schwartz et al., 2009; Warf and Berglund,
119  2010; Lambert et al., 2015). However, the extent to which changes in these factors contributed to
120  theevolutionary history of ASin vertebrates remains largely unclear. Recently, a study using

121 millions of synthetic mini-genes with degenerated subsequences demonstrated that the likelihood
122 of AS decreases exponentially with increasing distance between congtitutive and newly

123 introduced alternative SS (Rosenberg et al., 2015), suggesting that sequence changes between
124  congtitutive and alternative SS might contribute to the rapid changes of AS among species. In
125  plants, however, the detailed mechanismsthat affect AS remain largely unclear (Reddy et al.,

126 2013). Although it has been proposed that changes in chromatin features such as DNA

127  methylation, histone marks as well as RNA structural features, and SREs are important in
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128  regulating ASin plants, experimental evidence remains largely lacking (Reddy et al., 2013). A
129  recent study showsthat DNA methylation could affect ASin rice (Wang et al., 2016), indicating
130  changesin DNA methylation can contribute to the variations of AS among species, however, this
131  hypothesis has not been thoroughly tested.

132 Because AS regulation is a complex process involving many factors, computati onal

133  modeling isauseful tool for identifying key factors and predicting the outcome of splicing.

134  Whilethe Bayesian neural network (BNN) method was developed for decoding the splicing code
135 inmammals (Barbosa-Morais et al., 2012), deep learning approaches, which refers to methods
136  that map data through multiple levels of abstraction, have recently been shown to surpass BNN-
137  based approaches(Leung et al., 2014; Mamoshinaet al., 2016). Furthermore, deep learning

138  methods are also able to cope with large, heterogeneous and high-dimensional datasets and

139  problemsthat include predicting DNA and RNA-binding proteins (Alipanahi et a., 2015) and
140 AS(Leunget a., 2014; Mamoshinaet al., 2016).

141 Here we performed a comparative analysis of the transcriptomes of both closely and

142  distantly related plant species to explore the evolutionary history of ASin plants. To further

143  understand the mechanisms underlying the AS evolution in plants, we applied a deep learning
144  approach to investigate the determinants of AS and their effects on AS evolution. Specifically,
145  we aimed to address the following questionsin plants: 1) What are the evolutionary pattern of
146  AS?2) Arethe AS events that are coupled with NMD more conserved than regular AS events? 3)
147  Which factors are important in determining AS? 4) Which factors have contributed to the rapid
148  turnover of AS between closely related plant species?

149

150 RESULTS
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151  Genome-wide AS patterns are species-specific in plants

152 To provide an overview of AS evolution among different plant families, we studied the
153  genome-wide ASin Arabidopsisthaliana, soybean (Glycine max), tomato (Solanum

154  lycopersicum) and wild tobacco (Nicotiana attenuata), for which comparable transcriptomic data
155  setsare available from the same tissues (roots, leaves and flowers) and represent a wide-range of
156  eudicots. The overall distributions of different AS types within each species are consistent with
157  previous studies. In al investigated species, intron retention (IR) and alternative 3' acceptor site
158  (AltA) arethetwo major AStypes (Figure S1) (Aoki et al., 2010; Marquez et a., 2012; Shen et
159  a., 2014; Ling et al., 2015).

160 To investigate the evolutionary patterns of AS, we compared AS profiles across sel ected
161  tissues and species. Because sequencing depth is known to strongly affect AS detection, we

162  randomly subsampled 16 million (the lowest depth among all samples) uniquely mapped reads
163  from each sampleto standardize for the heterogeneity of sequencing depths. All downstream
164  comparative analyses were based on this subsampled dataset. Clustering analyses using percent
165  spliced index (PSI) that measures the qualitative differences of AS among samples showed that
166  different tissues of the same species are more similar to each other than the same tissue from

167  different species (Figure 1A). This pattern is consistent with the hypothesisthat AS evolves

168  rapidly in plants. Using qualitative measures of AS that consider the presence or absence of AS
169  (binary) for al one-to-one orthologous genes, the same species-specific clustering pattern was
170  found (Figure 1B). Furthermore, consistent results were also obtained when each type of AS was
171  analyzed separately (Figure S2).

172 To further investigate the evolutionary patterns of AS among closely related species, we

173 analyzed arecently published transcriptome dataset from three Brassicaceae species (A. thaliana,
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174  Arabidopsislyrata and Capsella rubella), each of which have comparable transcriptome data
175  from two tissues (root and shoot) and two treatments (control and cold treated) (Seymour et al.,
176 ~ 2014). Using both quantitative (PSl) and qualitative measures (binary) of AS, asimilar species-
177  specific clustering pattern was observed (Figure 1C and D). Interestingly, within same species
178  and sametissue, samples exposed to cold stress clustered together regarding levels of PSI, a
179  result whichis consstent with previous studies that demonstrate that stresses can induce

180  genome-wide ASresponses (Li et al., 2013; Ding et ., 2014; Ling et al., 2015).

181

182  Genome-wide ASregulations diver ge faster than gene expresson among closely related
183  Species.

184 Species-specific clustering patterns were also reported at the level of gene expression
185  (GE) among A. thaliana, rice and maize (Y ang and Wang, 2013). To examine whether species-
186  specific AS clustering results from gene expression divergences, we compared the divergence
187  patterns of AS and GE among transcriptomes of different species. Comparisons among species
188  from different plant families showed that both GE and AS cluster in species-specific patterns
189  (Figure 1A and B, S3A and B). However, when species from the same plant family are compared,
190  such astomato and N. attenuata (Solanaceae), the species-specific AS pattern remained (Figure
191 1A and B), but the GE data clustered in tissues-specific pattern (Figure S3A and B). This

192  suggests that the expression profiles of the same tissues from different species are more similar
193  to each other than the expression patterns from different tissues of the same species. This result
194  wasalso found in the expression profiles of tissue samples from the three Brassi caceae species,
195  among which the expression profiles of shoots and roots from different species were clearly

196  separated (Figure S3C and D). These results indicate that AS evolves faster than GE in plants,
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197  thepattern of whichissmilar to that in animals (Barbosa-Morais et al., 2012; Merkin et al.,

198  2012).

199

200 Rapid gainsand losses of AS among different species

201 Species-specific clustering of AS pattern suggests low level of AS conservation among
202 species. Overall, among 3,857 one-to-one orthologous genes among the four dicots that have AS
203  inat least one species, only ~7% of them have ASin all four species, while ~41% of them have
204  species-specific AS. Therapid change of AS could result from the rapid loss or gain of EEJ

205  between species. To exam the conservation of EEJs, we compared the EEJ structures among

206  parwise orthologous genes. In total, 60% of EEJs are conserved in at least two species (while
207  only ~12% for AS), and the analysis based on AS events from the most conserved EEJs (found
208  inall four species) showed that 92% of these are species-specific (Figure S4A). A similar pattern
209  wasfound based on the analysis of EEJs that are conserved in at least two species, in which only
210 10 ASevents (0.25%, out of 4,015) were found conserved among all four species (Figure $4B).
211 We also performed the same analysis within the three Brassicaceae species and found 69% of
212 total EEJs are conserved in at least two species (while only 27% of AS are conserved) and 72%
213 of AS eventsthat were found at the EEJs shared among all three species were species-specific
214  (Figure SbA). Furthermore, only ~8% of AS events (1,476 out of 19,170) are conserved among
215  all three species (Figure S5B). Together, the results between divergent species and closely

216  related species consistently suggest that AS diverge rapidly in plants.

217 To investigate the transition spectrum of AS at the conserved EEJs between each species
218  pairs, we calculated the transitions among different types of AS. Among the four dicots, while

219 thetrangtions among different AS types are rare, the gain/loss of AS was found to be the most
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220  abundant transition type among all comparisons (Figure 2A-F). Among different AS types, AltA
221  and ESarethe most and least conserved AS, respectively. Similar patterns were observed among
222 threeclosaly related species in Brassicaceae (Figure S6A-C). These results suggest that the

223 gpecies-specific AS pattern islargely not due to the rapid changes of EEJs among species, but
224  rather the rapid species-specific gains and losses of AS.

225

226  Thegroup of ASthat generate PT C-containing alter native transcriptsis mor e conser ved
227  than others

228 Previous studies suggest that many pre-mRNAS underwent unproductive AS, which

229  generates transcripts with in-frame PTCs that are coupled with nonsense-mediated decay (NMD)
230 inplants(Kalynaet al., 2012; Drechsdl et al., 2013). To investigate whether unproductive AS
231 can affect the AS conservation and contribute to the rapid loss/gain of AS among different plant
232 gpecies, we separated the AS into two groups: (1) PTC+ ASand (2) PTC- AS (details see

233  Materials and Methods). Overall, the portion of PTC+ AS ranges from 9% - 15% among the four
234  dicots (Figure S7), suggesting that only a small portion of AS generated PTC-containing

235  transcripts. Comparing the levels of conservation between tomato and N. attenuata, we found the
236  PTC+ ASissignificantly more conserved than PTC- AS (P < 0.02, Figure 3A). For example,
237  among nine PTC+ AS of N. attenuata which are both conserved and have PTC information in
238  tomato, eight of them (89%) also generated PTC+ transcripts in tomato.

239 To further investigate the level of conservations of PTC+ AS, we extended our analysis
240 by adding the transcriptome data of a very ancient plant species, the spreading earth moss

241 (Physcomitrella patens). We focused on the 10 most highly conserved AS events found in all

242  four dicot plants (Figure S4B) and checked their presence in moss. In total, we found six AS


https://doi.org/10.1101/107938

bioRxiv preprint doi: https://doi.org/10.1101/107938; this version posted February 13, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

243  eventsthat were also present in moss, indicating these AS events might have evolved since land
244  plants and played essential functions in plants. Interestingly, two of these ultra-conserved AS
245  events were from serine/arginine-rich (SR) genes (RS2Z33-like and RA0-like), which are part of
246 RNA splicing machinery and the RS2Z33-like gene also has ASinrice (lidaand Go, 2006).

247  Analyzing the protein coding potentia of the transcripts generated by these six ultra-conserved
248  ASevents showed that five resulted in PTC+ transcripts. For example, the AS events of R2Z33-
249  like and RHAO-like genesresult in PTC+ alternative transcriptsin al five species and are likely
250 thetargets of NMD (Figure 3B). To further investigate whether these PTC+ transcripts are

251  regulated by NMD, we analyzed the available transcriptome data from A. thaliana wild type

252 (WT) and NMD-deficient (Ibal and upf3-1 double mutant) plants (Drechsdl et al., 2013). Among
253  all five PTC+ transcriptsin A. thaliana, three showed significantly higher expression in NMD-
254  deficient plants (Drechsdl et al., 2013) (P < 7e-06), including RS2Z33-like and RH0-like genes
255  (Figure 3B). Together, these results suggest that AS coupled with PTC is more conserved than
256  regular AS and some of these AS-PTC pairs may play essential rolesin plants.

257

258 Mechanismsinvolved in determining AS are overall conserved among different plant

259  species

260 To further understand the mechanisms that contributed to the rapid turnover of AS among
261  gpecies, it isnecessary to identify the key features of ASin plants, which was largely unknown
262  (Reddy et a., 2013). Because splicing is often mediated by SS, we were interested in whether the
263  SSwere different between congtitutively and alternatively spliced junctions. Comparisons of the
264  SSand their surrounding 12 bp sequences between constitutively and alternatively spliced

265  junctionsrevealed that their SS are overall very similar (Figure S8). Furthermore, we separately
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266  identified sequence motifs (12-mer) that areenriched in 5’ and 3’ splice sites (SS) compared to
267  random sequences and found that these identified motifs are also highly conserved among

268  studied species (Figure S9).

269 When alternative SSis present, the distance between the regular and the nearest

270  aternative SS and inter-GT/AG, splicing junction size and the strength of the alternative SS are
271 asoimportant for the regulation of different AS types (Gopal et al., 2005; Kandul and Noor,

272 2009; Braunschweig et al., 2014; Rosenberg et al., 2015). For the different AS types, we

273  compared these features from both constitutively and alternatively spliced junctions. Because
274 exon skipping (ES) events are rarein all species, we only studied the three most abundant AS
275  types (AltD, AltA and IR). The results showed that for agiven junction, while the likelihood of
276  both AltD and AltA decreases with the distance between authentic and alternative SS as well as
277  thedistance between authentic SS and the nearest internal GT/AG, the likelihood of both AltD
278  and AltA increases with junction size (Figure 4A and B). Interestingly, although the likelihood of
279 IR in smaller junctions appears larger than in large junctions, no significant correlation with

280  junction size was found (Figure S10A). Both 5" and 3' SS of the junction with IR are

281  dignificantly weaker than congtitutive junction (Figure S10B).

282 Furthermore, the presence/absence of UA-rich tract, polypyrimidine (PPT) tract, branch
283  dite(BS) isalso known to be associated with 3' splicing recognition in eukaryotes

284  (Lewandowskaet a., 2004; Fu and Ares, 2014). We compared the frequency of AltA and IR

285  between junctions of the AS gene with and without the presence of UA, PPT tract and BS within
286 100 bp upstream of 3" SS. We found the frequencies of both AltA and IR are significantly higher
287  injunctions without UA and PPT than junctions with them, while the presence of BS had no

288  significant effect (Figure S11).
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289 Cis-regulatory elements, including enhancers and silencers near SS are also important for
290 theregulations of splicing. To identify these candidate regulatory elements, we performed de

291 novo hexamer motif enrichment analysis by comparing 50 bp sequences from 5’ and 3’ sides of
292 both donor and acceptor sites between alternatively spliced and constitutively spliced junctions.
293  Theresults showed that most of the putative enhancer motifs for aternatively spliced junctions
294  arehighly similar to the identified SS. In addition, we also identified several putative silencer
295  motifs (range from 5-10 for AltD and 10-18 for AltA in the five species), which were

296  significantly more enriched in constitutively spliced junctions than alternatively spliced junctions
297 (Figure S12 A and B).

298 To evaluate whether these identified features represent the AS determinants, we used a
299  machine learning approach and modeled the different types of ASin each of the studied species.
300 Therationalefor thisapproach isthat if the features we identified as representative of the key AS
301  determinants were accurate, we would be able to predict whether an exon-intron junction is

302  congtitutively or alternatively spliced based on their quantitative or qualitative information. For
303 this, we combined all of extracted featured mentioned above. In addition, we also extracted

304  information on whether the alternative SS would introduce a frameshift, which may result in

305 premature terminate code (PTC) or open reading frames, the number of reads that support the
306  junction, which represent levels of expression that is known to be associated with AS, aswell as
307 thepresence and absence of the identified cis-motifs. Using this information, our model achieved
308  high precision and specificity for both AltD and AltA in al five species (Figure 4C and D, S13A
309 and B), which suggests that the identified features can provide sufficient information to

310 discriminate AS junctions from constitutively spliced junctions. However, for IR, the extracted
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311  features were not predictively useful (the average AUC is 0.54), indicating that additional

312  undetected factors have contributed to the determination of IR.

313 This modeling approach further provides indicative information on the relative

314  importance of each feature to the prediction model. The results showed that for AltD, the

315  distance between the authentic SS and the nearest alternative 5’ SS or inter GT, the junction size
316  and presence/absence of 5’ additional SSin the intron are among the top important features for
317 thepredictionin al species (Supplemental file 1). In addition, the frame shifts introduced by the
318 nearest alternative 5 SS and nearest GT were also important contributors to the model

319  (Supplemental file 2). For AltA, the distance to the nearest inter-AG dinucleotide isthe top

320 featurefor the prediction among all five species. Interestingly, all of the identified putative

321  slencersonly had amarginal role for the predictions of both AltD and AltA (Supplemental file
322 2). Together, these results showed that the mechanisms regulating AltD and AltA are likely

323  overal conserved among the studied species.

324

325 Changesin ASdeterminants contributed to therapid turnover of ASin plants

326 The relatively conserved AS regulation mechanisms among studied species provide a
327  foundation for investigating the mechanismsthat contributed to arapid turnover of AS among
328 closely related plant species. We hypothesized that the changes in the identified AS determinants
329 among species resulted in arapid divergence of ASin plants. To test this, we associated the

330 changesof theidentified AS determinants and AS conservation among closely related species.
331  Because we did not find determinants for IR, we only focused on the evolution of AltA and AltD.
332 Variation in the distance between authentic SS and alternative SS or inter-GT/AG were

333  negatively associated with AS conservation: the levels of AS conservation decreased with
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334 increasing distancein all three pairs of comparisons (Figure 5A and B), for both AltD and AltA.
335 Inaddition, the changes in the reading frame introduced by the aternative SS also significantly
336  decreased the conservations of both AltA and AltD (Figure 5C and D). The similar pattern was
337 asofound for the distance between authentic SS and the nearest inter-GT/AG (Figure 5E-H).
338 Variation in the cis-regulatory elements (CRES) UA-tract, PPT and BS (Figure S11 and
339  Supplemental file 2) significantly reduced the conservation for AltA (Figure S14B), but did not
340  affect the conservation of AltD among species (Figure S14A). Thisresult is consistent with the
341  functiona roles of these CREsin regulating AltA.

342 To further systematically analyze different factors that might affect the conservation of
343  AS, we constructed an AS evolution model for each closely related species pair using a deep
344  learning method. In addition to the key AS determinantsidentified in this study, we also included
345  several other features that were previously hypothesized to be important for AS conservation
346  between speciesin the model, such as changesin copy numbers (role of gene duplications),

347  transposable element (TE) insertion within the junction, GC-content and sequence similarity of
348 SS. For the AltD, all three models between species pairs achieved significantly better prediction
349  than by chance (highest P-value = 3e-44), with an average precision of 0.63 and specificity of
350 0.82. In all three pairwise comparison models, the distance changes between authentic and

351 nearest alternative 5 SSor inter-GT/AG are among the top five important features (Figure S15A
352  and Supplemental file 1). For AltA, all three models achieved a precision and specificity

353  (average 0.70 and 0.85, respectively) that was significantly higher than by chance (highest P-
354  value= 3e-145). In all three models, distance changes between authentic SS and the nearest

355 inter-AG or aternative 3' SS and the changes on CRES (UA and PPT tracts) represent the top
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356  five most important features that contributed to the model predictions (Figure S15B and

357  Supplemental file 1).

358 Interestingly, we found TE insertions to also be an important factor that reduced the

359  conservation of both AltD and AltA between N. attenuata and tomato but not between any of
360 two Brassicaceae species (Figure S15A and B). Thisislikely due to the difference of TE

361  abundance between N. attenuata (~63%) and tomato (~81%), values which are much higher than
362  thedifferences between A. thaliana (~23%) and A. lyrata (28%) (Hu et al., 2011; Tomato

363  Genome, 2012). Furthermore, we also analyzed the impact of DNA methylation changes

364  between A. thaliana and A. lyrata using data from (Seymour et a., 2014) and found no

365  dignificant effects (Figure S15).

366

367 DISCUSSION

368 Here we showed that alternative splicing (AS) diverges more rapidly than does gene

369  expression (GE) and therapid gain and loss of AS resulted in lineage-specific AS profilesin
370  plants. Although AS events that introduce premature termination codons (PTC), represent only a
371 small proportion of the total AS events, they are more conserved than AS events that do not

372 introduce PTC (Figure 3A). Consistently, several AS eventsthat generate PTC-containing

373  transcripts were ultra-conserved among highly divergent plants. To understand the mechanisms
374  that resulted in arapid turnover of AS between closely related species, we identified several key
375  determinants for both alternative donor (AltD) and alternative acceptor (AltA) splicing, and

376  found that the change of these key determinants between species significantly contributed to the

377  rapid gain and loss of ASin plants.
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378 In this analysis, we observed a dominant species-specific pattern of AS among different
379  species, suggesting that AS in plants diverges rapidly (Figure 1). Such rapid evolution of ASin
380 plantsis similar to the pattern found among vertebrate species that span ~350 million years of
381 evolution (Barbosa-Morais et al., 2012; Merkin et a., 2012), in which ASislargely segregated
382 by species, while GE is segregated by tissue types (Barbosa-Morais et al., 2012; Merkin et .,
383  2012). Thisindicates that the rapid evolution of AS might be universal among eukaryotes.

384 Interesting, in plants, the evolution of GE appearsto be faster than in vertebrates, asthe tissue-
385  dominant clustering of GE was only observed among closely related species, but not among
386  speciesfrom different families (Figure S3). This pattern is consistent with a previous study

387  which showed the overall GE of three highly divergent species, including both monocots and
388 dicots (diverge ~200 million years ago), are grouped according to species rather than organs
389  (Yang and Wang, 2013). In vertebrates, some tissues, such as brain, testis, heart and muscle still
390  showed a strong tissue-specific splicing signature, despite the dominant species-specific splicing
391  background (Barbosa-Morais et al., 2012; Merkin et a., 2012). Although al three tissues (root,
392  leaves and flowers) used in our study did not show such strong tissue-specific splicing signatures,
393  some other plant tissues might. For example, the transcriptomes of sexual tissues are

394  substantially different from those of vegetative tissues, and anthers harbor the most diverged
395  specialized metabolomes (Y ang and Wang, 2013; Li et al., 2016). Future studies that include
396  transcriptome data of much more fine-scaled tissue samples will provide new insights on this
397  aspect.

398 We found that the AS resulted in transcripts with PTC, which is likely coupled with

399  nonsense-mediated decay (NMD) for degradation is more conserved than the AS that do not

400 generate PTC-containing transcriptsin plants (Figure 3A). Consistently, among six ultra-
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401  conserved AS events across different plant species including the spreading earth moss, five

402  produced PTC+ transcripts, indicating that PTC+ AS might be more important than it was

403  previously thought. Previous studies showed that al human sering/arginine-rich (SR) genes and
404  some SR genesin plants produce AS resulted in PTC+ transcripts (Kalyna et al., 2006; Lareau et
405  a., 2007; Palusa and Reddy, 2010). Furthermore, the junction regionsthat contain PTC+ ASin
406  numerous splicing factors (SFs) are ultra-conserved between different kingdoms and the loss of
407 theancient PTC+ ASin paralogs through gene duplications were repeatedly replaced by newly
408  created distinct unproductive splicing (Lareau and Brenner, 2015). In the same line, our results
409  showed that many of these PTC+ AS are likely functionally important and are consistent with the
410 hypothesisthat the unproductive splicing coupled with NMD can be a functional process that
411  controls the abundance of active proteins at a post-transcriptional level.

412 Among all five plant species, the distance between the 5'/3' nearest alternative splice
413  dites(SS) and the authentic SSis the main determinant that distinguishes AltD/AItA from

414  congtitutive splicing (Figure 4 and Supplemental file 1). For a given spliced junction, the

415  likelihood of AS decreases with increased distance between the authentic and nearest alternative
416  SS(Figure4A and B). Interestingly, similar patterns were also found in mammals, in which, the
417  closer the alternative SS was to the authentic SS, the more likely it was used for AS (Dou €t al.,
418  2006; Rosenberg et al., 2015). Interestingly, the frequency of AltA also decreases with the

419  increased distance between the authentic SS and nearest inter-AG dinucleotide. Thisresult is
420  consistent with the pattern found in humans in that only closely located AGs (< 6 nt) can

421  efficiently compete with the authentic SS and the distance between branch site (BS) and the first
422  downstream AG can affect the 3’ SS selection (Chiaraet al., 1997; Chua and Reed, 2001).

423  Although, the BSin plantsis not well studied and BS was not identified in ~30% of junctions


https://doi.org/10.1101/107938

bioRxiv preprint doi: https://doi.org/10.1101/107938; this version posted February 13, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

424  (Reddy, 2007), the similar effects of inter-AG distance on AltA in both plants and mammals

425 indicates that the mechanisms of generating AS, at least for AltA, might be similar between these
426  two kingdoms.

427 While the deep learning model for AltA achieved high precision and specificity among
428  five species (AUC > 0.9), the modelsfor AltD performed less well than those for AltA, although
429  still performing much better than by chance (AUC < 0.8, Figure 4C and D, S13). Thisindicates
430 that additional determinants that contribute to the regulations of AltD were not detected by our
431  method. It is known that the mechanismsinvolved in AltD are more complex than AltA. For

432 example, in both human and mouse, while both the presence and quantity of exon splicing

433  enhancer (ESE) and exon splicing silencer (ESS) are important for generating AltD (Koren et al.,
434  2007), AltA is mainly affected by the competition of closely located AG dinucleotide by a

435  scanning mechanism for the downstream sequence of the BS-polypyrimidine tract (PPT) (Smith
436  etal., 1989; Smith et a., 1993; Chiaraet al., 1997; Chua and Reed, 2001). These results suggest
437  that splicing regulatory elements (SRES) may play more important roles in the proper selection
438  of alternative SSin AltD than AltA. Thismay explain why the junction size contributed more in
439  the AltD model than in the AltA model (Supplemental file 1), since larger junction size might
440 increasethe likelihood of introducing intronic SRES. In our attempts to identify SREs, although a
441  few candidate sequence motifs were identified using the enrichment analysis, none of them

442  significantly contributed to the model predictions. Two non-exclusive possibilities may explain
443  thisfallure. First, theidentified motifs are not involved in splicing regulation processes, although
444  their density was significantly different between constitutively and alternatively spliced junctions.
445  Second, they might be involved in tissue-specific regulations of AS, which likely did not

446  contribute to the overall AltD prediction based on all three tissues. Future studies using different
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447  approachesto investigate the alteration of AS by introducing millions of random hexamers into
448  gpecific regions of a gene junction in a plant then measuring the consequences of splicing, may
449  dlow usto more reliably detect splicing regulators of AltD in plants.

450 Although we found both junction size and SSfor IR junctions are different from the
451  constitutively spliced junctions (Figure S10), the identified features did not improve the AS
452  prediction from that occuring by chance, indicating some other key determinantsfor IR remain
453  missing in the model. Asthe expression level of IR isusually low and therefore requires high
454  sequencing depth for their detection (Figure S16), it islikely that the sequencing depth of the
455  transcriptome data used in this study was not sufficient to detect all of the IR junctions.

456  Therefore, many true IR junctions may not have been considered as IRs in our analysis, which
457  reduced prediction precision and power.

458 For both AltA and AltD, their rapid evolution between closely related species were

459  mainly due to variations in the key sequence determinants near the SS (Figure 5, S14 and S15)
460  and the key sequence determinants such as distance to authetic SS and cis-elements (BS, PPT,
461  UA-richtract for AltA) are all located within intronic regions. Intron sequences diverge rapidly
462  (Mattick, 1994; Hare and Palumbi, 2003), therefore, the process of which likely have contributed
463  totherapid gainsand losses of AS among different lineages to produce species-specific AS
464  profilesin plants. For example, a decreased distance between alternative SS and authentic SS as
465  aresult of ashort deletion of the intron sequence could lead to again of AS at the junction, and
466  asconsequenceislikely to be shared among different tissues. Consistently, in vertebrates, the
467  mutationsthat affect intronic splicing regulatory elements (SRES) were shown to be the main
468  factor that resulted in the dominant species-specific splicing pattern (Merkin et al., 2012).

469  However, our data can not exclude the possibility that the species-specific trans-factors, such as
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470 SR protein family, which have distinct numbers of homologues among species (Figure S17) (lida
471 and Go, 2006; Isshiki et al., 2006; Ling et al., 2015), may have also contributed to the divergence
472 of ASamong different species (Ast, 2004; Barbosa-Morais et a., 2012).

473 We also investigated other factors that were hypothesized to affect AS evolution, such as
474  geneduplication (GD), DNA methylation and transposable element (TE) insertion (Sorek et al.,
475  2002; Su et al., 2006; Flores et al., 2012). However, with the exception of TE insertions, the

476  effects of which were found to be species-specific, most of the tested factors did not show

477  significant effects on the levels of AS conservation between closely related species (Figure S15
478  and Supplemental file 2). The species-specific effects of TE on the AS conservation were likely
479  dueto the different abundance of TE insertionsin the genomes of different species (Hu et al.,

480  2011; Tomato Genome, 2012; Slotte et al., 2013; Sierro et al., 2014), suggesting genomic

481  composition of each species might also affect the evolutionary alteration of AS.

482

483 CONCLUSIONS

484 We found that the AS profiles diverged rapidly in plants, which islargely due to rapid
485 gainsand losses of ASin each lineage, while a group of AS that generate PTC-containing

486  transcriptsis highly conserved among very distantly related plants. The alteration of afew key
487  sequence determinants of AltA and AltD, al located in the intron region, contributed to the rapid
488  divergence of AS among closely related plant species. These results provide mechanigtic insights
489  intothe evolution of ASin plantsand highlight the role of post-transcriptional regulation of a
490 plant’s responses to environment interactions.

491

492 MATERIALSAND METHODS
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493  Read mapping, transcripts assembly and abundance estimation

494 The raw sequence reads were trimmed using AdapterRemoval (v1.1) (Lindgreen, 2012)
495  with parameters “--collapse --trimns --trimqualities 2 --minlength 36”. The trimmed reads from
496  each species were then aligned to the respective reference genome using Tophat2 (v2.0.6)

497  (Trapndl et al., 2009), with maximum and minimum intron size set to 50,000 and 41 bp,

498  respectively. The numbers of uniquely mapped reads and splice junctions (SJs) mapped reads
499  werethen counted using SAMtools (v0.1.19) (Li et al., 2009) by searching “50” in the MAPQ
500 string and “*N*” flag in the CIGAR string of the resulting BAM files. The uniquely mapped

501 reads from each sample were sub-sampled into same sequencing depth (16 million) using

502 SAMtools (v0.1.19) (Li et al., 2009). The mapping information and I1Ds of all download datasets
503 deposited in Sequence Read Archive (SRA) (http://www.ncbi.nlm.nih.gov/sra) werelisted in
504 TableSl and S2.

505 The transcripts of each species were assembled using Cufflinks (v2.2.0) (Trapnell et al.,
506  2012) with the genome annotation as the reference. The open reading frame (ORF) of each

507 transcript was analyzed using TransDecoder from TRINITY (v2.1.0) (Grabherr et al., 2011). To
508 estimatethe expression level of genes/transcripts, all trimmed reads were re-mapped to the

509 assembled transcripts using RSEM (v1.2.8) (Grabherr et a., 2011). Transcripts per million (TPM)
510 was calculated for each gene/transcript (Wagner et al., 2012). Only genes with TPM greater than
511 fivein at least one sample were considered as an expressed gene.

512

513  ASdetection

514 All AS analysis were based on splicing junctions obtained from the BAM files produced

515 by Tophat2. To remove the false positive junctions that were likely due to non-specific or
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516 erroneous alignments, all original junctions were filtered based on overhang sizes greater than 13
517  bp, assuggested in (Ling et al., 2015). All filtered junctions were then used for AS identification
518  and annotation using JUNCBASE v0.6 (Graveley et al., 2011). Dueto the relatively low

519  sequence depth of each individual sample of Brassicaceae RNA-seq data (Seymour et al., 2014)
520 (Table S2), we merged the BAM files of each three replicates together and random subsampled
521 17 million (the lowest depth among all merged samples) unique mapped reads from each merged
522  toavoid the heterogeneity of sequencing depth.

523 The percent spliced index (PSI) of each AS event, which represents the relative ratio of
524  two different isoforms generated by the AS was calculated in each sample. PSI = (number of

525 readstoinclusionisoform) / (number of reads to inclusion isoform + number of reads to

526  exclusion isoform) as suggested in (Graveley et a., 2011).To avoid false-positives, PSI was

527  calculated only for AS events that had atotal read count equal or greater than ten.

528

529 Identification of conserved exon-exon junctions (EEJs) and AS

530 We separately extracted 100 bp sequence from the flanking upstream exon and

531  downstream exon of each junction that have mapped read to support, and combine each side of
532  exon sequence (in total 200 bp sequence) to represent the EEJ. The sequences of all EEJs from
533  two species were searched against with each other usng TBLASTX (v.2.2.25) (Altschul et al.,
534  1990) to find homologous relationships (Figure S18). A python script was used to filter the

535 TBLASTX results based on the following requirements: (1) The gene pair contain the EEJs must
536  bethe orthologous gene pair between the two species; (2) the EEJ sequences between two

537  gpecies must be the best reciprocal blast hit based on the bit score; (3) at least 3 amino acid (aa)
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538  from both the flanking upstream exon and downstream exon sequence were aligned and (4)

539  aignment coverage >= 60 bp, (5) E-value <1E-3.

540 We only consider an AS event to be conserved if the same type of AS was found on the
541  conserved EEJs between two plant species.

542

543  ldentification of ASthat generates premature ter mination codons (PTC)

544 The junctions related to each AS event were mapped back to assembled transcripts; only
545  ASwhich related to junctions that mapped to two unique transcripts (had no structural difference
546  except the AS region) were retained to avoid the situation where the sequence differences of the
547  two transcripts resulted from multiple AS events. The transcript was considered to have aPTC if
548  the stop codon of the longest ORF is at least 50 nucleotides upstream of an exon-exon boundary
549  (the 50 nucleotides rule) (Nagy and Maquat, 1998). The PTC-generating AS events are defined
550 asonly one of the resulting transcripts contain PTC.

551

552  One-to-one orthologous gene identifications and gene family size estimation

553 One-to-one orthologous gene pairs were predicted based on pair-wise sequence

554  similarities between species of the corresponding dataset. First, we calculated the sequence

555  similarities between all protein-coding genes using BLASTP for the selected species and filtered
556  theresults based on E-value less than 1E-6. Second, we selected the groups of genes that

557  represent the best reciprocal hits that are shared among all species from the corresponding

558  dataset.

559 For calculating the gene family size, we first defined gene families among different

560  speciesby using a similarity-based approach. To do so, we used all genes that were predicted
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561  from the respective genomes of each species. In brief, all-vs-all BLASTP was used to compare
562  the sequence similarity of all protein coding genes, and the results were filtered based on the
563  following criteria: E-value less than 1E-20; match length greater than 60 amino acids, sequence
564  coverage greater than 60% and identity greater than 50%. All BLASTP results that remained
565  after filtering were clustered into gene families using the Markov cluster algorithm (mcl)

566  (Enright et al., 2002). The gene family size for a speciesis represented by the number of genes of
567  this species within the corresponding gene family.

568

569  Correlation and clustering

570 For the pairwise comparison of AS, Spearman correlation and binary distance was

571  applied to the PSI data (0.05 < PSI <0.95 in at |east one sample) and binary data (all genes that
572 had no ASin all four species were excluded), respectively. A non-parametric correlation was
573  selected for PSI level because of its bimodal nature distribution (O and 100). For the pairwise
574  comparison of GE, Pearson correlation was applied to log, (TPM+1) of expressed genesto avoid
575 infinite values.

576 The R package “pvcluster” was used for clustering of samples with 1,000 bootstrap

577  replications. When we clustered and performed principal-component analysis (PCA) of gene
578  expression, the TPM values were normalized by GC% (EDASeq package in R) and TMM (the
579  trimmed mean of M-values).

580

581 ldentification of possible alter native splice sites (SS) and regulatory sequences

582 The5 and 3 splice siteincluding 5 bp up and downstream sequences of all EEJs were

583  used asthe positive dataset, while the sequences extracted using the same method for al inter-
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584 GT (for 5’ splice site) and inter-AG (for 3’ splice site) within junction regions were used as

585  background dataset. The putative SS motifs (6-mer) of both 5° and 3 SS were separately

586 identified using Homer V3.12 (Heinz et al., 2010) and only motifs present in at least 5% of total
587  positive sequences and P-value<1E-20 were kept. The appearance of putative SS was identified
588  using scanMotif GenomeWide, a Perl script included in the Homer toolkits and only sequence
589  regions with match score >2 were kept.

590 Homer was also used to identify the putative regulatory intronic and exonic sequence
591  motifs (6-mer) of AltD, AltA and IR. The 50 bp up and downstream sequence of 5° SSwas

592  regarded as exonic and intronic sequence and vice versafor 3 SS. For AltD and AltA, the

593  related sequences of EEJs with AS were used as the positive dataset, while 10,000 related

594  sequences of EEJs without AS by random selection (due to alarge number of sequences) were
595  used as background dataset. The enriched motifsin the positive dataset were regarded as splicing
596  enhancers, while the enriched motifs in the negative dataset were considered as splicing silencers.
597 For IR, the related sequences from both splice sites of EEJs with IR were used as the positive
598  dataset and the same sequences from EEJs without IR were used as background dataset. The

599  conserved motifs between species were identified using compareMotifs, a Perl script included in
600  the Homer toolkits and only one mismatch was alowed. To identify PPT, UA-rich tracts and
601  branch site (BS) of each EEJ, we used the Perl scripts from Szczesnia et al. (Schwartz et al.,

602  2008; Szczesniak et al., 2013) To estimate the effect of each putative sequence motif, PPT and
603  UA-tracts, we calculated the AS frequency of EEJs containing or not containing the motif/tract
604  (Rosenberg et al., 2015). Then for each moatif/tract, the log, odds ratio (effect size) with and

605  without the motif/tract were calculated to quantify to what extent the presence of the motif/tract

606  increases or decreases the AS frequency compare to its absence:
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p(AS|motif)/(1 — p(AS|motif))

Effect Size = lngp(A.S’l—motif)/(l — p(AS|—motif))

607

608  Deciphering the splicing codes and AS conser vation using deep lear ning algorithm

609 To investigate which sequence determinants contributed to the AS in plants, we

610  constructed multi-layer feed-forward artificial neural networks using H.O’ s deep learning

611  algorithm (‘h20’ package) in R 3.0.2 (R Development Core Team 2013). For each AStype, a
612  matrix was created based on the information of all EEJs that contain the AS (only that single
613  event) and other EEJs within the same gene. The AS status (either AS or constitutive) was

614  considered as output and the features that were known to be associated with splicing recognition
615  and regulation in eukaryotes (Lewandowska et al., 2004; Kandul and Noor, 2009; Rosenberg et
616  al., 2015) (listed in Supplemental file 1) were used asinput for training the model. To reduce the
617  background noise, we removed the EEJs which were supported by less than five reads on

618  average. In addition, because the number of constitutively spliced EEJsin al casesis much

619 larger than aternatively spliced EEJs, we randomly selected the same number of constitutive
620  spliced EEJs as aternative spliced EEJs and combined them together with al alternative spliced
621  EEJsasthefull dataset (50% precision by chance). To train and test the deep neural networks
622  (DNN), the full dataset was randomly split, which 60% of data were used for training, 20% used
623  for validation and the other 20% was reserved for testing. We trained for a fixed number (10,000)
624  of epochs or stopped the training once the top 10 model were within 1% of improvement, and
625  selected the hyper-parameters that gave the optimal AUC performance on the validation data.
626  The moded was then retrained using these selected hyper-parameters with the full dataset.

627 Using the ssimilar approach, we constructed the model for AS conservation. For each AS

628  type, amatrix was created based on the information of all orthologous EEJ pairs between two
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629  speciesthat contain the ASin at least one species. To reduce the background noise, any EEJ with
630 multiple AS types, low number of support reads (less than five) or orthologous EEJ pair have
631  different AStypes were removed. The conservation levels (conserved, lost or gained in the other
632  gpecies) were used as the output of the model and the difference of features that were known to
633  beimportant to AS and AS conservation (Su et a., 2006; Kelley et a., 2014; Li et al., 2014;

634 Lambert et a., 2015; Rosenberg et al., 2015) (listed in Supplemental file 2) between two species
635  were used asinput to train the model. Yass v1.15 (Noe and Kucherov, 2005) was used to align
636 theSS' flanking sequences (combined 50 bp upstream and downstream sequences of 5'/3" splice
637  dite, 100 bp in total) of each orthologous EEJ pair, the similarity was calculated as: (Iength of
638  alignment - number of gaps - number of mismatches) / (total sequence length). To reduce the
639  biasfrom different transition types in the dataset (much higher proportion of loss/gain than

640  conserved AS), the data used to train the model was selected astheratio of 1:1:1 for conserved,
641 lost and raised situations (33.3% precision by chance). Due to the rather small sample size of
642  conserved AS, the model based on the same original data may differ as the randomly selected
643  dataof ASlost/raised were different each time. Therefore, the model construction process was
644  repeated 10 times and the models that achieved the highest AUC for the complete dataset were
645  considered.

646

647  Accesson Numbers

648 The ID of all RNA-seq data that are deposited or downloaded from NCBI short reads
649  archive (SRA) database for generating the resultsin this study islisted in Table S1.

650
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655 SUPPLEMENTAL MATERIAL

656  Supplemental Figure S1. The distribution of different types of aternative splicing (AS) events
657 in(A) A. thaliana, (B) G. max, (C) S lycopersicum, (D) N. attenuate.

658  Supplemental Figure S2. Species-specific clustering of aternative splicing (AS) among

659  different plant species.

660  Supplemental Figure S3. Conservation of gene expression (GE) in eudicots.

661  Supplemental Figure $4. Comparative profiling of conserved junctions and alternative splicing
662  ineudicots.

663  Supplemental Figure S5. Comparative profiling of conserved junction and alternative splicing
664  (within one-to-one orthologues) in three Brassi caceae species.

665  Supplemental Figure S6. The transition spectrum among different types of AS between species
666  pairs.

667  Supplemental Figure S7. The proportion of AS that generates PTC (PTC+) or not (PTC-) in N.
668  attenuata, tomato, A. thaliana and soybean.

669  Supplemental Figure S8. The probability of DNA bases surrounding SSwith different AS types
670  compared to regular SSin five plant species.

671  Supplemental Figure 9. The complete linkage hierarchical clustering of SS motifs among

672  different plant species.

673  Supplemental Figure S10. The determinants of intron retention (IR) in plants.

674  Supplemental Figure S11. The effect of UA-rich, polypyrimidine tract (PPT) and branch site (BS) on

675  alternative acceptor (AltA) and intron retention (IR) in plants.
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676  Supplemental Figure S12. The effect size of conserved 6-mer motifs and features identified in
677 (A) aternative 5" donor site (AltD) and (B) alternative 3' acceptor site (AltA) between species
678  pairsin Solanaceae and Brassicaceae.

679  Supplemental Figure S13. The area under the curve (AUC) of deep learning models using

680  different key features of (A) alternative 5° donor (AltD) and (B) alternative 3' acceptor (AltA) in
681  tomato, A. lyrata and C. rubella.

682  Supplemental Figure Sl14. Differencesin the cis-regulatory elements affect the turnover rate of
683  (A) AltD and (B) AltA between plant species.

684  Supplemental Figure S15. Factors that affect the rapid turnover of AS between plant species.
685  Supplemental Figure S16. The composition of AS types detected in leaf and root samples of N.
686  attenuata with different sequencing depth.

687  Supplemental Figure S17. Phylogenetic tree of SR and SR-like genes in moss and four eudicots.
688  Supplemental Figure S18. The diagram showing the process of identifying conserved exon-
689  exon junctions (EEJs) between two species.

690  Supplemental Table S1. RNA-seq coverage and alignment statistics of the four eudicots

691  Supplemental Table S2. RNA-seq coverage and alignment statistics of Brassicaceae

692  Supplemental file 1: Thisfile contains two excel sheets that show the relative importance of
693  each factor that contributes to the splicing mode of AltD and AltA in five different species. SS:
694  gplicing Site; BS: branch site; PPT: polypyrimidine tract. The top five contributors to each model
695  were highlighted in red.

696  Supplemental file 2: Thisfile containstwo excel sheetsthat show the relative importance of

697  each factor that contributes to the AS conservation of AltD and AltA among closely related
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698  species. SS: splicing Site; BS: branch site; PPT: polypyrimidine tract. The top five contributors to
699  each mode were highlighted in red.
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957  Figure 1. Species-specific clustering of alter native splicing (AS) among different plant
958  species. (A) and (C), heatmaps depict species-specific clustering based on PSI values among
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959  four eudicots species (A) and three Brassicaceae species (C). The clustering is based on

960  conserved splicing junctions (A and C: n =502 and 5241, respectively). (B) and (D), heatmaps
961  depict species-specific clustering based on presence and absence of AS of the one-to-one

962  orthologous genes. In total, junctionsfrom 3,857 (B) and 6,262 (D) orthologous were used for
963 theclustering. Numbers present in each branch node represent the approximately unbiased

964  bootstrap value calculated from 1000 bootstrap replications. The color code above each heatmap
965  represents species, tissue, and treatments.
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Figure 2. Transition spectrum of AS between each species pairs. (A) N. attenuata vs tomato,
(B) N. attenuata vs A. thaliana, (C) N. attenuata vs soybean, (D) tomato vs A. thaliana, (E)
tomato vs soybean and (F) soybean vs A. thaliana. The color of each grid refersto 1og10

transformed number of AS events. The transformed values are also shown in the middle of each

grid. AltA: dternative 3 acceptor site; AltD: alternative 5 donor site; ES: exon skipping; IR:

intron retention.
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976  Figure 3. The conservation of AS between PTC+ and PTC- AS. (A) The number and relative

977  portions of PTC+/- ASin N. attenuata and tomato. The insert indicated by the black arrow

978  depictsthelikeihood of PTC+ and PTC- AS that are conserved between N. attenuata and

979  tomato. Asterisks indicate the significance as determined by Fisher's exact test (P < 0.05). (B)
980  Conserved AS between moss and eudicotsin serine/arginine-rich splicing factor R&2Z33-like
981  and R40-like gene. The diagrams of the structure of transcripts generated by the ASin al five
982  gpecies, the dominant and minor transcripts are represented by t1 and t2, respectively.

983  Constitutive exons are represented by blue boxes, alternatively spliced exons are represented by
984  red boxes and introns are represented by black solid lines. The black dotted boxes highlight the
985  conserved AS and the start and stop codons are shown as red triangles and stop signs,

986  respectively. The diagramsin the bottom panel showed the relative read coverage of AtRS2Z33
987  and AtRHA0 exonsin wild type plant and |bal upf3-1 double mutants. The black box highlights
988  the coverage of the spliced region which is significantly increased in Ibal upf3-1 double mutants
989  (Thediagramsare modified based on the data shown in

990 http://gbrowse.cbio.mskcc.org/gh/gbrowse/NMD201)
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993  Figure4. Thedeterminantsof alternative 5 donor site (AltD) and alternative 3’ acceptor
994  dte (AltA) in plants. (A) and (B), the frequencies of AltD/AItA on junctions with different

995  distance between the authentic SS and nearest alternative SS (5’ ssand 3’ ss, respectively), and
996 thedistance between authentic SSand the nearest inter GT/AG and junction size. (C) and (D),
997 theareaunder the curve (AUC) plot of deep learning models using the key determinants of AltD
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998 and AltA in N. attenuata and A. thaliana. The model performance including area under the curve
999  (AUC), accuracy, specificity and significance are also shown.
1000
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Figure 5. Featuresthat affect the conservation of AltD and AltA between closely related
plant species. (A) and (B), the portion of conserved AltD/AItA decreases with changes of
distance between authentic and alternative SS between two species. (C) and (D), the percent of
conserved AltD/AItA in the group that the nearest aternative 5/3' SSin the two species
generate the same or different ORF transcripts. (E) and (F), the portion of conserved AltD/AItA
decreases with changes in the distance between authentic SS and nearest inter-GT/AG sites
between two species. (G) and (H) the percent of conserved AltD/AItA in the group that the
nearest inter-GT/AG in the two species generate transcripts with same or different open reading
frame (ORF). Nat: N. attenuata, Sly: Tomato, Ath: A.thaliana, Aly: A. lyrata. The asterisks
indicate the significance as determined by Fisher's exact test (P < 0.05).
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