
 
 

 

 

 

Regulation and evolution of alternative splicing in plants 

 

 

 

 

 

DISSERTATION 

 
zur Erlangung des akademischen Grades 

 

Doctor rerum naturalium (Dr. rer. nat.) 

 

 

 

 

 

 

vorgelegt dem Rat der Biologisch-Pharmazeutischen Fakultät 

der Friedrich-Schiller-Universität Jena 

 

 

 

von 

 

Zhihao Ling, M.S. 

 

geboren am 10.08.1988 in China 
 

 

 

 
 

Max-Planck-Institut für chemische Ökologie 
 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gutachter: 

 

Prof. Ian T. Baldwin, Max Planck Institut für Chemische Ökologie, Jena 

 

Prof. Günter Theissen, Friedrich Schiller Universität Jena 

 

Prof. Dorothee Staiger, Universität Bielefeld 

 

 

 

 

Beginn der Promotion: 26. September 2012 

 

Dissertation eingereicht am: 25. November 2016 

 

Tag der Verteidigung: 28. June 2017



i 
 

 

Table of Contents 
 

1. General Introduction ................................................................................................................ 1 

1.1 Alternative splicing is widespread in plants .......................................................................... 1 

1.2 AS contributes to biological regulation processes in plants .................................................. 2 

1.3 Abiotic stresses induced AS changes in plants ..................................................................... 4 

1.4 Biotic stresses induced AS changes in plants ....................................................................... 7 

1.5 The splicing code and determinants of AS in plants is largely unknown ............................. 8 

1.6 The rapid evolution of AS ................................................................................................... 10 

1.7 Thesis outline ...................................................................................................................... 11 

References ................................................................................................................................. 12 

2. Overview of Manuscripts ....................................................................................................... 20 

3. Manuscripts ............................................................................................................................. 23 

Manuscript I .............................................................................................................................. 23 

Manuscript II ............................................................................................................................. 60 

Manuscript III .......................................................................................................................... 152 

4. General Discussion ................................................................................................................ 220 

4.1 The function of environmental stress-induced AS in plants ............................................. 221 

4.2 Genome-wide AS alterations in response to environmental stresses in plants may be 

largely due to the regulation of SR proteins ............................................................................ 224 

4.3 The splicing code in plants is largely conserved ............................................................... 225 

4.4 The rapid evolution of AS in plants is mainly cis-regulated ............................................. 227 

References ............................................................................................................................... 230 

Summary .................................................................................................................................... 235 

Zusammenfassung..................................................................................................................... 237 



 
 

ii 
 

Bibliography .............................................................................................................................. 239 

Eigenständigkeitserklärung ..................................................................................................... 249 

Curriculum vitae ....................................................................................................................... 250 

Acknowledgement ..................................................................................................................... 254 

 

 



General Introduction 

1 
 

1. General Introduction 

 

1.1 Alternative splicing is widespread in plants 

Alternative splicing (AS) is a mechanism by which two or more transcripts are generated 

by removing different introns or using different splice sites from the same pre-mRNA. In general, 

AS can be broadly classified into four fundamental types (Figure 1): alternative donor sites 

(AltD), alternative acceptor sites (AltA), intron retention (IR) and exon skipping (ES) (Black 

2003). A given splice variant may also contain combinations of different AS types at different 

introns, thus generating a more complex AS pattern. The identification of two different 

polypeptides from ribulosebisphosphate carboxylase/oxygenase (rubisco) activase in spinach and 

Arabidopsis thaliana provided the first demonstration of AS in plants (Werneke et al. 1989). 

Before next generation sequencing (NGS) technology was developed, AS was thought to be rare 

in plants, even though it was known to be common in humans (Brett et al. 2002). The 

estimations of AS frequency in A. thaliana using expressed sequence tags (ESTs) revealed that 

only 11% to 30% of multi-exon genes underwent AS and the discovery of AS depended highly 

on the sequencing depth of ESTs (Campbell et al. 2006, Iida et al. 2004). Recently, by 

sequencing cDNA derived from poly (A) enriched mRNA using NGS technology, several recent 

genome-wide AS studies in A. thaliana (Marquez et al. 2012), rice (Zhang et al. 2010), grape 

(Zenoni et al. 2010), soybean (Shen et al. 2014), moss (Wu et al. 2014) and wild tobacco (Ling 

et al. 2015) demonstrated that AS is much more prevalent in plants than previously thought, and 

that AS can be found in up to 66% of intron-containing genes. 

 

 

                     Figure 1. The four fundamental types of alternative splicing 
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The above mentioned genome-wide AS analyses all indicated that the predominant type 

of AS in land plants is IR, while ES has the lowest frequency. The pattern is opposite to that in 

metazoans, where ES is the most abundant AS type and IR is least prevalent (Kim et al. 2007, 

Pan et al. 2008). This indicates that the regulatory machinery of AS in plants might be different 

from metazoans. Previous studies demonstrated that introns from a human gene cannot be 

processed in plants but introns from a plant gene can be efficiently spliced in humans, providing 

further evidence to support this (Barta et al. 1986, Hartmuth and Barta 1986). 

 

1.2 AS contributes to biological regulation processes in plants 

 One direct effect of AS is that the sequences of distinct splicing variants are different; if 

all these transcripts can be translated into proteins, proteome diversity can be expanded without 

corresponding expansion of the genome. In addition, the generated protein isoforms may also 

have different alterations, because AS can result in new transcripts that preserve the original 

open reading frame (if the difference caused by AS is in multiples of three nucleotides (nt)) or 

else cause a frameshift. The most commonly known non-frame shift AS is NAGNAG (N is any 

nucleotide) acceptor, which is a subset of AltA in which two splice sites (SS) are separated by 

three nt, thus resulting in two protein isoforms with only one amino acid difference (Iida et al. 

2008, Schindler et al. 2008). In both plants and animals, NAGNAG events are enriched in genes 

encoding DNA-binding proteins and mainly influence polar amino acids that can change DNA-

binding properties (Iida, et al. 2008, Schindler, et al. 2008, Vogan et al. 1996). When AS 

introduces reading frame shifts, it may generate either a protein isoform with novel functional 

domains or truncated protein isoforms, or else introduce premature termination codons (PTC) 

that result in transcript degradation. Protein isoforms with different domain arrangement may 

have different functions or differ in their subcellular localization and stability (Syed et al. 2012). 

The truncated proteins may lack certain functional domains or may have lost sites of post-

translational modifications (Dinesh-Kumar and Baker 2000). For instance, several recent studies 

demonstrated that truncated proteins encoded by splicing variants can act as dominant-negative 

regulators by forming nonfunctional dimers that compete with functional dimers, which leads to 

physiological responses (Liu et al. 2013, Seo et al. 2012, Staudt and Wenkel 2011). However, 

functional studies on the proteins generated by AS are rare in plants, and some authors also raise 
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the question of whether AS really played an important role in expanding proteome diversity in 

plants (Severing et al. 2009). 

 As mentioned, another important effect of AS is that it can regulate transcript abundance 

by introducing PTC to transcripts, which may become subject to degradation by nonsense-

mediated decay (NMD), a cytoplasmic RNA degradation machinery (Chang et al. 2007, Kalyna 

et al. 2012, Kervestin and Jacobson 2012, Schoenberg and Maquat 2012). NMD initiates rapid 

transcript decay when the termination of translation is perturbed, although, the detailed NMD 

pathway in plants is not yet well characterized (Belostotsky and Sieburth 2009, Chang, et al. 

2007, Schoenberg and Maquat 2012). The orthologues of the core proteins of the NMD pathway, 

UPF1-3 and SMG-7 can be found in most of plants (but not SMG-1, SMG-5 and SMG-6), 

suggesting the NMD machinery is largely conserved (Arciga-Reyes et al. 2006, Hori and 

Watanabe 2005, Kerenyi et al. 2008, Riehs et al. 2008). NMD-sensitive transcripts in plants have 

common features including: (i) a PTC occurs more than 50-55 nt upstream of a splice junction or 

is located in the middle of the coding sequence (Kerenyi, et al. 2008, Wu et al. 2007b); (ii) have 

a long 3’ UTR (> 350 nt) or have introns in the 3’ UTR (Kalyna, et al. 2012); (iii) contain 

upstream open reading frames (uORFs) which overlapped the start codon (AUG) of the main 

ORF (Kalyna, et al. 2012, Nyiko et al. 2009). AS can introduce all of these features to the 

transcripts, thereby affecting their stability. Many splicing factors (SFs) in plants are found to 

produce PTC+ transcripts that are involved in the autoregulation of their own or other SFs’ 

expression through a negative feedback loop (Kalyna et al. 2006, Stauffer et al. 2010, Wachter et 

al. 2012). However, it has also been found that some AS transcripts with NMD features were not 

sensitive to NMD, especially for transcripts with IR, suggesting there is a specific strategy to 

avoid NMD for some PTC+ transcripts in plants (Kalyna, et al. 2012, Leviatan et al. 2013). Two 

recent studies revealed that some PTC+ intron-containing transcripts can have much longer half-

lives in the nucleus, thus allowing them to escape the NMD machinery (Boutz et al. 2015, 

Gohring et al. 2014). 

 Furthermore, AS is also involved in microRNA (miRNA) associated regulation of mRNA 

stability. miRNA is a class of endogenous RNAs with a length of ~23 nt length that play 

important regulatory roles in gene expression (GE) at post transcriptional level by pairing to 

partial complementary miRNA binding sites (MBS) in their target mRNAs (Bartel 2009). There 

are two ways that AS can modulate miRNA-mediated regulation of GE. Firstly, AS can generate 
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transcript isoforms that either lack or contain related MBS, thereby excluding or receiving the 

miRNA regulation. For example, the splicing variants of transacting small interfering RNA (TAS) 

genes and squamosa-promoter binding protein like-4 (SPL4) gene in A. thaliana that do not 

contain the MBS of their related miRNA enables the escaping of miRNA regulation that would 

silence the MBS contained splicing variants (Wu and Poethig 2006, Yang et al. 2012b). In 

addition, it was found that over 12% of identified MBS in A. thaliana are affected by AS, 

suggesting the association between AS and miRNA-mediated gene regulations are not rare 

(Yang, et al. 2012b). Secondly, AS in pre-mRNA regions, where generate miRNA can also 

modulate the abundance of the same miRNA, which in turn modulates the stability of their target 

mRNAs. For instance, MIR400, a miRNA located in the first intron of a protein coding gene in A. 

thaliana, shows consistent expression pattern with its host gene. In response to heat stress, the 

abundance of splicing variant retaining the intron containing MIR400 was up-regulated, and thus 

the expression of mature miR400 was suppressed. This splicing change appears to be important 

for the tolerance of heat stress, because under heat stress, the overexpression of miR400 resulted 

in decreased seedling growth and germination under heat stress (Yan et al. 2012). Furthermore, 

miRNA can locate both in intronic and exonic regions of their host genes (Yang et al. 2012a), 

suggesting the correlation between miRNA and AS may be underestimated. However, the overall 

roles of AS in miRNA-mediated regulation of GE remain unclear. 

  

1.3 Abiotic stresses induced AS changes in plants 

Being sessile, plants must respond to environmental stresses in order to adapt and survive 

under diverse conditions. To deal with abiotic stresses and maximize their fitness, plants regulate 

their transcriptome rapidly at multiple levels, including modifying the expression and splicing of 

stress-related genes (Ali and Reddy 2008a, Staiger and Brown 2013, Yamaguchi-Shinozaki and 

Shinozaki 2006). Among various abiotic stresses, high and low temperature stresses are probably 

the most commonly known and best-studied stresses in plants Both elevated and decreased 

temperature can induce genome-wide modifications of AS in plants, although the range of the 

changes is relatively small (Chang et al. 2014, Leviatan, et al. 2013, Streitner et al. 2013). Case 

studies on key regulatory genes further confirmed significant changes of AS in response to 

temperature changes, suggesting the AS in response to temperature can serve as ‘molecular 

thermometers’ (Capovilla et al. 2015). For example, AS is regulated differentially under elevated 
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temperatures, since a subsequent heat shock (HS) treatment has a moderate effect on AS 

compared with the initial HS, indicating AS also plays a role in thermotolerance responses 

(Chang, et al. 2014). This study further identified an exonic GAC-repeat motif, which may act as 

a putative regulatory cis-element in heat-mediated IR regulation (Chang, et al. 2014). The 

splicing responses of the heat shock transcription factor A2 (HsfA2) in A. thaliana is another 

example. HsfA2 can generate two alternatively spliced transcripts in response to various 

temperatures: while splice variant HsfA2-II is generated at moderate heat (37 °C) and decreases 

along with elevated temperature, HsfA2-III only appears under severe HS (≥42°C) (Liu, et al. 

2013, Sugio et al. 2009). Interestingly, HsfA2-II contains a PTC and is degraded by NMD but 

HsfA2-III can encode a truncated protein, S-HsfA2, which can bind to the heat shock elements 

(HSE) in the HsfA2 promoter, thus indicating an auto-regulatory loop to activate its own 

transcription (Liu, et al. 2013). Cold stress also induces changes of the AS of several 

serine/arginine-rich (SR) protein encoded genes and core circadian clock genes, which are 

involve in the regulation of splicing, physiological and developmental processes in plants 

(Capovilla, et al. 2015, James et al. 2012, Tanabe et al. 2007).   

 In addition to temperature fluctuations, plants also face many other abiotic stresses such 

as salt, light irradiation, drought and nutrient deficiency. Several recent studies have revealed 

that these stresses can also globally induce significant AS changes in plants (Ding et al. 2014, Li 

et al. 2013, Thatcher et al. 2016, Wu, et al. 2014). In general, several common features have 

been observed in plants under various stress conditions (including temperature fluctuations): (i) 

the total number of AS events are increased under salt stress and nutrient deficient conditions 

compared with normal conditions (Ding, et al. 2014, Li, et al. 2013, Zhang et al. 2016); (ii) AS 

and GE are separately regulated in response to stress (Ding, et al. 2014, Li, et al. 2013); (iii) 

similar regulatory cis-elements might be involved in regulating AS in response to different stress 

conditions, since a purine rich (GAA-repeat) exonic motif was identified in moss that potentially 

functions in regulating light-mediated IR (Wu, et al. 2014). This motif is consistent with above 

mentioned exonic motif, which may be involved in the regulation of heat-induced IR (Chang, et 

al. 2014); (iv) the AS patterns of splicing factors (mainly SR proteins) and core circadian clock 

genes have all been shown to have significant changes in response to various stresses (Ding, et al. 

2014, Filichkin et al. 2010, Palusa et al. 2007, Syed et al. 2015, Tanabe, et al. 2007, Wu, et al. 
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2014). These studies suggest that different stress-induced AS may share a common regulatory 

pathway. 

  The mechanism of how stress signals reprogram the splicing of the transcriptome is 

largely unknown in plants. Based on previous studies, stress signals may regulate AS through 

several potential mechanisms (Figure 2). Firstly, stresses induce changes of expression and AS in 

the splicing regulators (e.g. SRs) that directly lead to global changes in AS (Filichkin, et al. 2010, 

Gulledge et al. 2012, Lee et al. 2006, Palusa, et al. 2007). Secondly, stresses that induce 

phosphorylation or transcriptional changes of protein kinases that phosphorylate SFs can also 

result in global AS regulation (Ali and Reddy 2008b, Monks et al. 2001). Several plant splicing 

factors (SFs) are known to be phosphoproteins, and the phosphorylation status of SR proteins 

can affect their mobility, subcellular localization and may even affect their functions (Ali et al. 

2003, de la Fuente van Bentem et al. 2008, Tillemans et al. 2005, Tillemans et al. 2006, Zhang 

and Mount 2009). Thirdly, stresses induce RNA structure changes. It has been revealed that in 

yeast, RNA folds can control the alternative 3’ splice site (SS) availability, which affect AS in 

response to heat shock (Meyer et al. 2011). This mechanism is also not well studied in plants. 

  

 

Figure 2. The potential mechanisms of how stress signals regulate AS in plants.  
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1.4 Biotic stresses induced AS changes in plants 

Besides abiotic stress, plants are also confronted with many biotic stresses, of which 

pathogens and herbivores are the two main types. In response to pathogen infection, the AS 

regulations of resistance (R) genes plays an important role in plant defense by generating R 

proteins that provide plant disease resistance against pathogens, (Dinesh-Kumar and Baker 2000, 

Zhang and Gassmann 2003, Zhang and Gassmann 2007). In addition, plant resistance to 

pathogens is affected by the relative ratios of multiple transcripts, especially infection-induced 

transcripts (Dinesh-Kumar and Baker 2000, Zhang and Gassmann 2007). For example, the AS of 

some R genes generates transcripts with PTC that could be subject to NMD or translated into 

truncated proteins. However, the presence of both transcripts encoding full-length and truncated 

ORFs is required for full resistance (Dinesh-Kumar and Baker 2000, Zhang and Gassmann 2003, 

Zhang and Gassmann 2007). Interestingly, it has been found that in Pst DC3000-infected plants, 

the expression of genes involved in the NMD pathway, such as UPF1 and UPF3, were down-

regulated, which enabled the PTC+ transcripts of R gene to not be degraded by NMD and to 

produce truncated proteins that are involved in induced cell death (Jeong et al. 2011, Michael 

Weaver et al. 2006, Zhang and Gassmann 2007). At the genome-wide level, a recent study 

showed that pathogen infection induced large numbers of novel AS in A. thaliana, including AS 

of genes that are likely to play important roles in defending against invasive pathogens (Howard 

et al. 2013). However, in comparison to abiotic stress, biotic stress induced AS responses in 

plants are largely unexplored, particularly the regulation of AS in response to herbivores. In 

manuscript I, I investigated Manduca sexta (a specialist herbivore of Solanaceae) induced 

genome-wide AS responses in wild tobacco (Nicotiana attenuata), in both local tissue (leaves) 

and systemic tissue (roots). 

 Nicotiana attenuata, is native to the Great Basin Desert in the United States and occurs 

primarily in large ephemeral populations in post-fire habitats, and is therefore subject to highly 

dynamic biotic environmental pressures to re-establish their populations (Bahulikar et al. 2004, 

Baldwin et al. 1994). The adaptability of N. attenuata to environmental changes is mediated by a 

high degree of phenotypic plasticity, as illustrated by sophisticated direct and indirect defense 

mechanisms induced by herbivores (Kessler et al. 2004, Wu and Baldwin 2010, Wu et al. 2007a). 

In addition, a high-quality genome of N. attenuata has been sequenced and assembled 
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(manuscript II). All these features make N. attenuata an excellent model system for studying 

herbivore induced AS in plants. 

 

1.5 The splicing code and determinants of AS in plants is largely unknown 

 The spliceosome is a highly dynamic RNA-protein complex consisting of five small 

nuclear ribonucleoprotein particles (snRNPs) and over 300 proteins in humans (Jurica and Moore 

2003, Rappsilber et al. 2002), but the spliceosome in plants has not been isolated so far (Reddy 

et al. 2013). Assembly of the spliceosome to remove introns and ligate exons is directed by 

sequence features of the pre-mRNA; however, how the exonic and intronic regions in plants are 

recognized is poorly understood. In metazoans, it is well known that four crucial signals are 

required for accurate splicing including (i) 5’ splice sites (SS), which contain a GU dinucleotide 

at the intron start that is recognized by U1 snRNP, (ii) 3’ SS, which include an AG at the 

extreme 3’ end that is recognized by U2 auxillary factor (U2AF35), (iii) a polypyrimidine tract 

(PPT) located at the 3’ end of the intron that is recognized by U2AF65, and (iv) a branch site (BS) 

sequence located ~17-40 nt upstream of the 3’ SS that is recognized by U2 snRNP (Black 2003). 

Except BS, similar sequence features were found in plants but with some minor specific nt 

frequency difference at specific positions (Reddy 2007). In addition, a UA-rich tract in introns 

was also found to be important for efficient splicing in plants (Baek et al. 2008, Lewandowska et 

al. 2004, Simpson et al. 2004). For splice site recognition, two models named ‘exon definition’ 

and ‘intron definition’ have been proposed (Berget 1995). In general, ‘exon definition’ is favored 

in organisms with relatively small exons flanked by large introns, while ‘intron definition’ is 

favored in organisms with relatively small introns (Sterner et al. 1996, Talerico and Berget 1994). 

In plants, it is proposed that both models are used to recognize SS with predominant preference 

in ‘intron definition’ (Brown 1996, Lorkovic et al. 2000). Furthermore, Renddy (2007) 

hypothesized that different composition of introns between rice and A. thaliana, which have 

different intron sizes and GC contents, may have different splicing machineries. 

 The regulation of AS depends largely on cis signals close to the splicing site (SS) and 

trans-acting splicing factors (SFs) that can recognize the signals. In plants, there are over 300 

RNA-binding proteins that have one or more RNA-binding domains, such as RNA recognition 

motif (RRM) and the K homology domain, which may function as splicing regulators (Silverman 
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et al. 2013). Among them, SR proteins are the most intensively studied and are known to regulat 

AS (Gao et al. 2004, Lopato et al. 1999a, Lopato et al. 1999b). Interestingly, several studies 

found that SR proteins can auto-regulate their own AS or that of other SR genes (Isshiki et al. 

2006, Kalyna, et al. 2006, Thomas et al. 2012). Among eukaryotes, plants have the highest 

number of SR proteins, almost double the number of non-photosynthetic organisms (Richardson 

et al. 2011). However, the number of SR proteins varies among different plant species (24 in rice 

and 19 in Arabidopsis) (Iida and Go 2006, Isshiki, et al. 2006). The detailed functions of each SR 

protein in plants and whether different number of SR proteins contributes to species-specific AS 

profiles is largely unclear. 

 In animals, many splicing regulatory elements (SREs) and RNA binding proteins (RBPs) 

have been identified using different strategies, and the interactions between these SREs in the 

pre-mRNA and RBPs can either promote or suppress the use of a splice site (Barash et al. 2010, 

Chen and Manley 2009, Licatalosi et al. 2008). These SREs can be generally classified as exonic 

splicing enhancers (ESEs)/silencers (ESSs) and intronic splicing enhancers (ISEs)/silencers 

(ISSs), which are short (3-11 nt) conserved sequences that often occur in clusters (Chen and 

Manley 2009). Some of them can be used to predict the outcomes of specific AS type, which 

indicates these cis-elements are important factors in regulating AS (Barash, et al. 2010). While 

plants have, more than 200 RBPs, most of the identified being plant-specific, their binding 

sequence motifs are largely unknown (Lorkovic 2009). In addition, although over 80 SREs in 

plants have been identified in A. thaliana, only a few of them have been confirmed by 

experiments (Pertea et al. 2007, Schoning et al. 2008, Thomas, et al. 2012, Yoshimura et al. 

2002).  

 Furthermore, some other factors including secondary and tertiary RNA structures, 

chromatin remodeling, insertion of transposable elements (TEs) and gene duplication (GD) have 

been found to affect AS regulations in animal systems but are largely unexplored in plants 

(Donahue et al. 2006, Kolasinska-Zwierz et al. 2009, Lambert et al. 2015, Liu et al. 1995, 

Schwartz et al. 2009, Sorek et al. 2002, Su et al. 2006, Warf and Berglund 2010). Furthermore, 

studies in mammals showed that the emergence of AS is originated from constitutive splicing 

through the fixation of SREs and the creation of alternative competing SS (Koren et al. 2007, 

Lev-Maor et al. 2007). There are distinct features between alternatively spliced exons/introns 

and constitutively spliced exons/introns, which can be used to accurately predict specific AS type 
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(Braunschweig et al. 2014, Koren, et al. 2007). However, these distinct features between AS and 

constitutive splicing remain unstudied in plants. In manuscript III, using a machine learning 

approach, I identified key features that contribute to the determination of AltA and AltD, which 

can be used to predict these two AS types in plants. 

 

1.6 The rapid evolution of AS 

 Although AS is found in all eukaryotes, it is much more prevalent in highly evolved 

multicellular eukaryotes compares to ancestral unicellular eukaryotes. For example, while up to 

60% of intron-containing genes underwent AS in plants, AS is rare or may be inexistent in 

budding yeast (Barrass and Beggs 2003, Eckardt 2002, Ling, et al. 2015, Reddy 2007). Based on 

the comparison of the 5’ SS between unicellular and multicellular eukaryotes, which reveals a 

higher plasticity in the 5’SS of multicellular organisms than unicellular organisms, two AS 

evolution models were proposed: (i) sequence based model, in which the production of weak SS 

through the mutations in a constitutive SS provides the chance for the splicing machinery to skip 

the SS, thereby generating AS, and (ii) trans-factor based model, which invokes the evolution of 

SFs such as SR proteins and RBPs that releases the selective pressure on SS, resulting in 

mutations that weaken the SS (Ast 2004).  

 Soon after the discovery of AS in eukaryotic genes, AS was speculated to accelerate 

evolution (Gilbert 1978). This hypothesis is supported by two recent extensive studies in 

phylogenetically divergent vertebrate lineages, which reveal that AS may contribute to the 

speciation (Barbosa-Morais et al. 2012, Merkin et al. 2012). Both studies found that while tissue-

specific gene expression (GE) patterns are largely conserved, AS profiles are frequently lineage-

specific and are primarily cis-directed (Barbosa-Morais, et al. 2012, Merkin, et al. 2012). In 

plants, such in-depth comprehensive analyses to study AS evolution have not been performed. 

Most of studies have been focused only on specific genes or gene families which contain 

conserved AS between several species (Iida and Go 2006, Li et al. 2006). In plants, some 

genome-wide studies using expressed sequence tags (ESTs) in plants only identified a small 

number of conserved AS (Darracq and Adams 2013, Severing, et al. 2009, Wang and Brendel 

2006, Wang et al. 2008), whereas other studies identified a much higher number of conserved 

AS between closely related species (Chamala et al. 2015, Satyawan et al. 2016). However, none 
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of these studies systematically investigated the evolution of AS and underlying mechanisms. In 

manuscript III, I analyzed transcriptomes of three tissues in six plant species to investigate the 

pattern of AS evolution in plants. Using a machine learning approach, I further identified the key 

factors that contributed to the determinations of AltA and AltD and rapid changes of AS between 

closely related species in plants.  

 

1.7 Thesis outline 

 While stresses are known to induce AS changes in plants, how insect herbivory elicits AS 

responses in plants is unknown. Furthermore, the close association between AS and 

environmental stresses predicts that AS evolved rapidly in plants. However, evidence for this 

rapid evolution is limited and mechanisms remain unknown. The main objectives of my thesis 

are I) to investigate genome-wide herbivore-induced AS in plants, using wild tobacco as model 

system. Here, I aimed to address four main questions: a) to what extent can insect herbivores 

induce AS responses in wild tobacco? b) Are gene expression and alternative splicing co-

regulated in response to herbivory? c) Do local and systemic tissues show different AS responses 

under herbivore attack? d) Is JA signaling involved in herbivory induced AS responses? II) To 

systematically investigate the patterns of AS evolution among different plant species and the 

mechanisms that contribute to changes of AS between closely related species. Here, I aim to 

address four main questions: a) Are AS profiles in plants species-specific? b) Does AS evolve 

faster than gene expression? c) What are the determinants of AS in plants? d) Which factors 

contributed to the evolution of AS?  
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Manuscript I 

 

Insect herbivory elicits genome-wide alternative splicing responses in Nicotiana attenuata 

 

Zhihao Ling, Wenwu Zhou, Ian T. Baldwin and Shuqing Xu 

Published in The Plant Journal (2015), 84, 228–243 

Doi: 10.1111/tpj.12997. 

 

In eukaryotic organisms, transcriptional regulations by both expression differences and 

alternative splicing (AS) are thought to be important for their responses to abiotic and biotic 

stresses. For plants, insect herbivores present one of the most important biotic stresses and their 

attack can elicit rapid changes in gene expression, changes which are essential for induced 

defenses that effectively reduce attack rates. However, insect herbivore-induced AS in plants 

remains unknown. To address this bias, we analyzed the genome-wide herbivore induced AS 

responses in both leaves and roots of N. attenuata, an ecological model plant, and investigated 

the possible signaling functions of genes involved in herbivore-induced AS machinery. The 

study reveals that an above-ground biotic stress can induce strong AS responses in a below-

ground tissue. Furthermore, we demonstrated that the induced AS are precisely regulated and 

likely contribute to anti-herbivore defenses of plants. 

 

ZL designed the research, performed the experiments, analyzed data and drafted the manuscript. 

WZ performed the experiments. ITB designed the research and helped to draft the manuscript. 

SX designed the research, analyzed data and drafted the manuscript. 
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Manuscript II 

 

Wild tobacco genomes reveal the evolution of prolific nicotine production 
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 In this manuscript, we sequenced assembled and analyzed the high-quality genomes of 

two wild tobaccos, Nicotiana attenuata and N. obtusifolia to investigate their adaptive traits in 

nature. Using phylogenomic analyses, we demonstrated that the pathway gradually evolved from 

two duplicated ancient primary metabolic pathways is followed by the rapid acquisition of root-

specific gene expression. Furthermore, we revealed that in Nicotiana genomes, a rapidly 

expanding of transposable elements (TEs) insertions occurs after the Solanaceae whole genome 

triplication event, which contributed to the evolution of herbivory-induced signaling and defense, 

such as nicotine biosynthesis. These TE insertions also play roles in leading the expression 

divergences among duplicated genes. We also found TE insertions in regulatory regions of 

duplicated genes that incorporated transcription factor binding motifs are very likely contributing 

to the coordinated metabolic flux of the related biosynthetic pathway. 

 

SX and ITB conceived and coordinated the project. TB and SX performed comparative genomic 

analysis. TB, ZL and SX analyzed RNA-seq and microarray data. SX, TB, EG and ANQ 

initiated and analyzed the evolution of nicotine biosynthesis and transposable elements. HK and 

SX assembled the genomes. KG coordinated sample collections for DNA and RNA sequencing 

and the submission of the genome to NCBI. KG, HK, and BT coordinated the sequencing of the 

two genomes. WZ, CK and KG validated promoter region of nicotine biosynthesis genes using 

Sanger sequencing. SX, TB, HT, MS and EL annotated protein coding genes in the genomes. PP 

and SPP annotated smRNAs in N. attenuata. SX, EG and ITB wrote the manuscript. 



Overview of Manuscripts 

 

22 
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Deep learning rapid evolution of alternative splicing in plants 

Zhihao Ling, Thomas Brockmöller, Ian T. Baldwin and Shuqing Xu 

To be submitted to Genome Biology  

 

 In this manuscript, we performed an intensive genome-wide transcriptome analysis of six 

plant species to investigate the evolution of alternative splicing (AS) in plant. We found that the 

global AS patterns are more similar among different tissues within same species than same tissue 

among different species, suggesting AS in plants evolved rapidly. Using a machine learning 

approach, we found the splicing codes in plants are largely conserved and the rapid divergence of 

determinant sequences of AS mainly contributes to the rapid turnover of AS between species. 

Furthermore, we found the group of AS which would generate transcripts with premature 

termination code (PTC), although only account for a minor portion of total AS, is more 

conserved than the other AS, suggesting an important regulation role of PTC+ AS at the post-

transcriptional level in plants. 

 

ZL designed the research, analyzed data and drafted the manuscript. TB identified one-to-one 

orthologous gene pairs and estimated the gene family size. ITB designed the research and helped 

to draft the manuscript. SX designed the research, analyzed data and drafted the manuscript. 
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Figure S1. Features of assembled transcripts. (a), the distribution of assembled known and 

novel transcripts. The insert indicates the proportion of novel transcripts located within the genes 

region or inter-genetic region; (b), the length distribution of assembled transcripts. 
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Figure S2. Evaluation on sequencing depth. The blue line represents the percentage of total 

detected junctions that were supported by more than 10 reads and the red line represents the 

percentage of total assembled novel transcripts. X-axis represents the number of sub-sampled 

reads that were used for analysis, and Y-axis refers to percentage of total assembled transcripts 

(left) and detected junctions (right). The gray arrow indicates the sequencing depth of data that 

were used for downstream AS analysis. 
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Figure S3. The distribution of different types of AS events in N. attenuata leaves and roots. 

IR: intron retention; AltA: 3’ accepter site (AltA); AltD: alternative 5’ donor site; ES: exon 

skipping. Other events: other types of AS that resulted from the combination of different above 

mentioned four types. 
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Figure S4. Number of AS events that were unique or shared among different biological 

replicates in leaves and roots. Each circle refers to one biological replicate, and numbers inside 

the circles refer to number of AS events. Top and bottom rows are leaves and roots samples, 

respectively; left and right columns are the control and M. sexta feeding samples at 5h, 

respectively. 
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Figure S5. The distribution of reads coverage in the subset SJs that show same expression 

between control and M. sexta induced samples. The distribution of number of supporting reads 

to the junction area in leaves (a) and roots (b). Y-axis refers to the density and X-axis refers to 

number of supporting reads. Red and green bars refer to control and M. sexta attacked samples at 

5 h, respectively. 
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Figure S6. The abundance of different types of AS events in the subset of SJs that were not 

differentially expressed after M. sexta attack. (a) and (b), the abundance of different types of 

AS events differing between control and M. sexta feeding 5 h samples in leaves (a) and roots (b); 

(c) and (d), the abundance of different types of AS events in leaves (c) and roots (d) of plants 

with 5 and 9 h of M. sexta feeding. IR: intron retention; AltA: 3’ accepter site (AltA); AltD: 

alternative 5’ donor site; ES: exon skipping. The bar refers to number of AS events for each type. 

Asterisk indicates the significance as determined by Student’s-t tests (P < 0.05). Error bars refer 

to standard error (SE). 
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Figure S7. Principal component analysis (PCA) based on the percentage splicing index 

(PSI). (a), the global AS responses in leaves and roots after 5 h of M. sexta feeding; (b), the 

global AS responses after 5 and 9 h of M. sexta feeding. The percentage of variance explained by 

each axis is shown in parentheses. Different colours refer to different treatments and different 

shapes refer to different duration of M. sexta feeding. Light blue refers to M. sexta feeding, and 

vermillion refers to control. Filled circle refer to samples harvested after 5 h and triangle refers to 

9 h samples. 
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Figure S8. Phylogenetic tree of A. thaliana and N. attenuata SR and SR-like genes estimated 

using maximum likelihood method. A. thaliana and N. attenuata genes are shown in green and 

blue colours, respectively. Bootstrap values greater than 50 were shown above each branch. 
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Figure S9. The expression of five selected SR gene expression in leaves and roots measured 

by RNA-seq and qPCR. The above and below panels show the expression results estimated by 

qPCR and RNA-seq, respectively. Y-axis in each panel refers to the relative transcript expression 

level. White bars refer to control and grey bars refer to 5 h of M. sexta feeding. TPM refers to 

transcripts per million. The asterisk in both panels indicates the significance determined by 

Student’s-t test (P < 0.05). Error bars refer to standard error (SE). 
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Figure S10. M. sexta attack induced transcripts expression changes and AS responses on 

roots jasmonic acid (JA) signal pathway. (a), M. sexta attack (5 h) induced transcripts 

expression changes on genes involved in JA signalling pathway in root. Each filled circle refers 

to one transcript with colour indicates the log2 fold change in comparison to control. Red 

rectangle box depicts the differentially spliced event induced by M. sexta attack. NaJIH1, 

jasmonoyl-l-isoleucine hydrolase 1; NaSIPK, salicylate-induced protein kinase; NaWIPK, 

wound-induced protein kinase; NaGLA1, glycerolipase 1; NaLOX3, lipoxygenase 3; NaAOS, 

allene oxide synthase; NaAOC, allene oxide cyclase; NaOPR3, OPDA reductase 3; NaJAR4/6, 

jasmonate-resistant 4/6; NaCOI1, coronatine-insensitive protein 1; NaJAZe, a member of 

jasmonate ZIM-domain protein family; NaTD, threonine deaminase; NaTPI, trypsin proteinase 

inhibitor; (b), the structure of the two NaJAZe transcripts resulted from M. sexta attack induced 

AS event in NaJAZe. The exon involved in the AS event is shown in red colour. The predicted 

protein domains are shown in brown colour. The start and stop codons are indicated with black 

arrow and stop sign, respectively; (c), the predicted percentage splicing index (PSI) of the minor 

transcript calculated from RNA-seq data; White and grey bars refer to control and attacked 

samples, respectively. nd refers to not detected. The asterisk indicates the significance that was 

determined by Students’-t test (P < 0.05). The error bar refers to standard error (SE). 
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Figure S11. The enriched gene ontology (GO) terms of up and down regulated genes in N. 

attenuata leaves and roots after 5 h of M. sexta feeding. (a) and (b), GO terms enriched in up- 

and down-regulated genes in leaves; (c), GO terms enriched in up-regulated genes in roots. 
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Figure S12. The flowchart of the data analysis process. The software used and bioinformatics 

processes are shown on the left and right side of each arrow respectively. 
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Figure S13. Overhang size and reads coverage distributions in positive and negative SJs 

datasets. Red colour refers to negative SJs dataset and light blue colour refers to positive SJs 

dataset. (a), the distribution of the overhang size in negative (random generated junctions) and 

positive (annotated junctions) splicing junction (SJs) datasets. Y-axis refers to distribution 

density; X-axis refers to overhang size. While more than 94% positive SJs have overhang size 

greater than 14 bp, none of the negative SJs had an overhang size greater than 14 bp, which was 

used as selecting criteria in our downstream analysis (indicated by dashed line); (b), the 

distribution of read coverage in negative and positive SJs datasets. Y-axis refers to distribution 

density; X-axis refers to number of supporting reads. Both positive and negative datasets have a 

large proportion of SJs with low read coverage. 
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Abstract 

 Plants adapt to their environments by evolving novel traits, a process intimately linked and 

reflected in their remarkable capacity to produce structurally diverse specialized metabolites. A majority 

of these metabolites function as multifunctional chemical shields against a variety of biotic and abiotic 

stresses 
1,2

. Nicotine, the signature alkaloid of Nicotiana species responsible for the addictive properties of 

human tobacco smoking, functions as a defensive neurotoxin against attacking herbivores. However, the 

evolution of the genetic features that contributed to the assembly of the nicotine biosynthetic pathway 

remains unknown. We sequenced and assembled genomes of two wild tobaccos, Nicotiana attenuata (2.5 

Gb) and N. obtusifolia (1.5 Gb), two ecological models for investigating adaptive traits in nature. We 

show that after the Solanaceae whole genome triplication event, a repertoire of rapidly expanding 

transposable elements (TEs) bloated the Nicotiana genomes, promoted expression divergences among 

duplicated genes and contributed to the evolution of herbivory-induced signaling and defenses, including 

nicotine biosynthesis, in these species. The biosynthetic machinery allowing for nicotine synthesis in the 

roots 
3
 evolved from the stepwise duplications of two ancient primary metabolic pathways: the polyamine 

and nicotinic acid dinucleotide (NAD) pathways. While the duplication of the former is shared among 

several Solanaceous genera capable of producing nicotine, albeit in trace quantities, the prolific 

production and ecological utilization of this toxin in Nicotiana required lineage-specific duplications 

within the NAD pathway and a retro-transposon mediated duplication of berberine bridge enzyme-like 

involved in the coupling of the two pathways. Furthermore, TE insertions that incorporated transcription 

factor binding motifs likely contributed to the coordinated metabolic flux of the nicotine biosynthetic 

pathway. Together, these results provide evidence that TEs and gene duplications facilitated the 

emergence of a key metabolic innovation relevant to plant fitness. 
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Main text 

 The pyridine alkaloid nicotine, whose addictive properties are well-known to humans, is the 

signature compound of the genus Nicotiana (Solanaceae). In nature, nicotine is arguably one of the most 

broadly effective plant defense metabolites, in that it poisons acetylcholine receptors and is thereby toxic 

to all heterotrophs with neuromuscular junctions that feed on tobacco plants. Field studies using 

genetically-modified N. attenuata (coyote tobacco) plants, an annual wild diploid native to Western North 

America, have revealed that this toxin fulfills multifaceted ecological functions that contribute to plant 

fitness 
4-6

. The strong transcriptional up-regulation of the nicotine biosynthetic machinery in roots in 

response to herbivore attack of the shoot combined with the active translocation and storage of this toxin 

provides N. attenuata plants with an inducible protection mechanism against a broad spectrum of 

herbivores 
6
. In addition, the transport and non-homogenous distribution of nicotine in the nectar of 

flowers within an inflorescence modifies the trap-lining behavior of humming bird pollinators to 

maximize outcrossing rates 
7
. These two facets of the ecological utility of nicotine result from the prolific 

production of this toxin which can accumulate up to 1% of the leaf dry mass in wild tobacco species 
8
 – 

i.e. up to 30,000 times higher than in other Solanaceae genera. This prodigious biosynthetic ability is 

based on an efficient biosynthetic machinery composed of multiple genes co-expressed in roots and which 

commandeers a substantial fraction of the plant’s nitrogen assimilation 
3,9,10

. In some species, such as N. 

obtusifolia, a sympatric perennial relative of N. attenuata, nicotine is rapidly demethylated at the root-

shoot junction to form nornicotine, perhaps as part of a species-specific self-toxicity mitigating 

mechanism 
11

. In contrast to the deep knowledge that exists on nicotine’s biosynthesis and ecological 

functions, the evolutionary origin and genomic features that facilitated the assembly of a pathway so 

critical for the survival of Nicotiana species have remained largely unknown. 

 Gene duplication and TE insertions continuously shape the evolutionary landscape of genomes 

and can affect the function of genes with adaptive consequences 
12,13

. While whole-genome and local gene 

duplications provide the raw material for the evolution of novel traits, TE mobility can broadly remodel 
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gene expression, by redistributing transcription factor binding sites, shaping epigenetic marks and/or 

providing target sequences for small regulatory RNAs 
12-17

. Hence, the combination of gene duplications 

and TE activity is thought to facilitate the evolution of novel adaptive traits 
13

. However, the details of this 

process, in particular its role in the evolution of plant metabolic complexity through the assembly of novel 

multi-gene pathways, remains unclear. 

 We sequenced and assembled the genome of N. attenuata (accession Utah, collected in the 

Southwestern Utah in 1996), using 30x Illumina short reads, 4.5x 454 reads, and 10x PacBio single-

molecule long reads. In total, we assembled 2.37 Gb of sequences representing 92% of the expected 

genome size. We further generated a 50x optical map and a high-density linkage map for super-

scaffolding (Supplementary Figure S1 and S2), which anchored 825.8 Mb to 12 linkage groups and 

resulted in a final assembly with a N50 contig equal to 90.4 kb and a scaffold size of 524.5 kb 

(Supplementary Figure S3). Likewise, using ~50x Illumina short reads, we assembled the N. obtusifolia 

genome with a 59.5 kb and 134.1 kb N50 contig and scaffold N50 size, respectively. For N. attenuata, 

more than 99.6% of whole-genome shotgun reads and 96.5% of RNA-seq reads can be mapped to the 

genome assembly. Analyses of 248 conserved core eukaryotic genes using the CEGMA
18

 pipeline 

indicated that both assemblies were only slightly less complete in full-length gene contents than that of 

the tomato genome (86.7%) and similar to the potato genome (83.9%) (Supplementary Table S2). 

 The combined annotation pipeline integrating both hint-guided AUGUSTUS and MAKER2 gene 

prediction pipeline predicted 33,449 gene models in the N. attenuata genome. More than 71% of these 

genes models are fully supported by RNA-seq reads and 12,617 and 18,176 of these genes are 

orthologous to Arabidopsis and tomato genes, respectively. To validate the gene model predictions, 428 

selected genes which has been the subject of functional analysis in N. attenuata were manually inspected 

and manually curated, and pseudogenes were excluded. Because gene models within a genus are usually 

conserved, we annotated N. obtusifolia and two other publicly available diploid Nicotiana genomes 
19

 

using a homology-based annotation pipeline based on all predicted N. attenuata protein coding gene 
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models. In total, 27,911, 27,724 and 26,455 full-length protein coding genes were annotated in N. 

obtusifolia, N. sylvestris and N. tomentosiformis, respectively. 

To investigate the evolutionary history of the different Nicotiana genomes, we inferred 23,340 

homologous groups using protein sequences from 11 published genomes (Supplementary Table S5). A 

phylogenomic analysis of the identified homologous groups demonstrated that Nicotiana species share a 

whole-genome triplication (WGT) event with Solanum species, such as tomato, potato and Petunia, but 

not with Mimulus (Figure 1, Supplementary Figure S13-16). At least 3,499 duplicated gene pairs 

originating from this WGT were retained in both Nicotiana and Solanum. Among all retained duplicated 

gene pairs detected in N. attenuata that did not further duplicate in this species, more than 53.7% showed 

expression divergence (fold change greater than 2) in at least one tissue, indicating that these WGT-

derived duplicated genes may have evolved divergent functions through neofunctionalization or sub-

functionalization. Among other previously characterized herbivory-related genes, THREONINE 

DEAMINASE (TD) is an example of this trend (Supplementary Figure S14). TD is a Solanaceae specific 

anti-herbivore defense gene that encodes a pyridoxal phosphate-dependent enzyme that dehydrates 

threonine to α-ketobutyrate and ammonia, as the committed step in the biosynthesis of isoleucine (Ile) in 

plants. After one tandem duplication followed by WGT, the duplicated gene copy (TD2.2), likely through 

several adaptive substitutions 
20

, evolved as an anti-digestive defense in tomato that degrades threonine in 

the guts of attacking larvae 
21

. Interesting, in N. attenuata TD2.2 likely retained its biosynthetic function 

to supply the Ile essential for jasmonate-mediated defense signaling 
22

. Consistent with a functional 

specialization and in contrast to other WGT-derived TD copies, N. attenuata TD2.2 exhibits a unique 

spatial expression pattern and is specifically induced by herbivore attack (Supplementary Figure S14).  

 Polyploidization is often associated with a burst of TE activity as a hypothesized consequence of 

“genomic shock”
23,24

. Indeed, TEs, especially long terminal repeats (LTRs) are highly abundant in 

Nicotiana and account for 81.0% and 64.8% of the N. attenuata and N. obtusifolia genomes, representing 

significantly higher proportions than other sequenced Solanaceae genomes, such as tomato and potato 
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(Figure 1). An analysis of the history of TE insertions revealed that all Nicotiana species experienced a 

recent wave of Gypsy retrotransposon expansion. However this expansion of Gypsy copies was less 

pronounced in N. obtusifolia compared to other Nicotiana species analyzed, which accounts for the 

smaller genome size of N. obtusifolia. A recent study showed that Capsicum species also experienced a 

large expansion of their Gypsy repertoire 
25

, albeit earlier than in Nicotiana, indicating that after WGT, the 

different Solanaceae lineages independently experienced processes of Gypsy proliferation.  

 In addition to LTRs, miniature inverted–repeat transposable elements (MITEs), which are derived 

from truncated autonomous DNA transposons, may also play major evolutionary roles. Although the size 

of MITEs is generally small, typically less than 600 bp, MITEs are often located adjacent to genes and are 

often transcriptionally active. As such, they have been hypothesized to contribute to the evolution of gene 

regulation 
26,27

. In total, we identified 13 MITE families in the genome of N. attenuata, several of them 

having rapidly and specifically expanded in Nicotiana species (Figure 2A and B). Among these expanded 

MITE families, a Solanaceae-specific subgroup of the Tc1/Mariner defined by DTT-NIC1 is the most 

abundant. Analyzing insertion positions of this subgroup revealed that DTT-NIC1 copies, similar to other 

DNA transposons, are significantly enriched within a 1 kb region upstream of genes (Figure 2C). We next 

explored the impact that DTT-NIC1 insertions had on insect herbivory-induced genome-wide expression 

responses in N. attenuata within a 21 h time course experiment. DTT-NIC1 insertions are significantly 

enriched within a 1 kb upstream region of genes that are induced by insect herbivory as compared to the 

genome-wide background (p < 0.001), suggesting that insertions of this TE family had shaped herbivory-

induced transcriptomic responses elicited in this Nicotiana species (Supplementary Figure S4).  

 Innovations in metabolic and signaling network architecture are thought to result from the rapid 

rewiring of tissue-level gene expression patterns following duplications events 
28,29

. To examine this 

inference, we compared the genome-wide expression divergence between duplicated gene pairs and 

analyzed the effects of DTT-NIC1 insertions into 1 kb upstream regions of each member of the gene pairs. 

Insertions of the DTT-NIC1 family were associated with significant divergences in expression and tissue 
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specificity between duplicated genes (Figure 2D), consistent with the hypothesis that the expansion of this 

TE family in Nicotiana species was a critical determinant of genome-wide re-wirings of gene regulation 

occurring post-duplication in Nicotiana species.  

 To further understand the role of gene duplication and TE insertions on the evolution of 

Nicotiana adaptive traits, we reconstructed the evolutionary history of the nicotine biosynthesis pathway, 

a key defensive innovation of the Nicotiana genus. Nicotine biosynthesis is restricted to the roots and 

involves the synthesis of a pyridine ring and a pyrrolidine ring which are coupled most likely via the 

action of genes coding for an isoflavone reductase-like protein, called A622, and berberine bridge 

enzyme-like (BBL) enzymes 
30,31

 (Figure 3A). Phylogenomic analyses revealed that genes involved in the 

biosynthesis of the pyridine and pyrrolidine rings evolved from the duplication of two primary metabolic 

pathways that are ancient across all plant lineages: the nicotinamide adenine dinucleotide (NAD) cofactor 

and polyamine metabolism pathways, respectively (Figure 3A).   

 However, the timing and mode of duplications of these two pathways differ and reflect the 

expansion and recruitment of gene sets required for the diversification of alkaloid metabolism in the 

Solanaceae. Duplications that gave rise to the branch extension of the polyamine pathway that is required 

for the biosynthesis of the signature alkaloids of Solanaceae and Convolvulaceae, such as tropane, 

nortropane, and nicotine, are shared between Nicotiana, Solanum, and Petunia with individual gene 

members recruited from the Solanaceae WGT or earlier duplication events. Genes encoding ornithine 

decarboxylase (ODC2) and N-putrescine methyltransferase (PMT) duplicated prior to the shared 

Solanaceae WGT from their ancestral copies in polyamine metabolism, ODC1 and spermidine synthase 

(SPDS), respectively (Supplementary figure S21, S22). While ODC2 likely retained its ancestral 

enzymatic function, PMT (derived from SPDS) acquired the capacity to methylate putrescine to form N-

methyl-putrescine through neofunctionalization
32

. The N-methylputrescine oxidase (MPO) from the 

polyamine metabolism pathway was derived from diamine oxidase through genome-wide duplications. 

Bothe copies are retained in Nicotiana, Solanum and Petunia (Supplementary figure S23), presumably to 
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sustain the flux of N-methyl-
1
-pyrrolinium required for alkaloid biosynthesis. Duplication patterns of 

ODC, PMT and MPO duplication therefore support the ancient origin of the ornithine-derived N-methyl-


1
-pyrrolinium, which is utilized as a common building block for the biosynthesis of most alkaloid groups 

in the Solanaceae and Convolvulaceae. 

 In contrast to the relatively ancient origin of pyrrolidine ring biosynthesis, duplications of the 

NAD pathway genes, encoding aspartate oxidase (AO) and quinolinic acid phosphoribosyl transferase 

(QPT), responsible for pyridine ring biosynthesis are Nicotiana-specific and likely occurred through local 

duplication events (Supplementary figure S24, S26). Interestingly, the key innovation in the synthesis of 

pyridine alkaloids in Nicotiana species, BBLs, thought to be likely involved in the late oxidation step in 

nicotine biosynthesis that couples the pyridine and pyrrolidine rings, originated from a Nicotiana-specific 

Gypsy retro-transposon-mediated duplication as indicated by their intronless structures (Supplementary 

figure S27) and genomic locations close to Gypsy elements. However, due to lack of genomic information 

from the closely related genus of Nicotiana, it is remain unclear whether duplications of NAD pathway 

genes and BBL occurred at the ancestor of all genera, in which some species also produces certain 

quantify of nicotine, such as Crenidium, Cyphanthera and Duboisia.  

 Tissue-level RNAseq transcriptome analyses in N. attenuata confirmed that while ancestral 

copies exhibit diverse expression patterns among different tissues, all of the duplicated gene copies 

recruited for nicotine biosynthesis are specifically expressed in roots (Figure 3B) and also specifically 

transcriptionally up-regulated in response to herbivory via the jasmonate signaling pathway 
33

. This 

tissue-specific expression and herbivory-responsive regulation of nicotine biosynthetic genes relies in part 

on the presence of two transcription factor binding sites, the GCC and G-box elements in the promotor 

regions of the genes. Experimental evidence has shown that these two elements are recognized by 

transcription factors of the ethylene response factor (ERF) subfamily IX and MYC2, respectively, central 

players in jasmonate signaling
9
. Nicotine biosynthetic genes also harbor more than twice the frequency of 

GCC and G-box elements in their 2 kb upstream region than do their ancestral copies (Figure 3B), 
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consistent with the hypothesis that the accumulation of GCC and G-box elements in promoter regions was 

central to the evolution of the coordinated transcriptional regulation required for high-flux nicotine 

biosynthesis.  

 To further investigate the origin of these GCC and G-box motifs, we examined the sequence 

homology of the 150 bp flanking region harboring these GCC and G-box motifs in the N. attenuata 

genome. This analysis demonstrated that paralogs of at least 38.1% and 30.0% of GCC and G-box 

flanking sequences, respectively (Figure 3C), showed homology to annotated TEs in N. attenuata from 

different families and classes, suggesting that these motif sequences are likely derived from TE insertions. 

While G-box motifs are derived from different transposons, the majority of GCC motifs are likely derived 

from Gypsy transposons. For example, after WGT, while two duplicated PMT genes were both retained in 

Solanum, only one PMT was retained in Nicotiana and subsequently tandemly duplicated, which resulted 

in two root-specifically expressed genes, PMT1.1 and PMT1.2. The 2 kb upstream sequences of these two 

N. attenuata PMT genes contain three and four GCC motifs, of which one and three, respectively, were 

derived from Gypsy TE (Figure 3C).  

 In addition to directly contributing to promoter binding motifs, the abundance of TE fragments 

found within 2 kb regions of nicotine biosynthesis genes suggests that other mechanisms, such as the 

introduction of DNA methylation sites, or generation of new target sites of small RNAs may have also 

contributed to the tissue-specific expression pattern of nicotine biosynthesis genes. For example, the two 

root-specific expressed BBLs contain LTR and DTT-NIC1 within their 2 kb upstream region 

(Supplementary figure S27), which may have suppressed their expression in other tissues than roots. 

Future studies that specifically manipulate the TE regions of these Nicotiana promoter elements will 

provide further mechanistic insights into the roles of these TE fragments in the evolution of nicotine 

biosynthesis. 
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 Mechanisms of genome organizational evolution, such as genome-wide duplications and TE 

expansions, facilitated the evolution of several aspects of the anti-herbivore defense arsenal including a 

key metabolic innovation in Nicotiana species. These results are consistent with the hypothesis that TEs, 

which have often been considered as ‘junk’ DNA, are important orchestrators of the gene expression 

remodeling that is required for the evolution of adaptive traits. Since native Nicotiana species do not 

survive in nature without the ability to produce large quantity of nicotine to ward off attackers, it is likely 

that this ‘junk’ has inspired innovation essential for their survival 
34

. 

Materials and Methods: 

Plant material and DNA preparation 

 Plants were grown as previously described
35

. The genomic DNA sequenced by 454 and Illumina 

HiSeq2000 technologies was isolated from late rosette-stage plants using the CTAB-method 
36

. The two N. 

attenuata DNA plants used for this extraction were from a 30th generation inbred line, referred to as the 

UT accession, which originated from a 1996 collection from a native population in Washington County, 

Utah, USA 
35

. N. obtusifolia DNA was obtained from a single plant of the first inbred generation derived 

from seeds collected from a native population in 2004 at the Lytle Ranch Preserve, Saint George, Utah, 

USA 
37

. High molecular weight genomic DNA used to generate the optical map of N. attenuata was 

isolated from approximately one hundred freshly harvested N. attenuata plants (harvested 29 days post 

germination) of the same inbred generation and origin as used for the short-read sequencing using a nuclei 

based protocol
38

.  

 To reduce the potential effects of secondary metabolites on single molecular sequencing, the plant 

material used for PacBio sequencing was from a cross of two isogenic N. attenuata transgenic lines 

(mother: ir-aoc 
39

, line A-07-457-1, which was transformed with pRESC5AOC [GenBank KX011463] 

and is impaired in JA biosynthesis ; father: irGGPPS 
40

, line A-07-230-5, which was transformed with 

pRESC5GGPPS [GenBank KX011462] and is impaired in the synthesis of 17-hydroxygeranyllinalool 

diterpene glycosides), both generated from the 22nd inbred generation of the same origin as the N. 
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attenuata plants described above
35

. Genomic DNA was isolated from approximately one hundred young 

plants (harvested 29 days post germination) by Amplicon Express (http://ampliconexpress.com) 

according to a proprietary protocol. 

Genome sequencing and assembly 

 For N. attenuata, the Illumina HiSeq2000 system was used to generate a high coverage whole 

genome shotgun sequencing (WGS) of the genome based on short reads (2 × 100 bp or 2 × 120 bp). 

Different paired-end libraries were constructed using the Illumina TruSeq DNA sample preparation kit v2. 

The fragment size distribution maxima were observed at 180, 250, 600 and 950 bp.  Additionally, two 

mate-pair libraries were constructed using Illumina mate-pair library preparation kit v2, which had their 

maxima at 5,500 and 20,000 bp of the fragment size frequency distribution, respectively. A lower 

genome-wide coverage of long reads (median read length 780 bp) was generated by the Roche/454 GS 

FLX (+) pyro-sequencing technology using Roche rapid library prep kit v2. For N. obtusifolia, two 

paired-end libraries and a single mate-pair library were constructed using the same material. The two 

paired-end libraries had fragments size distribution maxima at 480 and 1050 bp, respectively. The mate-

pair library had a maximum at 3500 bp. The 20 kb mate-pair libraries were constructed at Eurofins/MWG 

using the Cre-recombinase circularization approach from Roche (Roche Diagnostics GmbH, Mannheim, 

Germany). These were both sequenced with 454 technology and Illumina HiSeq2000 (by removing 

Roche adaptor sequences and replacing them by Illumina adaptor sequences). The PacBio reads were 

sequenced at the Cold Spring Harbor Laboratory. 

 The overall assembly workflow for N. attenuata is shown as Supplementary Figure S3. All 

paired-end reads from the sequenced libraries were assembled using the Celera Assembler (CA7) with a 

minimum read length cut-off at 64bp. Preliminary tests showed that single end or short reads did not 

improve the assemblies, but increased calculation time significantly. In total, 86.4 Gb short read data were 

assembled. The expected genome size of N. attenuata is of 2.54 Gb based on coverage of the “larger than 
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N50 length unitigs”, similar to the estimation (1C=2.5pg) from the flow cytometry analysis
41

. We used 

the SSPACE v2 scaffolder 
42

 to further improve scaffolding using the mate-pair data and filled gaps using 

GapCloser v1.12 
43

. After manual inspections, we found that certain neighboring contigs in the scaffolds 

still have overlaps, which might be due to the assembly process from CA7 that places copies of repeat 

sequence at the end of contigs or due to issues in Gapcloser v1.12 that leave open some closable gaps. To 

close these gaps between overlapped contigs, we compared neighboring contigs using BLASTN (min. 

identity 95%/min. length 43) and then joined overlapped contigs by custom scripts. 

 The assembly scaffolds from short reads were used for gap filling and further scaffolding using 

PBJelly (v15.8.24) 
44

 with ~10x PacBio reads (N50=14.9 kb, max read length =48.9 kb), which resulted 

in a 2.17 Gb genome assembly. While PBjelly only increased the N50 scaffold size from 176 kb to 202 kb, 

it significantly increased the N50 contig size from 67 kb to 90 kb. Because PacBio reads contain about 

12-15% of errors, we performed an additional correction step using short reads with PILON 
45

. In total, 

98.2% of the draft assembly was confirmed by short reads and ~1.3 Mb sequences were corrected by 

PILON. The PILON corrected assembly was further mapped to the 10x PacBio reads using BLASR 
46

 and 

used SSPACE-longreads for the second round scaffolding, which increased the N50 scaffold size to 292 

kb. 

 To assemble the N. obtusifolia genome, we employed a hybrid strategy in which we first 

assembled all short reads by a ‘de Bruijn graph’ assembler using idba-ud v1.1.1 
47

, and then assembled 

the locally re-assembled contigs and a subset of the short read data by an ‘OLC’ long read assembler 

using CA7. Scaffolding and gap filling were carried out using SSPACE v2 using mate-pair data in similar 

manner to the N. attenuata assembly.  

Annotation of transposable elements 

 De novo annotation of repeated elements was performed with RepeatModeler version open-4-0-5 

with the parameters (-engine ncbi). We identified 667 consensus repeat sequences (1.3 Mb total size) in 
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the N. attenuata genome. To classify these consensus repeat sequences, additional annotation using 

TEclass 
48

 was used for repeats that were not classified by RepeatModeler. Among all identified repeats, 

LTRs, DNA transposons and LINEs contributed most, representing 47.5%, 28.3% and 9.3%, respectively. 

The annotated repeats were used for masking repeat sequences using RepeatMasker (open-4.0.5) using 

parameter “-e ncbi -norna”. We further re-annotated transposable elements using the N. attenuata repeat 

library for four Nicotiana additional genomes: N. sylvestris and N. tomentosiformis 
19

. To make the results 

comparable, we used the same approach to de novo identify the TE library of S. lycopersicum 
49

 and S. 

tuberosum 
50

 genomes.  

 MITEs in Nicotiana were annotated in two steps. First, MITE-Hunter 
51

 was used to find MITE 

families in the N. attenuata genome using default parameters, except “-P 0.2”. Following the manual of 

MITE-Hunter, the identified MITE candidates families were first subjected for their coverage evaluation 

using TARGeT 
52

. The output results were manually inspected and only the MITE families that showed 

even distribution of coverage were selected. Then these selected candidate MITE families were manually 

checked for their terminal invert repeats (TIR) and target site duplication (TSD). In total, 15 MITE 

families were identified. We then assigned these 15 MITE families to different super-families and classes 

based on sequence homology to a P-MITE database 
53

. Two MITE families that showed no homology to 

any known MITE sequences were excluded from downstream analysis. Second, using these 13 MITE 

consensus sequences as a library, we identified the copy number of each MITE family using 

RepeatMasker with parameters “-nolow -no_is -s -cutoff 250”. A complete MITE sequence was defined 

as no more than 3 bp shorter than the representative sequence. The multiple sequence alignment and 

neighbor joining tree construction of the DTT-NIC1 family were performed using clustalw. 

Annotation of protein-coding genes 

 The N. attenuata genome was annotated using the Nicotiana Genome Annotation (NGA) pipeline, 

which employs both hint-guided (hg) Augustus (v. 2.7) 
54

 (hg-Augustus) and MAKER2 (v.2.28) 
55

, gene 



Manuscripts 

 

74 
 

prediction pipelines based on genome release v1.0. For hg-Augustus gene annotation, the HMM gene 

model was specifically trained for N. attenuata using RNA-seq data from major plant tissues, and gene 

models were predicted using unmasked genome sequences. The repeat regions were here given less 

probability to be predicted as a gene, in particular when RNA-seq evidence was missing. For MAKER2 

annotation pipeline, we integrated evidence of multiple protein coding from three sources: ab initio gene 

predictions, transcript evidence and protein homolog evidence. The input evidences for MAKER2 were: 1) 

ab initio gene predictors (GeneMark and Augustus) that were each trained with full length transcripts; 2) 

Trinity (v. r20131110) assembled transcripts using RNA-seq data from major tissues; 3) UNIREF90 plant 

proteins (mapped using genewise, v. wise2-4-1); 4) six high quality plant proteomes (tomato, potato, 

grape, Arabidopsis, Populus and rice). The MAKER2 annotation pipeline was run on the repeat masked N. 

attenuata genome. 

 The predicted gene models from hg-Augustus were filtered based on their repeats contents. All 

genes with repeats occupying more than 50% of the gene length were removed, and genes were retained if 

less than 10% of their sequence matched to repeats. For genes that contain repeats occupying 10-50% of 

their entire gene length, we performed an additional search of the plant refseq database using BLASTX. If 

the gene matches with a non-repeats homolog (e-value greater than 1e-5 and bit score greater than 200) 

from the plant refseq database, the predicted gene model were retained for downstream analysis. In total, 

35,737 gene models from hg-Augustus predictions were kept. For MAKER2 predicted gene models, in 

addition to the filtering based on repeat content as described above, the gene models that had low 

evidence support were removed from downstream analysis (eAED <= 0.45, this cutoff was set after 

manual inspections on the predicted gene models). In total 33,274 gene models from MAKER2 prediction 

were retained. The predicted gene models from hg-Augustus and MAKER2 pipelines were then combined 

and overlapping gene structures were removed. After manual inspections, we found that hg-Augustus 

outperformed MAKER prediction when they predicted different gene structure for the same gene. 

Therefore, when the two pipelines predicted different gene structures on the same genome region, we 

retained only the hg-Augustus predicted gene models. After merging the predicted models from both hg-
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Augustus and MAKER2 predictions, genes with pre-mature stop codons were considered as pseudogenes 

and were removed from the downstream analysis. The predicted gene models were then transferred to N. 

attenuata genome release v2.0 using a custom script which first identifies homologous regions using 

BLAST and then predicts gene structure using GeneWise. This finally resulted in 33,449 high quality 

gene models in the final N. attenuata genome, of which 74.9% were supported by at least 50 RNA-seq 

reads. Using all predicted gene models from N. attenuata, we further predicted protein coding gene 

models in N. obtusifolia, N. tomentosiformis and N. sylvestris using a homolog-based approach. 

RNA sequencing, data analysis, transcriptome assembly 

 N. attenuata RNA was isolated from plants of the same origin and inbred generation as described 

above for N. attenuata DNA isolation. RNA was isolated using TRIZOL
®
 (Thermo Fisher Scientific) 

according to the instructions of the manufacturer. DNA was removed from all RNA preparations using 

TURBO™ DNase (Thermo Fisher Scientific) according to the manufacturer’s protocol. In total, twenty 

one RNA-seq libraries from different plant tissues and the same tissues under different biotic and abiotic 

stress treatments were first enriched for RNAs with poly-A tails and then used for RNA-seq library 

construction with Illumina's TruSeq RNA sample preparation kits. The insertion sizes of the libraries are 

approximately 200 bp. All RNA-seq libraries were sequenced using Illumina 2000 HiSeq platform with 

read lengths of 50 or 101 bp and resulted in 793,785,373 paired-end Illumina reads. 

 The raw sequence reads were trimmed using AdapterRemoval (v1.1) 
56

 with parameters “--

collapse --trimns --trimqualities 2 --minlength 36”. The trimmed reads were then aligned to the N. 

attenuata genome assembly (v 2.0) using TopHat2 (v2.1.0) 
57

, with maximum and minimum intron size 

set to 50,000 and 41 base pairs (bp), respectively, estimated from the N. attenuata genome annotation. 

The genes and transcripts were assembled using Cufflinks (v2.2.0) 
58

 with the N. attenuata genome 

annotation as the reference.  

 To estimate the expression level of assembled genes and transcripts, all trimmed RNA-seq reads 

were mapped to the assembled transcripts using RSEM (v1.2.20) 
59

. Transcripts per million (TPM) was 



Manuscripts 

 

76 
 

calculated for each transcript and gene. To exclude low-expressed genes and transcripts, only genes with 

TPM greater than five in at least one sample were considered as expressed. Similarly, only the transcripts 

with TPM greater than one in at least one sample were considered as expressed. 

 To study the tissue-specificity of expressed genes/transcripts, we calculated the tissue-specificity 

score for each gene/transcript using the τ index 
60

 based on subset of the RNA-seq libraries. 

Comparative genomic analysis 

 We assigned homolog groups (HGs) using a similarity-based method. For this, we used all genes 

that were predicted from the 11 genomes, listed in Supplementary Table S2. All-vs-all BLAST analysis 

was used to compare the sequence similarity of all protein coding genes, and the results were filtered 

based on the following criteria: e-value less than 1e-20; match length greater than 60 amino acids; 

sequence coverage greater than 60% and identity greater than 50%. All remaining blast results were then 

clustered into HGs using markov cluster algorithm (MLC) 
61

. 

 We constructed a phylogenetic tree for all identified HGs using an in-house developed pipeline. 

In brief, we aligned all coding sequences for each HG using MUSCLE (v.3.8.31) 
62

, based on translated 

protein sequences from TranslatorX (v.1.1) 
63

. For all aligned sequences, all non-informational sites (gaps 

in more than 20% of sequences) were removed using trimAL (v1.4) 
64

. Then, for each HG, PhyML (v. 

20140206) 
65

 was used to construct the gene tree with the best nucleotide substitution model, estimated 

based on jModeltest2 (v.2.1.10) 
66

 with the following parameters: -f -i -g 4 -s 3 -AIC -a. The support for 

each branch was calculated using the approximate Bayes method. The duplication events within each HG 

were predicted based on the constructed gene trees using a tree reconciliation algorithm which compares 

the structure of a species’ tree and gene tree to infer the duplication events 
67

. 

Evolution of nicotine biosynthesis and GCC and G-box transcription factor binding sites 

 Genes previously characterized for implication in nicotine biosynthesis were retrieved from the 

literature and sequences were downloaded from NCBI. Phylogenetic trees for each nicotine biosynthesis 
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gene were constructed as described above. Sequence alignment and tree structures were then manually 

inspected. Duplication events of nicotine biosynthetic genes were inferred from the phylogenetic tree 

structures as well as, when possible, from manually checking syntenic information from the tomato and 

potato genomes.  

 We extracted the GCC and G-box motif matrix from the literature 
3,9

, and used FIMO 
68

 to detect 

the occurrence of these two motifs within the 2kb upstream regions of both nicotine biosynthesis genes 

and of their ancestral/non-root specific copies. Only the motifs with e-values less than 1e-3 were 

considered. Manually inspecting the positions of the annotated motif regions revealed that several motifs 

overlapped with annotation of TEs, such as in the upstream regions of MPO and PMT, indicating that 

some of these motifs may be derived from TE sequences. To test this hypothesis, we first searched GCC 

and G-box motif sequences within the consensus TE sequences. Overall, GCC and G-box motifs could be 

found in more than 54% of the TE consensus sequences. The number of GCC box and G-box motifs per 

kilo-base sequences from TE consensus can be as high as 19 and 28, respectively. Permutation tests by 

randomly shuffling the positions of GCC and G-box 1000 times in N. attenuata genome and then 

compared with TE locations further suggested that these two motifs were significantly enriched in TE 

regions (p < 0.001). These data suggest that many TEs contain the GCC and G-box motif sequences. Next, 

we performed additional analyses in order to calculate the number of the GCC and G-box motifs within 

the upstream regions of nicotine biosynthesis genes which were derived from TE insertions. For this, we 

extracted 150 bp sequences that included left and right flanking sequences and the motif sequence in the 

middle and compared these with the RepeatMasker annotated TE sequences in the N. attenuata genome 

using YASS 
69

, a tool designed to search for diverged sequences. To reduce false positives, only the 

matches that contained the expected motif sequences and had an e-value lower than 1e-5 were considered. 

Note that the number of GCC and G-box motifs in the nicotine biosynthesis genes that derive from TEs 

estimated by this approach is likely highly conservative, because this method fails to identify the 

corresponding homologous sequences in cases where the motif sequences and their flanking regions have 

diverged significantly from their ancestral TE sequences.  
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Figures 

 

Figure 1. Whole genome triplication (WGT) in Nicotiana genomes is shared with other Solanaceae 

species but the Gypsy retrotransposons expansions are Nicotiana-specific.  

(A) Nicotiana genomes share the WGT with other Solanaceae species. Left panel depicts the shared WGT 

event between Nicotiana and Solanum as revealed by phylogenetic tree structure of triplicated gene 

families in Nicotiana and Solanum. Red and yellow bars represent the percentage of triplication and 

duplication events shared between Nicotiana and Solanum, respectively. Right panel shows the 

phylogenetic tree of 11 plant species and different colored stars indicate previously characterized whole 

genome multiplication events. (B) Expansion of Gypsy transposable elements contributes substantially to 

genome size evolution in Nicotiana. Left panel shows the genomic content (in Gb) of repetitive versus 

non-repetitive sequences in the 11 plant genomes. Black and grey bars indicate non-repetitive sequences, 

whereas other colors indicate repetitive sequences. The right insert visualizes the expansion history of 

LTR retrotransposons in four Nicotiana genomes in comparison to tomato. X-axis (number of 

substitutions per site) refers to the divergence of a LTR from its closest paralog in the genome, with 

smaller numbers indicating more recent duplication events. 



Manuscripts 

 

80 
 

 

Figure 2. Expansion of transposable elements of the family DTT-NIC1 increased genome-wide gene 

expression divergence among duplicated gene pairs in Nicotiana.  

(A) Copy number of the six most abundant Nicotiana MITE families of transposable elements in 

Nicotiana and Solanum. Each bar depicts the total number of copies in each species for the 5 main MITE 

transposable elements (TEs). MITE families are visualized by different colors: light blue, DTA (hAT); 

green, DTH (PIF/Harbinger); red, DTT (Tc1/Mariner). DTT-NIC1 from the Tc1/Mariner family is the 

most abundant all MITE TEs. Nicotiana species: Na, N. attenuata; No, N. obtusifolia; Ns, N. sylvestris; Nt, 

N. tomentosiformis. Solanum species: Sl, Solanum lycopersicum; St, Solanum tuberosum. (B) Expansion 

of the DTT-NIC1 family in Nicotiana species. Neighbor joining (NJ) tree of the DTT-NIC1 family in N. 

attenuata, tomato and potato. The shaded clade highlights the pronounced expansion of DTT-NIC1 in N. 

attenuata. (C) DTT-NIC1 insertions are enriched in the upstream regions of coding sequences. The line 

indicates the percentage of genes, among all predicted protein coding genes, that contain DTT-NIC1 

insertions within a given 500 bp sliding window. (D) Insertions of DTT-NIC1 within the 1 kb upstream 
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region of duplicated genes increased tissue-level gene expression divergence. Divergence of expression 

and tissue specificity were calculated from expression data of 20 different RNA-seq libraries from 

different tissues or same tissue with different treatments. Left and right panels are violin plots of the 

divergences between duplicated gene pairs at expression and tissue specificity levels, respectively. Red 

bars indicate duplicated pairs, of which one copy has at least one DTT-NIC1 insertion and the other does 

not. Blue bars indicate duplicated pairs, both of which lack DTT-NIC1 insertions. The width of the 

probability density in the violin plots along the bars correspond to the number of duplicate gene pairs. 
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Figure 3. Prolific nicotine production evolved from the duplication of two primary metabolic 

pathways and its coordinated transcriptional regulation was likely facilitated by transposon-

derived transcription factor binding site insertions. 

(A) Nicotine biosynthesis genes originate from step-wise duplications of two primary metabolic pathways. 

The upper panel depicts the metabolic organization (brightly colored and dashed line outlined branches) 

and evolution of nicotine biosynthesis via pathway and single gene duplications in Nicotiana. Light green 

and light blue branches on the side indicate the two ancient gene modules with housekeeping functions in 

plants corresponding to the NAD cofactor and polyamine pathways. Different gene duplication types are 

indicated by arrows annotated as follows: NSD, Nicotiana-specific duplications; WGT, whole genome 

triplication in Solanaceae; Prior-WGT, gene duplication occurring prior to WGT. Nicotiana QS did not 
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duplicate but experienced an increase in root expression compared to its tomato homolog. Lower panel: 

phylogenomics view of grape, tomato and N. attenuata gene sets highlighting the gradual assembly of the 

nicotine biosynthetic pathway. (B) Acquisition of transcription factor binding motifs and root-specific 

expression evolution of nicotine biosynthesis genes. Heatmaps depict the scaled expression of nicotine 

biosynthetic genes and their ancestral copies across six distinct tissues. Red and green signify high and 

low expression, respectively. TPM: transcript per million. Nicotine biosynthetic genes’ root specific 

expression and dramatic transcriptional up-regulation during insect herbivory is coordinated by the action 

of MYC2 and ERF transcription factors which target G- and GCC-type boxes in the promoters, 

respectively. Numbers of GCC and G-box motifs detected within 2 kb upstream region of nicotine 

biosynthetic genes and their ancestral copies are represented using specific color gradients. GCC motifs 

derived from TE insertion in the gene upstream region are shown as blue lines. (C) Many GCC and G-box 

motifs from nicotine biosynthesis genes are derived from TE. Each row depicts the motif and TE 

annotation of the 2 kb upstream region of an individual nicotine biosynthesis gene. GCC and G-box 

motifs were predicted using FIMO with E-value less than 1e-3 and shown in red and pink small boxes, 

respectively. The regions that were annotated as TE from RepeatMasker are shown in rectangle with two 

different colors. Light blue: LTR; green: non-LTR. The motifs sequences and their 150 bp flanking region 

showed significant homology (E-value less than 1e-5) to annotated TE sequences in N. attenuata are 

shown in dashed lines.  
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1. Sequencing, assembly and map integration of the Nicotiana attenuata and N. obtusifolia 

genomes 

1.1 Raw data processing  

 We filtered and trimmed the Illumina HiSeq2000 whole-genome shotgun raw sequences of N. 

attenuata and N. obtusifolia to obtain high-quality non duplicated read pairs prior of genome assembly. 

This was achieved by a custom script that extracted only the largest reads, longer than 32 bp, and which 

contained no bases with Phred quality score lower than 11. We compared the first 32 bp of each read in a 

pair to those of other read pairs and retained only one pair if the same sequence was found more than once 

(deduplication). Roche/454 long reads for N. attenuata were processed by the sffToCA script provided by 

the Celera Assembler v7 pipeline (CA7). Supplementary Table S1 provides details of the filtered data 

used for the genome assemblies. 

1.2 Generating the optical map 

 The optical maps of N. attenuata obtained from BioNano Genomics were used to improve the 

assembly quality. High molecular weight genomic DNA was isolated from fresh N. attenuata tissues 

using the protocol similar to that of VanBuren et al
1
. Briefly, around 5g leaves were collected from young 

plants and fixed with formaldehyde. After being homogenized in isolation buffer, filtrating washing 

treatment were performed. The nuclei were purified on percoll cushions and washed extensively and 

finally embedded in low melting agarose at different dilutions. The DNA plugs were treated with a lysis 

buffer containing detergent, proteinase K and β-mercaptoethanol (BME). In total, 140 Gb of data 

(>100 kb) were collected representing ~55× genome coverage with a molecule N50 length of 250 kb 

(Supplementary Figure S1). Molecules were de novo assembled as previously described 
2
. The optical 

map finally assembled consists of 2.2 Gb with a N50 size of 1.4 Mb.  
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 The optical map final assembly was then used to anchor sequence scaffolds using the sewing 

machine pipeline 
3
. Overall 81.7% of sequence assembly can be mapped to the optical map and 84.7 % of 

optical map can be aligned to sequence assembly. The super scaffolding was performed using parameter 

‘--f_con 12 --f_algn 40 --s_con 10 --s_algn –T 1e-8’ after manual inspection of the quality of the 

scaffolds. The super scaffolding using the optical map generated a genome assembly consisting of 39,115 

scaffolds with N50 to 358.4 kb (total size 2.4 Gb). 

1.3 Construction of a high-density linkage mapc 

 A high-density linkage map was constructed using the genotyping by sequencing (GBS) method 

on 256 individuals from an advanced inter-cross recombinant inbred line population (AI-RIL). The 

establishment of the AI-RIL and detailed procedures on DNA isolation and sequencing will be described 

in detail elsewhere. In total, 1,2 billion paired-end clean reads were obtained from 256 samples (average = 

4.7 million) after quality control and adapter trimming using AdapterRemoval 
4
 with parameter “--

minquality 30 --minlength 36”. All reads were then mapped to the draft genome of N. attenuata (release 

v1.0) using Bowtie 2 (version 2.2.5) with default parameters and only reads with mapping quality greater 

than 3 were used for downstream analysis. Genome Analysis Toolkit (GATK, version 3.3-0-g37228af) 
5
 

was used to call single nucleotide polymorphisms (SNPs) and indels with the parameter “-stand_call_conf 

30 -stand_emit_conf 10” after realignment at the indel loci as recommended. All SNPs were filtered 

based on mapping and SNP quality and sequence depth using the parameter “--clusterWindowSize 10 

MQ0 >= 4 && ( (MQ0 / (1.0 * DP)) > 0.1) QUAL < 30.0 QD < 5.0”, which resulted in 16,904 

polymorphic markers. For linkage map construction, we further removed all markers that were missing in 

more than 30% of individuals or showed segregation distortions (P < 0.001, χ
2
 test). The final dataset 

used for the linkage group construction contained 7989 markers. The linkage map was constructed using 

ASmap 
6
 following recommended workflow. In brief, all markers that were typical for more than 70% of 

individuals were used to construct the backbone of the linkage map using parameters: dist.fun = 

"kosambi", p.value = 1e-12. These parameters were selected based on several rounds of manual 
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optimizations. Then, markers that were typical of less than 70% of all individuals were pushed back to the 

map based on their similarity with markers included in the backbone map. The final linkage map consists 

of 12 linkage groups with 2,906 cM. 

1.4 Anchor scaffolds to pseudomolecules 

 To anchor scaffolds to pseudomolecules, we first used chromonomer 

(http://catchenlab.life.illinois.edu/chromonomer/) to identify conflicts between genome assembly and 

linkage maps and remove inconsistent markers. In total, 219 scaffolds were identified as containing 

potential assembly errors and 188 were split at the largest gap between two markers that mark the 

boundaries of the two positions. The remaining 31 scaffolds that contained too many potential errors were 

excluded from anchoring to pseudomolecules but included as scaffolds in the final genome assembly. The 

final step of anchoring scaffolds to pseudomolecules was performed using ALLMAPS
7
. In total, 2,132 

scaffolds representing 825.8Mb (34.9%) of the final genome assembly and 13,076 (38.9%) of total 

predicted genes were anchored to 12 pseudomolecules (Supplementary Figure S2).  

 The final assembly consists 37,194 scaffolds, which represents 92% (2.37 Gb) of the estimated 

genome size. The N50 scaffold and contig sizes equal to 524.5kb and 64.2kb, respectively, and 50% of 

the genome was represented in 420 longest scaffolds (L50). The detailed step-by-step workflow of the 

genome assembly procedures is shown in Supplementary Figure S3. 

1.5 Quality assessment and validation of assembly 

 We assessed the completeness and quality of the final N. attenuata assembly using four different 

methods. First, we mapped 80,044 N. attenuata EST sequences that were assembled in a previous study 

(with length greater than 300bp) to the genome using gmap
8
. The overall mapping rate was ~97.1% 

(identity greater than 95% and coverage greater than 80% of each transcript). In addition, we also mapped 

1207 million paired-end reads to the genome using TopHat2
9
 . Overall, 96.5% of them could be mapped 

to the genome and 94.2% were properly paired. Furthermore, among the 45,816 N. benthamiana EST 
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sequences from NCBI (length greater than 300 bp), 88.7% of them could be mapped to the final N. 

attenuata assembly (greater than 85% identity and 60% coverage). Second, mapping 224 million (a subset) 

paired-end 100 bp Illumina reads (1kb library) back to the genome using Bowtie2 (-I 500 -X 2000) 

showed that 99.94% of reads can be mapped to the genome and 97.7% were properly paired. Third, we 

used CEGMA based on 248 ultra-conserved CEGs to further estimate the completeness of the assembly. 

In total, 208 (83.9%) were found in full length and 243 (98.0%) were found to be partial or full length in 

our final assembly. The overall completeness of the final N. attenuata assembly estimated based on 

CEGMA is slightly less than the tomato genome, but similar to the potato genome (Supplementary 

Table S2). Fourth, re-sequencing of ~2kb the up-stream regions of 26 candidate genes using Sanger 

sequencer confirmed that 96.2% (25 out of 26) of the assembly were correct. For these 25 correctly 

assembled genes, the similarity between sequences obtained from Sanger sequencer and WGS assembly 

is more than 99.86%. Most of mismatches (53 out of 72 bps) were due to an additional AT-rich fragment 

was miss-assembled to the promoter region of NIATv7_g09977. Together, these data suggest that the 

overall quality of this assembly is high. 

2. Genome annotation  

2.1 Annotation of repeats and LTR insertion time estimation in Nicotiana 

 The summary of repeat content is shown in Supplementary Table S3. Abundance of MITEs are 

shown in Supplementary Dataset S1. Because the expansion of LTRs contributed to the rapid increase 

of genome size in Nicotiana, we further analyzed the insertion time of this subgroup. All annotated 

LTR/gypsy and/or LTR/copia TE sequences with a mapping score greater than 250 and a size greater than 

100 bp were extracted from the RepeatMasker output. Only TE families that contained more than 200 

copies were retained for downstream analysis. For each of the extracted LTR sequences, BLASTN was 

used to find the other LTR sequences with the highest similarity score with parameters: -evalue 1e-10 -

task dc-megablast. The pairwise aligned fragments that had a length greater than 200 bp and a bit score 
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greater than 200 were used for estimating substitution rates. The identical reciprocal best blast hits were 

only counted once. A substitution rate was then calculated using baseml from the PAML (4.7) package 

with the “REV” molecular evolution model. Our LTR expansion dating approach is different from the 

method described by SanMiguel et al
10

, which compares the sequence divergence between two LTR 

regions of complete retrotransposons. However, in the N. attenuata genome like in many other plant 

genomes, the complete LTR set only contributes to a small proportion of the total amount of 

retrotransposons, especially since many old retrotransposons are rapidly disrupted by new insertions and 

thus cannot be detected as complete LTRs. This may result in a biased picture of the overall insertion 

history of retrotransposons in the genome. Our method directly calculates the divergence between most 

recently duplicated repeat sequences and thus avoids the bias introduced from annotating complete LTRs. 

2.2 Analyzing DTT-NIC1 insertions in Nicotiana genomes 

 To identify the consequences of DTT-NIC1 insertions on genome-wide gene expression 

divergences and the resulting effects on herbivory-induced defense signaling, two different datasets were 

used. For the analysis of herbivory-induced defense signaling, we mined a time-course dataset based on 

microarray
11

 of the Manduca sexta oral secretion (OS)-induced transcriptomic changes in N. attenuata 

leaves and compared the likelihood of being significantly induced by OS between genes with DTT-NIC1 

insertion in their 1kb upstream region and genes without. The results showed that DTT-NIC1 insertions 

significantly increased the likelihood of genes of being induced at 1, 13, and 21 h after elicitation 

(Supplementary Figure S4). Additional analyses of 60 herbivore associated elicitors induced leaf 

transcriptomic responses among six closely related Nicotiana species further support the conclusion that 

DTT-NIC1 insertions contributed to the recruitment of genes to herbivore induced early defenses 

signaling in Nicotiana (Zhou et al. submitted). To analyze gene expression divergences between 

duplicated genes, we first calculated the gene expression and tissue specificity divergences between 

duplicated gene pairs in N. attenuata using 21 different RNA-seq libraries (see details below on 

expression analysis and gene duplication identification). To reduce redundancy and false positives, we 
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performed the analysis based on following protocol: 1) we analysed the gene duplication history for all of 

N. attenuata genes based on the constructed phylogenetic trees of each homolog group; 2) gene 

duplications that have generated a reciprocal most recently duplicated paralog pairs were identified; 3) 

only the gene pairs when the tree branch that provide support for estimating duplication events has an 

approximate Bayesian support greater than 0.9 were kept for downstream analysis; 4) the gene pairs were 

then assigned into two groups, one group as the gene pairs of which one of the two copies had at least one 

DTT-NIC1 insertion (within 1kb upstream of 5’ region) and the other group as the gene pairs where 

neither copy had DTT-NIC1 insertions. Gene pairs that both had DTT-NIC1 insertions were excluded 

from downstream analysis; 5) the gene expression divergence at both expression and tissue specificity 

levels were then compared between the two identified groups. 

2.3 Annotation of miRNA, tRNA and rRNA 

 Small RNA sequencing was performed to capture all small RNAs (smRNAs), especially the 

miRNAs that are expressed during day and night in the wild-type N. attenuata. Three replicates were used; 

clean reads were generated from the raw smRNA reads after removing the adaptor sequences and 

removing the low quality reads—such as reads with unidentified nucleotides (N) or reads with any single 

nucleotide stretch > 5 nucleotides. Clean reads, > 15 nucleotides, were filtered for further analysis. Next, 

all the clean reads were aligned against Rfam and reads mapping to tRNA, rRNA and snoRNA were 

removed. Remaining reads in all the replicates were merged for each time point, and reads that were 

expressed in at least two of three replicates were retained for further analysis. These reads are referred to 

as “mapable miRNA reads.” These reads were aligned to the N. attenuata genome using Bowtie with 

maximum two mismatches and five reported genomic location alignments. Sequences that did not match 

the genome were discarded. Further, aligned reads were mapped against the N. attenuata transcriptome by 

Bowtie with no reverse complement mapping parameter, and those aligned to the transcriptome were 

removed from the bin of miRNA mapable reads. Conserved miRNAs were identified by comparing the N. 

attenuata mapable reads against the known plant mature miRNAs and their precursors in the miRBase 
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database (www.mirbase.org). Sequences with perfect matches to the known sequences were regarded as 

bona-fide conserved miRNAs and were subjected to precursor prediction in the Nicotiana genome. A 

flanking sequence of 200 bases was extracted from the mapped genomic locations for each read and 

RNAfold was used to predict precursor stem-loop structure. The miRCheck algorithm was used to 

compare all the potential miRNAs and precursors against a set of secondary structure constraints derived 

from known plant miRNA precursors.  

 A total of 131 miRNA reads corresponding to 83 bona-fide conserved miRNAs were identified 

that were expressed during day and night harvests of N. attenuata leaves. These miRNAs were obtained 

from 158 genomic locations in Nicotiana genome and were conserved in 34 other plant species (such as 

Arabidopsis lyrata, Arabidopsis thaliana, Vitis vinifera, and Zea mays etc.) as shown in Supplementary 

dataset S2. Of these 83 miRNAs (131 miRNA reads), twelve miRNAs (miR160c-3p, miR171b-3p, 

miR398a-3p, miR426, miR1429-5p, miR5069, miR5497, miR6020b, miR6021, miR6206, miR7711-5p.4 

and miR7744-5p) were expressed only during day time. On the other hand, 14 miRNAs (miR160-5p, 

miR408-5p, miR2609a, miR4379, miR5015, miR5042-3p, miR5255, miR5303c, miR5635a, miR5741a, 

miR6444, miR7750-5p, miR8143 and miR8764) were expressed only during the night. Fifty seven 

miRNAs (corresponding to 88 miRNA reads) were expressed during both day and night, of which 12 

miRNAs (miR172c, miR172j, miR5303, miR5303a, miR6149a, miR6161a, miR6161b, miR6161c, 

miR6161d, miR6164a, miR6164b and miR7997c) were expressed with different mature sequences at 

these times. Differences in sequences for a miRNA indicate that different isomiRs were expressed 

between the day and night. 

 tRNAs were first annotated using tRNAscan-SE (v 1.3.1)
12

 with default parameters. All predicted 

pseudo tRNAs and tRNAs that showed high similarity to chloroplast and mitochondrial genomes (e-value 

< 1e-10, identify > 95) were removed. In total, 1052 tRNAs that decode standard 20 AA and four 

selenocysteine tRNAs were predicted. rRNAs were annotated using RNAmmer (v1.2)
13

 with parameter 

“ -S euk -m tsu,lsu,ssu”. In total, 799 rRNA sequences were predicted.  
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2.4 Gene and transcript expression analysis 

 In total, 21 RNA-seq library from different tissues and same tissue with different treatments were 

sequenced (Supplementary Table S4). Expression profile of all predicted gene models is provided in 

Supplementary dataset S3. For transcript expression, only the transcripts with TPM greater than one in 

at least one sample were considered as expressed. In total, 25,506 genes and 73,624 transcripts were 

expressed, respectively (Supplementary dataset S4). Among all sequenced tissues, roots and pollen 

tubes expressed the highest and lowest number of both genes and transcripts (Supplementary Figure S5), 

respectively. We further annotated the repeat content of all expressed transcripts using RepeatMasker 

(open-4.0.5) with repeat library annotated from N. attenuata as described previously. Among these 73,624 

expressed transcripts, 17,463 of them (~24%) were found containing repeats (Supplementary dataset 

S4), suggesting that a large number of repeats of N. attenuata are expressed. 

 The floral gene expression was calculated based on RNA-seq library from open flowers (OFL), 

and for tissues that contain more than one library (with different treatments), we used the average 

expression values among all libraries to represent the expression level in the respective tissues. Tissue 

specific genes/transcripts were considered as τ index >= 0.95. Among all sequenced tissues, roots have 

the highest number of tissue-specific genes and transcripts (Supplementary Figure S6). Interestingly, 

although pollen tubes expressed fewer genes (4201) than other tissues, they harbored the largest 

proportion of tissue-specific genes (10%).  

 We annotated all of the alternative splicing (AS) events using JuncBASE (v0.6) 
14

 based on the 

splicing junctions (SJs) information from the BAM files produced by Tophat2 
9
. To reduce false positives 

that likely result from non-specific or erroneous alignments, all original junctions were filtered based on 

overhangs greater than 13 bp in length, as shown in our previous study
15

. The overall pattern of AS 

detected among different tissues is consistent with our previous study based on roots and leaves of N. 

attenuata, which showed that intron retention (IR) and exon skipping (ES) are the most and least 

abundant AS events, respectively (Supplementary Figure S7). 
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2.5 Expression of transposable elements 

 The expression of TE was analyzed using two different datasets. Among different tissues, RNA-

seq data were used. We first remapped all clean reads to the N. attenuata genome using tophat2 with the 

parameters mentioned above, except for the retention of 150 multiple mapped reads (-g 150). Then, the 

mapped bam files were used to estimate expression of the different TE families using TEtranscripts
16

. 

Among all measured tissues, we found that TE expression was highest in pollen tube (Supplementary 

Figure S8, A and B).  

 For M. sexta herbivory-induced TE expression in leaves, we used a previously published time-

course microarray dataset
11

. All probes were mapped to the genome using blastn. Only probes that had a 

perfect match to the genome were considered. Overlaps between positions of mapped probes and repeats 

were identified using bedtools 
17

 based on repeatmakser output. All probes of which 100% could be 

located within the repeat region and did not map to any annotated genes were used to analyze expression 

of the M. sexta herbivory-induced expression of TEs. The microarray data were first normalized using 

quantile normalization, and differential gene expression was analyzed using the limma R package
18

. 

Probes that showed a false discovery rate (FDR) adjusted P value lower than 0.05 and a fold change 

greater than 2 were considered as induced by M. sexta OS. Differentially expressed probes that were 

annotated as repeats are reported in Supplementary dataset S5. Similar to protein coding genes, most of 

TEs showed highest induction at 1 h after elicitation (Supplementary Figure S9), except LTR/copia, 

which were induced the most at 13 h after elicitation.  

2.6 Functional annotation of protein coding genes 

 The functions and gene ontology (GO) of all predicted protein coding genes were annotated 

using BLAST2GO
19

. All protein coding sequences were first compared to the plant reference sequence 

database (downloaded in February 2016) using BLAST with e-value cutoff 1e-10. The BLAST results 

were imported to BLAST2GO and the functions and GO terms of each gene were annotated using the 

default settings. In total, 59.3% of genes were assigned to at least one GO term. The enzyme commission 
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(EC) number was also assigned to the predicted genes by comparing to the KEGG pathway databases. 

The pathways that contained only one mapped enzyme were removed. Overall, 5,370 genes (16.1 %) 

were assigned to 942 EC code that were involved in 144 pathways. The top three pathways that contain 

the highest number of annotated genes are starch and sucrose metabolism, purine metabolism and 

phenylalanine metabolism. Furthermore, the KEGG orthologs (KO) were annotated using kobas 2.0 
20

, 

with e-value cutoff set as 1e-10. In total, 10,746 genes were assigned to KO terms. The information of 

mapped KO information for each gene is reported in the Supplementary dataset S6. 

2.7 Functional annotation of protein domains 

 To identify the functional domains for protein-coding genes, INTERPROSCAN (v. 5.16-55.0)
21

 

was used to scan protein sequences against the protein signatures from InterPro database (v. 55.0, 

downloaded in February, 2016). The InterPro database integrates protein families, Pfam domains and 

functional sites from different databases. The following databases from InterPro were used: Coils (v. 

2.2.1), CATH-Gene3D (v. 3.5.0), HAMAP (v. 201511.02), Panther (v. 10.0), Pfam (v. 28.0), PIRSF (v. 

3.01), PRINTS (v. 42.0), ProDom (v. 2006.1), PROSITE (v. 20.113), SMART (v. 6.2), SUPERFAMILY 

(v. 1.75) and TIGRFAM (v. 15.0). In total, 38,810 protein domains were identified, consisting of 3,925 

unique Pfams. For predicted genes in N. attenuata genome, 71.1% (23,783 out of 33,449) of them contain 

at least one predicted protein domain. The top 20 Pfam and SUPERFAMILY domains are shown in 

Supplementary Figures S10 and S11. The top 20 most frequent domains accounts for 22.7% (8,780 out 

of 38,729) and 37.6% (10,950 out of 29,091) of all predicted Pfam domains and SUPERFAMILIES 

respectively. In comparison to tomato
22

, most of the top 20 SUPERFAMILIES are similar except three, 

which are ribonuclease H-like (SSF53098), DNA/RNA polymerases (SSF56672) and trans-glycosidases 

(SSF51445). At domain levels, the top 20 list in N. attenuata and tomato differed in seven domains, 

including domains of reverse transcriptase-like (PF13456), PPR repeat (PF12854) and a domain of 

unknown function (PF14111). 
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2.8 Annotation of transcription factor and protein kinase genes 

 The transcription factor and protein kinase-containing genes were identified based on the 

identified domain in each gene according to rules described in Pérez-Rodríguez et al.,
23

 using iTAK tool 

(http://bioinfo.bti.cornell.edu/cgi-bin/itak/index.cgi). In total, 2,498 and 1,071 genes were annotated as 

transcription factor and protein kinase genes respectively (Supplementary dataset S7). Among all 

transcription factors, MYB, AP2 and bHLH were the three largest families.  

3. Evolutionary genomics analyses 

3.1 Gene homolog group identification 

 In total, we identified 23,340 HGs (with at least two homolog sequences) from the 11 plant 

genomes (Supplementary Table S5). The average gene family size within each species varied from 1.8 

in C. sativus to 2.8 in P. trichocarpa. Among these identified HGs, 4,328 contained at least one gene 

from each of all 11 dicots species, thus representing the core dicot HGs. In N. attenuata, 13,632 HGs 

containing 30,513 protein-coding genes were identified, of which 89.7% (12,231) contained orthologs 

from both Nicotiana genomes sequenced in this study. In addition, 8.8% (2,936 of 33,449) of N. attenuata 

genes were assigned as orphan genes, since they did not cluster with any other sequences 

(Supplementary Figure S12).  

3.2 Detection of gene duplication events in each HG 

 The duplication events within each HG were predicted based on the constructed gene trees using 

a tree reconciliation algorithm which compares the structure of a species’ tree and gene tree to infer the 

duplication events
24

. This approach allowed us to predict the history of gene duplication events on each 

branch of the species tree. To reduce false positives, we only considered tree structures with approximate 

Bayes branch supports greater than 0.9 for the downstream analysis. In addition, we also characterized the 

gene duplication events based on their genomic location. Tandem duplicated gene pairs were identified as 

gene pairs from the same HG if located within a distance of 100 kb or four genes from each other.  
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 Using the tree reconciliation algorithm mentioned above, we identified 81,859 duplication events 

on the branches of 11 species tree. Among all these duplicated events, genes from N. attenuata were 

involved in 27.0% of them (22,054 out of 81,859). The species/genera that were known to have 

experienced whole genome duplication (WGD) or triplication (WGT), such as Arabidopsis, Populus, 

Mimulus, showed much higher numbers of duplication events (Supplementary Figure S13, and 

Supplementary dataset S8). Furthermore, a large number of gene duplication events were found on the 

branch of Solanaceae, indicating the shared WGT 
22

 between the Nicotiana and Solanum genera 

(Supplementary Figure S13). One example is the evolution of threonine deaminase (TD) family, which 

has four copies in both Nicotiana and Solanum resulting from one round of local duplication followed by 

a genome-wide duplication (Supplementary Figure S14). 

3.3 Confirmation of the whole-genome triplication in Nicotiana  

 To further support the conclusion that Nicotiana spp. share the WGT event previously identified 

in Solanum 
22

, we performed molecular evolution and phylogenomic analyses. For the molecular dating, 

the synonymous substitution rates (Ks) for the gene pairs in all homologous groups (with less than 5 

genes per species) were calculated based on YN model using KaKs_Calculator (v.1.2) 
25

. To estimate the 

divergence time, the formula T=Ks/ (2*mutational rate) was used, where the mutational rate was set to 

7.1*10
-9

 substitutions/site/million years (MYA)
26

. The within-species 4dTV distribution in N. attenuata 

and tomato showed a similar peak between 0.2 to 0.25, indicating that a genome-wide duplication event 

had occurred at a similar time in both species (Supplementary Figure S15). Given the previously 

identified WGT in tomato, it is likely that Nicotiana shares this genome-wide duplication event with 

tomato. This inference is also consistent with the more ancient estimated age of this WGT (71 

±19.4 MYA)
22

 compared to the recent divergence between Nicotiana and Solanum (24.4 MYA to 28.6 

MYA).  

 To further validate the shared WGT event between Nicotiana and Solanum, we analyzed a subset 

of genes that underwent a triplication in either Solanum or Nicotiana. The genes that underwent a 
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triplication event in Solanum were identified based on the fact that the tree structure consists of one 

outgroup node (at least one of genes in Arabidopsis, Populus, Cucumber or Vitis) and two duplication 

events that were shared between tomato and potato with no gene loss in either tomato or potato. Similarly, 

the genes that underwent a triplication event in Nicotiana were identified based on the fact that the tree 

structure consists of one outgroup node and two duplication events that were shared between N. attenuata 

and N. obtusifolia with no gene loss in either species. In order to reduce the false positives, we only 

considered the tree nodes that have approximate Bayes branch supports of greater than 0.9. We then 

analyzed the number of these triplication events that were shared between Solanum and Nicotiana based 

on the complete tree structure. In total, we identified 229 and 436 triplication events in Solanum and 

Nicotiana, respectively. In both the Solanum and Nicotiana datasets, the majority (89.2% and 79.9% 

respectively) of the triplication events were shared with the other genus. These results are consistent with 

the fact that the WGT event found in tomato is indeed shared between Solanum and Nicotiana. 

Furthermore, using MCSCAN, we also found 22 duplication blocks, each of which contains at least 20 

genes among assembled pseudo-chromosomes (Supplementary Figure S16). In addition, we also 

compared the identified triplication events in Solanum and Nicotiana with those of genes in Mimulus. Our 

results showed that a majority of the triplication events (98.7% and 98.4% in Solanum and Nicotiana, 

respectively) were not shared with Mimulus, indicating that gene duplication events in Mimulus are 

independent of the WGT found in Solanaceae.  

3.4 Estimation of species divergence times 

 We calculated the divergence times of four Solanacea spp. (N. attenuata, N. obtusifolia, S. 

lycopersicum and S. tuberosum) with V. vinifera as the outgroup using a Bayesian approach. In brief, we 

first identified 1,622 one-to-one orthologs using BLAST reciprocal best-hits (RBH) algorithm. Then each 

orthologous group was aligned using the protein coding sequences with MUSCLE (v. 3.8.31)
27

 based on 

translated protein sequences from TranslatorX (v.1.1)
28

. These alignments were concatenated to one 

super-alignment and all ambiguously aligned regions were removed using trimAL (v. 1.4) 
29

 with 
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parameter: -gt 0.8. The final alignment that contained ~2.1Mb nucleotide sites was then used for species 

divergence time estimation. The nucleotide substitution parameters were first estimated with the HKY85 

model using baseml from the PAML package (v4.8)
30

. The branch-length and the corresponding variance-

covariance matrix were then estimated using estbranches. The results from estbranches were used to 

predict divergence times with the MultiDivTime program
31

. The MultiDivTime analysis was performed 

according to the manual with the following parameters: the root-to-tip mean was set to 119.5 MYA with a 

standard deviation of 10 MYA based on the divergence time estimated by Guyot et. al
32

; the evolutionary 

rate of the root was set to 0.007631799 substitutions per nucleotide site per MYA calculated based on the 

results of baseml; and a burn-in time of 10,000,000 generations was used. MCMC chains were sampled 

every 10,000 generations until 100,000 samples were taken and the calibration points of 7.3 MYA and 

23.7 MYA for the divergence time of tomato-potato and tomato-Nicotiana, respectively
33

, were used. 

 The analysis revealed that N. attenuata and N. obtusifolia diverged about 12.5 MYA ago (95% 

confidence interval: 10.1 MYA to 14.7 MYA), which is about five million years earlier than the 

divergence time between potato and tomato (7.1 MYA, range from 6.4 MYA to 8.2 MYA). The estimated 

divergence time between the Nicotiana and Solanum lineages was estimated to be of 27.1 MYA (95% 

confidence interval: 24.4 MYA to 28.6 MYA) and the divergence time of V. vinifera and solanaceous 

species is around 116.70 MYA (95% confidence interval: 100.9 MYA to 133.6 MYA). 

3.5 Identification of lineage-specific gene family expansion 

We analyzed Solanaceae and Nicotiana lineage-specific HG expansions using the previously 

identified gene duplication events. For this, we performed a Fisher’s exact test to identify gene families 

that exhibit significantly more duplications in comparison to the genome-wide pattern. Because the total 

number of gene families was large, we reduced the number of tests and false positives for a given branch 

by calculating a Z-score for each HG and only considering those HGs that had Z-scores > 1.96 for 

Fisher’s exact test. Multiple testing corrections were then performed based on these P-values using the 

false discovery rate (FDR < 0.1) method. It should be noted that this is a conservative approach, as many 
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small gene families cannot be detected by such stringent statistical tests. Hence, the gene families 

identified by this analysis as expanding significantly are likely true positives.  

For the Solanaceae branch, we found 1,596 HGs with a Z-score greater than 1.96. Among them, 

four HGs experienced significantly more duplications than the genome-wide pattern based on Fisher’s 

exact test. One of these belongs to the S-locus F-box protein (SLF) family, of which 10 duplications were 

identified on the branch of Solanaceae. Consistently, a recent study also found increased number of SLF 

genes in Petunia, another Solanaceae species
34

. The phylogenetic tree combining SLF from Petunia, 

Solanum and Nicotiana revealed that this particular SLF subfamily experienced frequent duplication and 

gene loss in different lineages (Supplementary Figure S17). The SLF gene family is known to be 

involved in pollen recognition and self-compatibility processes, and the expansion of this family might 

have contributed to the observed diversity of the mating systems in the Solanaceae family
35

. Another HG 

that significantly expanded in the Solanaceae is corresponding to the Zeatin O-glucosyltransferase-like 

(ZOG) gene family, of which we detected 25 duplication events (Supplementary Figure S18). Genes 

from the ZOG family are involved in regulating cytokinin levels a process critical in tuning the signaling 

mediated by this hormonal pathway to biotic and abiotic stresses
36,37

. Expansion of this gene family in the 

Solanaceae branch likely reflects physiological adaptations to the diverse habitats colonized by these 

species.  

Analyzing gene duplications within the Nicotiana branch showed that 256 HGs have a Z-score 

greater than 1.96, and 58 HGs experienced significantly more duplications, based on Fisher’s exact test, 

than seen from the genome-wide pattern (Supplementary dataset S9). Among these significantly 

expanded gene families, a NBS-LRR type disease resistance gene family specifically duplicated three 

times in Nicotiana but not in other branches of the Solanaceae. Genomic location of these duplicated 

genes shows that all four genes are located in a gene cluster within one scaffold (Supplementary Figure 

S19). Further expression analyses revealed that all four genes are highly expressed in roots, suggesting 

that these genes might be involved in plant-pathogen interactions in Nicotiana roots. 
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Another gene family that significantly expanded in Nicotiana species is that of the Purine uptake 

permeases (Supplementary Figure S20). Genes from this family are known as plasma membrane-

localized transporters
38

. More specifically, in tobacco, one member of this family, Nicotine Uptake 

Permease1 (NUP1), has demonstrated functions in regulating nicotine localization via its transporter 

activity
38,39

. Furthermore, NUP1 has also been shown to act as a transcriptional regulator of the key 

transcription factor ERF189 in the nicotine biosynthesis pathway
39

, although details on the underlying 

mechanism are lacking. The expression profile of NUP1 in N. attenuata highlights that this gene is not 

only expressed in roots, but also shows high levels of expression in floral tissues (Supplementary Figure 

S20), which indicates that NUP1 might be involved in the allocation of nicotine to flowers of N. attenuata, 

where it serves as a deterrent for pollinators and increases out-crossing rates 
40

. In addition, several other 

members of this family are specifically induced in the leaves and stem by simulated herbivory, indicating 

that these genes in N. attenuata might also be involved in allocating nicotine to particular parts of the 

vegetative tissues as an anti-herbivore toxin. 

4. Evolution of nicotine biosynthesis 

4.1 Identification and reconstruction of the evolution history of nicotine biosynthesis genes 

 We identified nicotine biosynthesis genes and their ancestral copies based on sequence homology 

using blastp and manual curations (Supplementary Table S6). Gene evolutionary history were inferred 

using the combination of phylogenetic and synteny analysis when possible (Supplementary Figure S21-

S28). 

 The putrescine biosynthetic pathway for nicotine biosynthesis could have two routes: 1) 

synthesized by ODC-mediated decarboxylation of ornithine or 2) synthesized by ADC-mediated 

decarboxylation of arginine. Recent studies that individually silenced ODC and ADC suggest that the 

putrescine for nicotine biosynthesis in Nicotiana is likely through the former route 
41,42

. Consistently, 
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while phylogenetic analysis showed that two ADC copies are present in Nicotiana genomes likely 

through the WGT, none of them showed root specific expression pattern. 

4.2 Validation of the promoter sequences of nicotine biosynthesis genes and their ancestral copies 

 We validated the 2kb promoter sequences of 26 genes from N. attenuata, which included all 

nicotine biosynthesis genes and several of their ancestral copies using Sanger sequencing. Primers were 

first designed based on the assembled genome sequences, and direct PCRs were performed to amplify the 

target fragments (Supplementary Table S7). For genes that gave multiple bands or no PCR products, 

nested PCRs were performed. The amplified fragments with the expected size were cut from gels and 

used for either direct sequencing or sequencing after cloning into the pJET vector. All Sanger sequences 

were manually inspected and compared to the genome assembly. Among all tested genes, only the 

promoter region of one gene, NIATv7_g05934, was found miss-assembled (PCR products do not match 

the genome assembly). For all other correctly assembled genes, 99.86% identity was detected between 

Sanger sequencing and the assembled genome.  

4.3 Prediction of TE-derived putative miRNA target sites into regulatory region of nicotine 

biosynthesis genes 

 Insertions of TE are known to introduce putative target sites of miRNAs. To examine whether the 

observed TE insertions within 2kb upstream region of nicotine biosynthesis genes and of their ancestral 

copies had introduced candidate miRNA targeting sites, we performed in silico miRNA target site 

predictions using the method described in Pandey et al 
43

. Briefly, all the candidate promoter sequences 

were first checked for miRNA seed-pairs using custom written Perl script. The promoter sequences from 

3’ end were used for "Watson-Crick" complementarity matching against 5’ ends of miRNAs after 

generating 7- to 13-nt seeds starting from first or second nucleotide position at 5’ end of the miRNAs. 

The matches were extended by allowing mis-matches after the seed match or 9th nucleotide in the 

miRNAs. 
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 In total, 23 and 17 putative miRNA target sites were predicted among the 2kb upstream regions 

of 10 genes that are involved in nicotine biosynthesis and of their ancestral copies or non-root specific 

expressed genes (10), respectively (Supplementary Table S8). Among all nicotine biosynthesis genes, 

five predicted miRNA target sites that were detected from 4 genes (BBL3.2, PMT1.2, ODC2 and QS) are 

overlapped with TE insertions.  

4.4 Data access 

 To provide free access to our genome data, we established a webserver (Nicotiana attenuata Data 

Hub: http://nadh.ice.mpg.de/), which allows data visualization of gene families and co-expressed genes, 

as well as data download of the annotated gene models of the two Nicotiana genomes. The Whole 

Genome Shotgun projects of N. attenuata and N. obtusifolia have been deposited at DDBJ/ENA/GenBank 

under the accession MJEQ00000000 and MJEQ00000000, respectively. All short reads and PacBio reads 

used in this study were deposited in NCBI under BioProject PRJNA317743 (RNA-seq reads of N. 

attenuata), PRJNA316810 (short gun reads of N. attenuata), PRJNA317654 (WGS PacBio long reads of 

N. attenuata), PRJNA316803 (RNA-seq reads and assembly of N. obtusifolia), and PRJNA316794 (short 

reads of N. obtusifolia). The assembled genome sequences of N. attenuata and annotation information of 

all protein coding genes are available from the CoGe platform, which provides genome-browser view and 

downstream comparative genomic analysis, and Sol Genomics network (https://solgenomics.net/). There 

are 129 gene models that are deposited in CoGe and SGN but were not submitted to NCBI because they 

contain introns smaller than 10bp, which do not fulfill the criteria for NCBI submission. However these 

genes models are likely to be correct based on their sequence conservation. Therefore, they were retained 

and made public available via SGN and CoGe. Including or excluding these gene models does not affect 

any conclusion of the study. 
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5. Supplemental Figures. 

 

 

Supplementary Figure S1. Distribution of Bio-Nano molecule length. Left panel indicates the size 

distribution of the BioNano molecule length, right panel shows an example of the BioNano output image. 
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Supplementary Figure S2. Anchoring of scaffolds to the linkage map. In total, 12 linkage groups were 

constructed. Linkage map and anchored pseudo-chromosomes are shown on left and right sides, 

respectively. 
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Supplementary Figure S3. Workflow used to assemble the genome of N. attenuata. Data used for N. 

attenuata assembly are shown in the rounded boxes. Software and assembly processes are shown on the 

left and right side of each arrow, respectively. 
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Supplementary Figure S4. Enrichment of DTT-NIC1 in the 1kb upstream region of Manduca sexta 

oral secretions (OS) up-regulated genes. The Y-axis indicates the natural log odd ratio of M. sexta-

induced genes. Odd ratios were calculated using this formula: Odd = (p1/(1 – p1))/(p2/(1 – p2)), where p1 

and p2 are the probability of genes induced by OS among genes that harbor DTT-NICl insertions within 

their 1kb upstream region and probability of genes induced by OS among all genes. Values above 0 

indicate positive enrichment. Ribbons indicate the 95% confidence intervals. Asterisks indicate statistical 

significance (P < 0.01, Fisher’s exact test). 
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Supplementary Figure S5. Distribution of expressed genes and transcripts among different tissue-

specific RNA-seq libraries. A) number of expressed genes; B) number of expressed total transcripts; C) 

number of expressed transcripts that contain transposon sequences. The abbreviations of sample 

information are: ROT: root from plant induced by M. sexta OS; LET: leaf from plant induced by M. sexta 

OS; LEC: leaf from non-treated plant; SED: dry seeds; SEW: seeds treated with water; SES: seeds treated 

with liquid smoke; STT: stem from M. sexta OS induced plant; COE: corollas at early developmental 
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stage; COL: corollas at late developmental stage; STI: styles; POL: pollen tubes grown in pollen 

germination media; SNP: stigmas not pollinated; STO: stigmas outcrossed; STS: stigmas self-pollinated; 

NEC: nectaries; ANT: anthers; OVA: ovaries; PED: pedicels; OFL: open flower; FLB: flower bud.  
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Supplementary Figure S6. Distribution of tissue-specific expressed genes and transcripts. A) number 

of tissue specifically expressed genes; B) number of tissue specifically expressed transcripts. 
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Supplementary Figure S7. Distribution of different alternative splicing events in N. attenuata. AltA 

refers to alternative acceptor site; AltD refers to alternative donor site; IR refers to intron 

retention and ES refers to exon skipping. 
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Supplementary Figure S8. Expression of transposable elements among nine tissues. A) heatmap 

depicting the relative expression of 577 TE families that showed expression in at least one tissue 

(FPKM>1). Classification of the different TEs is shown with different colors on left side. B) boxplots 

showing the expression of TEs among different tissues. Different letters indicate statistical differences 

(multiple comparisons after Kruskal-Wallis test P < 0.01) among different tissues. Numbers on each 

boxplot indicate median values for each tissue.  
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Supplementary Figure S9. Percentage of TEs induced by M. sexta oral secretions in N. attenuata 

leaves within a 21 h time course. Each color indicates different classes of TE families.  
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Supplementary Figure S10. The most abundant 20 pfam domains in N. attenuata. 
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Supplementary Figure S11. Top 20 superfamily domains in N. attenuata. 

 



Manuscripts 

 

119 
 

 

Supplementary Figure S12. Distribution of gene families among four plant species. 
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Supplementary Figure S13. Gene family size evolution among 11 plant genomes. The number of all 

duplication events (above branch nodes) from 11 different plant species. The duplication events were 

estimated from phylogenetic trees constructed from homolog groups. Only branches that have 

approximated Bayes branch support values greater than 0.9 are presented. Known whole genome 

triplication (red stars) and duplication (green stars) events are shown. 
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Supplementary Figure S14. Evolution of threonine deaminase (TD). A) molecular function of TD, 

which converts threonine to α- ketobutyrate, the substrate for the biosynthesis of isoleucine. B) syntenic 

information of TD in grape and tomato genomes. Upper panel shows the syntenic region between grape 

and tomato chromosome 9. Two copies of TD were found on tomato chromosome 10 (between 61.8Mb- 

63.8Mb), and one copy on tomato chromosome 9, which was reverse duplicated from chromosome 10. C 
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and D) Phylogenetic tree of the TD family (C) and a simplified model (D) show the evolutionary history 

of TD. Numbers on each branch indicate the approximate Bayes branch supports. Local duplication and 

whole genome duplication events are shown as purple and green circles, respectively. E and F) 

expression of four TDs among different tissues of N. attenuata (E), and among different time points after 

M. sexta OS elicitation (F) in leaves. In (F), the expression is shown as mean expression and standard 

error (from three biological replicates).  
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Supplementary Figure S15. Distribution of 4dTV is consistent with the hypothesis that Nicotiana 

and Solanum share a genome-wide duplication event. The distributions of fourth-fold degenerate sites 

(4dTV) between duplicated paralogs within and orthologs between genomes are shown. The comparison 

N. attenuata with tomato reflects the speciation events between Nicotiana and Solanum. Within genome 

comparisons shows the divergence between duplicated gene pairs and thus reflects genome-wide 

duplication events.  
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Supplementary Figure S16. Circos plot of the 12 assembled pseudo-chromosomes. Ribbons indicate 

the 22 syntenic blocks, each of which contains at least 20 genes. A) Ka/Ks of genes between N. attenuata 

and N. obtusifolia. Red dots indicate the value greater than 1. B) M. sexta oral secretion induced gene 

expression changes in N. attenuata leaves. Each bar indicates log2 fold change of each gene. C) heatmap 

shows distribution of transposable elements within a 500kb sliding window. Red and blue indicate high 

and low, respectively. D) number of genes in 500kb sliding windows.  
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Supplementary Figure S17. Expansion of SLF gene family in Solanaceae. Phylogenetic diagram 

showing the rapid gene duplication (colors) and loss (grey) of SLF subfamily members in the Solanaceae. 

The sequence from Pyrus pyrifolia was used as outgroup. The number at each branch indicates the 

approximate Bayes branch supports. Red circles indicate the detected duplication shared among 

Solanaceae species. The color of each node indicates the species while the gene loss in a subclade is 

indicated by the grey regions. Nodes with only color but no gene ID indicate the gene loss detected in the 

given species/clade. 
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Supplementary Figure S18. Expansion of the Zeatin O-glucosyltransferase-like gene family in 

Solanaceae. Phylogenetic tree showing the expansion of the family. Numbers at the branches refer to the 

approximate Bayes branch supports. Red circles indicate the detected duplication events shared among 

Solanaceae species. 
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Supplementary Figure S19. Expansion of a disease resistant gene family (RPM1-like) in Nicotiana. 

A) phylogenetic tree of the gene family. This gene family was found specific to Solanaceae plants. While 

no duplication was found in other Solanaceae species, three duplication events were identified in 

Nicotiana. Red circles indicate gene duplication events. The numbers below the branches refer to the 

approximate Bayes branch supports. B) genomic localization of the four genes in N. attenuata. 
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Supplementary Figure S20. Expansion of the purine uptake permease gene family in Nicotiana. A) 

phylogenetic tree of the gene family. The color indicates the species. Red circles indicate Nicotiana-

specific gene duplication events. The numbers at the branches refer to the approximate Bayes branch 

supports. B) heatmap showing the expression of genes from six representative N. attenuata tissues. The 

orthologous genes of N. tabaccum NICOTINE UPTAKE PERMEASE1 (NUP1) is highlighted in red color. 

ROT: root, LET: leaf treated with M. sexta oral secretion. LEC, control untreated leaf; STT: stem from 

plant treated with M. sexta oral secretion in leaf; NEC: nectary; OFL: flower. Heatmap color gradient 

indicates the scaled log10 TPM value.  
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Supplementary Figure S21. Evolution of ornithine decarboxylases (ODC). A) Phylogenetic tree of 

ODC among different plants. An ancient duplication event occurred before the divergence between 

Vitaceae and Solanaceae. The number on the branch shows the approximate Bayes branch support. B) 

syntenic information between ODC1 and ODC2 in tomato. No clear signature of synteny was found. C) a 

dot plot depicts the sequence similarity of CDS and 2kb upstream region between OCD1 and ODC2 in N. 

attenuata. D) detailed annotation of TE and transcription factor binding motifs. Light blue regions 

indicate the TEs annotated from RepeatMasker. 
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Supplementary Figure S22. Evolution of N-putrescine methyltransferases (PMT). A) Phylogenetic 

tree of PMT and SPERMIDINE SYNTHASE (SPDS) in six plant species. The number on the branch shows 

the approximate Bayes branch support. The closest homolog from Arabidopsis and grape were considered 
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as outgroups. B) and C) simplified evolutionary model of SPDS and PMT in tomato and Nicotiana. The 

syntenic information used to construct these models is from tomato. D) a simplified schematic 

representation of SPDS and PMT functions. E) and F) detailed annotation of TE and transcription factor 

binding motifs of NaPMT1.1 (E) and NaPMT1.2 (F). Light blue regions indicate the TEs annotation from 

RepeatMasker, and pink rounded rectangles depict the motif sequences and their 150 bp flanking region 

that shows significant homology to TEs (e-value < 1e-5). 
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Supplementary Figure S23. Evolution of N-methylputrescine oxidases (MPO). A) the phylogenetic 

tree of MPO and DAO in 11 plant species. MPO evolved from the duplication of DAO, likely before the 

divergence between Phrymaceae (Lamiales) and Solanaceae. The duplication between MPO1 and MPO2 

are shared among different Solanaceae species. B) the MPO1 and MPO2 from tomato are in a syntenic 

block. C) two dot plots depict the sequence similarity of protein coding sequences and 2kp upstream 

regions between MPO1 and DAO (left) and between MPO1 and MPO2 from N. attenuata (right). D) 

detailed annotation of TE and transcription factor binding motifs. Pink rounded rectangles depict the 

motif sequences and their 150 bp flanking region that show significant homology to TEs (e-value < 1e-5). 
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Supplementary Figure S24. Evolution of aspartate oxidases (AO). A) Phylogenetic tree of AO among 

11 plants. Both N. attenuata and N. obtusifolia have two copies of AO. The number on the branch shows 

the approximate Bayes branch support. B) and C) the dot plot of CDS sequence together with 2kp 

upstream region between N. attenuata AO1 and AO2 (B), and between AO2 from N. attenuata and N. 

obtusifolia (C). D) detailed annotation of TE and transcription factor binding motifs. Light blue region 

indicates the TEs annotated from RepeatMasker, and pink rounded rectangles depict the motifs sequences 

and their 150 bp flanking region that show significant homology to TEs (e-value < 1e-5).  
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Supplementary Figure S25. Evolution of quinolinic acid synthases (QS). A) Phylogenetic tree of QS 

among 11 plants. Both N. attenuata and N. obtusifolia have one copy of QS. The number on the branch 

shows the approximate Bayes branch support. B) a dot plot depicts the sequence similarity of CDS 

sequence together with 2kp upstream region of QS between N. attenuata and N. obtusifolia. C) detailed 

annotation of TE and transcription factor binding motifs. Light blue regions indicate the TEs annotated 

from RepeatMasker. 
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Supplementary Figure S26. Evolution of quinolinic acid phosphoribosyl transferases (QPT). A) the 

phylogenetic tree of QPT among 13 plants. All Nicotiana species have two copies of QPT, except N. 

obtusifolia, which is likely due to incomplete genome assembly. The number on the branch shows the 

bootstrap value. B and C) dot plots depicting the sequence similarity of CDS sequence together with 2kp 

upstream region of QPT1 and QTP2 in N. attenuata (B) and QPT2 between N. attenuata and N. 

obtusifolia. D) detailed annotation of TE and transcription factor binding motifs. Light blue regions 

indicate the TE annotated from RepeatMasker. 
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Supplementary Figure S27. Evolution of berberine bridge enzyme-like proteins (BBL). A) 

Phylogenetic tree of BBL among different plants. Gene structures of all BBL homologs are shown. The 

number on the branch shows the bootstrap value. B-E) dot plots of CDS sequence together with 2kp 

upstream region between NaBBL3.2 and NoBBL3 (B), NaBBL3.1 and NaBBL3.2 (C), NaBBL3.1and 

NaBBL1 (D), NaBBL3.2 and NaBBL1 (E). F and G) detailed annotation of TE and transcription factor 
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binding motifs of NaBBL3.1 (F) and NaBBL3.2 (G). Light blue regions indicate the TEs annotated from 

RepeatMasker, and pink rounded rectangles depict the motifs sequences and their 150 bp flanking region 

that show significant homology to TEs (e-value < 1e-5). Both NaBBL3.1 and NaBBL3.2 have an insertion 

of the DTT-NIC1 MITE insertion. 
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Supplementary Figure S28. Evolution of A622 protein. A) a subclade tree of the A622 super family is 

shown among six plants. Both N. attenuata and N. obtusifolia have single copies of A622. The numbers 

on the branch show the approximate Bayesian support. B) the dot plot depicts the sequence similarity of 

protein coding sequences and 2kp upstream regions between A622 from N. attenuata and N. obtusifolia. 

C) detailed annotation of TE and transcription factor binding motifs. Light blue regions indicate the TEs 

annotated from RepeatMasker, and pink rounded rectangles depict the motifs sequences and their 150 bp 

flanking region that show significant homology to TEs (e-value < 1e-5). 
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6. Supplemental Tables. 

 

Supplementary Table S1. Summary of filtered (duplicate removal, quality clipping) WGS 

sequencing data used for the assemblies of N. attenuata and N. obtusifolia. 

 

Nicotiana attenuata (2.5Gb) Nicotiana obtusifolia (1.4Gb) 

Library 

type 

PE180 PE250 PE600 PE950 MP5500 MP20000 SR454 PE480 PE1050 MP3500 

Number 

paired 

reads 

354,327,6

62 

254,673,1

42 

152,657,0

90 

92,178,3

08 

80,509,5

74 

2,005,65

8 

- 
478,531,3

66 

222,388,2

20 

108,153,56

2 

Number 

non paired 

103,391,4

83 

30,351,12

1 

68,691,92

4 

77,197,1

96 
- - 

25,188,0

20 
- - - 

Avg. 

length [bp] 

87.5 97.9 91.7 88.6 75.0 75.0 644.1 91.3 77.6 94.6 

Length 

sum [Gb] 

40.03 27.91 20.30 15.01 6.04 0.150 16.22 43.70 17.26 10.23 

Approx. 

seq. 

coverage 

16.7 11.6 8.5 6.3 2.5 0.1 6.8 31.2 12.3 7.3 

Approx. 

frag. 

coverage 

13.3 13.3 19.1 18.2 92.3 8.4 6.8 82.0 83.4 135.2 
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Supplementary Table S2. Completeness of N. attenuata and N. obtusifolia, two other published 

Nicotiana species, potato and tomato genomes (potato version 206 and tomato version 225) 

estimated based on 248 ultra-conserved CEGs using CEGMA.  

Groups   

Complete Partial 

Average Group 1 Group 2 Group 3 Group 4 Average Group 1 Group 2 Group 3 Group 4 

N. attenuata 

#Prots 208 51 44 52 61 243 63 54 61 65 

%Completeness 83.87 77.27 78.57 85.25 93.85 97.98 95.45 96.43 100 100 

#Total 463 95 86 121 161 646 145 135 167 199 

Average 2.23 1.86 1.95 2.33 2.64 2.66 2.3 2.5 2.74 3.06 

%Ortho 63.94 52.94 54.55 71.15 73.77 75.31 66.67 74.07 78.69 81.54 

N. obtusifolia 

#Prots 211 52 45 55 59 241 65 53 61 62 

%Completeness 85.08 78.79 80.36 90.16 90.77 97.18 98.48 94.64 100 95.38 

#Total 421 96 78 113 134 573 121 117 169 166 

Average 2 1.85 1.73 2.05 2.27 2.38 1.86 2.21 2.77 2.68 

%Ortho 56.87 51.92 42.22 65.45 64.41 70.54 53.85 66.04 88.52 74.19 

N. sylvestris 

#Prots 195 49 39 50 57 234 60 52 60 62 

%Completeness 78.63 74.24 69.64 81.97 87.69 94.35 90.91 92.86 98.36 95.38 

#Total 402 85 73 102 142 588 124 118 157 189 

Average 2.06 1.73 1.87 2.04 2.49 2.51 2.07 2.27 2.62 3.05 

%Ortho 60.51 42.86 61.54 64 71.93 73.93 60 71.15 85 79.03 

N. tomentosiformis 

#Prots 164 51 35 39 39 188 57 42 44 45 

%Completeness 66.13 77.27 62.5 63.93 60 75.81 86.36 75 72.13 69.23 

#Total 321 84 62 88 87 441 113 88 121 119 

Average 1.96 1.65 1.77 2.26 2.23 2.35 1.98 2.1 2.75 2.64 

%Ortho 56.71 41.18 48.57 66.67 74.36 72.34 61.4 66.67 81.82 82.22 

S. tuberosum 

#Prots 208 51 43 51 63 239 63 51 60 65 

%Completeness 83.87 77.27 76.79 83.61 96.92 96.37 95.45 91.07 98.36 100 

#Total 392 84 76 98 134 512 108 102 137 165 

Average 1.88 1.65 1.77 1.92 2.13 2.14 1.71 2 2.28 2.54 

%Ortho 53.85 41.18 53.49 54.9 63.49 65.27 47.62 62.75 70 80 

S. lycopersicum 

#Prots 215 55 46 54 60 238 63 52 61 62 

%Completeness 86.69 83.33 82.14 88.52 92.31 95.97 95.45 92.86 100 95.38 

#Total 391 88 73 104 126 497 112 98 136 151 

Average 1.82 1.6 1.59 1.93 2.1 2.09 1.78 1.88 2.23 2.44 

%Ortho 47.44 34.55 43.48 53.7 56.67 58.4 49.21 55.77 60.66 67.74 
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Supplementary Table S3. Repeat content among six solanaceous genomes. 

TE 

class 
TE type 

S. tuberosum 

(Mb) 

S. lycopersicum 

(Mb) 

N. obtusifolia 

(Mb) 

N. tomentosiformis 

(Mb) 

N. sylvestris 

(Mb) 

N. attenuata 

(Mb) 

DNA 

DNA 10.3 11.9 36.2 66.5 69.4 70.0 

DNA/CMC-EnSpm 7.5 9.4 11.7 7.6 8.6 12.4 

DNA/Dada 0.1 0.0 2.9 5.5 7.8 7.7 

DNA/MULE-MuDR 3.3 3.2 0.4 0.6 0.4 0.6 

DNA/MuLE-MuDR 1.4 5.0 3.2 5.5 9.7 9.5 

DNA/PIF-Harbinger 5.6 4.3 4.7 4.8 5.8 6.0 

DNA/TcMar-Pogo 0.4 0.4 - - - - 

DNA/TcMar-Stowaway 9.2 4.1 2.7 3.9 4.0 3.8 

DNA/hAT 0.1 - 0.1 0.2 0.4 1.1 

DNA/hAT-Ac 7.5 4.1 9.0 11.1 12.5 12.7 

DNA/hAT-Charlie 0.1 - - - - - 

DNA/hAT-Tag1 1.7 1.2 1.2 2.0 1.5 2.0 

DNA/hAT-Tip100 4.6 2.6 1.5 2.3 2.3 2.2 

LINE 

LINE - - 11.7 14.6 19.2 22.9 

LINE/L1 10.6 7.9 18.2 12.0 18.3 24.9 

LINE/L1-Tx1 - - 0.0 0.0 0.5 0.6 

LINE/L2 - - 0.5 0.2 0.5 0.5 

LINE/R1 - - 0.2 0.3 0.4 0.4 

LINE/RTE-BovB 5.1 3.3 8.6 13.0 15.4 12.4 

LTR 

LTR 0.1 - 83.1 133.7 129.4 132.5 

LTR/Caulimovirus 3.7 2.4 12.5 1.5 2.4 1.1 

LTR/Copia 29.1 48.8 42.6 61.5 87.1 131.0 

LTR/ERVL - - 0.0 0.9 4.1 4.0 

LTR/Gypsy 244.6 318.0 519.7 864.6 1171.4 1201.5 

Others 

RC/Helitron 2.4 0.6 3.1 0.0 3.0 3.4 

Retrotransposon 3.8 3.5 8.1 3.4 12.6 14.8 

SINE 0.7 0.5 1.3 13.5 2.5 2.5 

Satellite 3.8 1.0 5.9 1.9 3.2 4.1 

Unknown (Mb) 46.4 37.1 3.2 5.1 9.1 9.5 

TE size (Mb) 402.2 469.2 792.3 1236.2 1601.6 1694.2 

Genome size (Mb) 676.3 737.6 1223.2 1642.4 2047.5 2090.5 

Percentage of TE in the genome (%) 59.5 63.6 64.8 75.3 78.2 81.0 
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Supplementary Table S4. Information on samples used for RNA-seq.  

Tissue 
Treatment / 

development stage 
Library ID # raw reads # clean reads 

% uniquely mapped 

reads 
Read length 

Roots 
M. sexta OS induced on 

leaves NA1498ROT  327,772,944   317,843,200  93.77 50bp 

Leaves 
Control NA1717LEC  61,531,550   16,430,982  93.29 100bp 

M. sexta OS locally 

induced NA1500LET 
 328,071,888  

 317,905,162  91.94 50bp 

Seeds 

Smoke solution treated NA1501SES  51,423,280   49,120,770  90.53 50bp 

Water treated NA1502SEW  75,944,970   73,525,266  90.31 50bp 

Dry NA1503SED  63,463,542   61,285,870  89.01 50bp 

Stems 
M. sexta OS treated on 

leaves NA1504STT 
 72,473,514  

 70,575,710  94.70 50bp 

Corollas 

Early developmental 

stage NA1505COE 
 44,064,054  

 23,081,618  95.14 100bp 

Late developmental stage NA1515COL  41,110,650   17,017,608  94.71 100bp 

Stigmas Mature NA1506STI  39,281,658   17,878,354  94.88 100bp 

Pollen tubes 
Germinated on pollen 

germination medium NA1507POL 
 41,692,244  

 22,451,272  96.83 100bp 

Styles 

Without pollination NA1508SNP  45,428,336   21,445,272  94.64 100bp 

Pollinated with non-self 

pollen NA1509STO 
 39,071,214  

 18,816,496  94.29 100bp 

Pollinated with self-
pollen NA1510STS 

 50,505,064  
 23,107,862  95.20 100bp 

Nectaries Mature NA1511NEC  55,777,620   23,403,620  92.92 100bp 

Anthers Mature NA1512ANT  41,480,422   18,767,454  96.22 100bp 

Ovaries Mature NA1513OVA  39,608,326   17,426,638  94.42 100bp 

Pedicels No treatment NA1514PED  41,520,690   19,508,002  95.14 100bp 

Flowers 
Fully opened NA1516OFL  43,791,980   18,550,688  94.87 100bp 

Buds NA1517FLB  45,864,746   22,167,496  95.47 100bp 

Leaves 

Leave samples that were 

collect at different time 
points 

NA1821CTN 37,692,054 36,884,606 95.44 100bp 
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Supplementary Table 5. Genomes of 11 plant species used for comparative genomic analysis. 

Species Version # of gene models URL Reference 

N. attenuata r2.0 33,449 http://nadh.ice.mpg.de This study 

N. obtusifolia v1.0 27,911 http://nadh.ice.mpg.de This study 

A. thaliana TAIR 10 27,416 http://phytozome.jgi.doe.gov/arabidopsis 
The Arabidopsis Genome 

Initiative. 2000 44 

C. annuum v2.0 35,336 http://peppersequence.genomics.cn/page/species/download.jsp Kim et al. 2014 45 

C. sativus v1.0 21,503 http://phytozome.jgi.doe.gov/cucumber Huang et al. 2009 46 

M. guttatus v2.0 28,140 http://phytozome.jgi.doe.gov/mimulus Hellsten et al. 2013 47 

P. trichocarpa v3.0 41,335 http://phytozome.jgi.doe.gov/poplar Tuskan et al. 2006 48 

S. lycopersicum ITAG2.3 34,727 http://phytozome.jgi.doe.gov/tomato 
Tomato Consortium. 

2012 22 

S. melongena v2.5.1 42,035 ftp://ftp.kazusa.or.jp/pub/eggplant/ Hirakawa et al. 2014 49 

S. tuberosum v3.4 35,119 http://phytozome.jgi.doe.gov/potato Xu et al. 2011 50 

V. vinifera Genoscope 12X 26,346 http://phytozome.jgi.doe.gov/grape Jaillon et al. 2007 51 

  

http://phytozome.jgi.doe.gov/arabidopsis
http://peppersequence.genomics.cn/page/species/download.jsp
http://phytozome.jgi.doe.gov/cucumber
http://phytozome.jgi.doe.gov/mimulus
http://phytozome.jgi.doe.gov/poplar
http://phytozome.jgi.doe.gov/tomato
ftp://ftp.kazusa.or.jp/pub/eggplant/
http://phytozome.jgi.doe.gov/potato
http://phytozome.jgi.doe.gov/grape
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Supplementary Table S6. Annotation of nicotine biosynthesis genes and number of motifs in 2kb 

upstream region. TPM: transcript per million. 

  
Gene ID in  

N. attenuata 

Gene 

name 

# of G-

box 

motifs 

# of 

GCC 

motifs 

Root expression 

(TPM) 

Reference 

sequences in 

database 

References 

Nicotine 

biosynthesis 

copies 

NIATv7_g12091 AO2 5 2 3640.36 DW001381 52 

NIATv7_g36700 QS 2 2 3311.29 AF154657 52 

NIATv7_g25254 QPT2 3 2 2816.12 AJ748263.1 53 

NIATv7_g05809 ODC2 2 0 3866.97 AF127242.1 52 

NIATv7_g61142 PMT1.1 4 3 4457.42 D28506.1 54 

NIATv7_g05615 PMT1.2 4 4 1806.61 D28506.1 54 

NIATv7_g14063 MPO1 3 3 454.52 AB289456.1 55 

NIATv7_g17187 BBL3.1 2 2 275.14 AB604219.1 56 

NIATv7_g00769 BBL3.2 4 3 956.46 AB604219.1 56 

NIATv7_g09977 A622 4 0 2258.39 AB445396.1 57 

Ancestral/non

-nicotine 

copies 

NIATv7_g00125 DAO 1 4 12.01 XM_009602560 - 

NIATv7_g01601 SPDS1 1 0 226.22 NM_001302585.1 58 

NIATv7_g11058 MPO2 2 0 12.86 AB289457 55 

NIATv7_g29386 AO1 3 0 8.21 XM_009759430 - 

NIATv7_g29483 BBL1 0 0 7.43 AB604221 56 

NIATv7_g34686 ODC1 0 2 11.27 XM_009771959 - 

NIATv7_g58606 QPT1 1 1 29.29 AJ748262.1 53 

 

  



Manuscripts 

 

145 
 

Supplementary Table S7. Primers used for validating 2kb upstream sequence region of selected 

genes. While direct PCR amplifications worked well for most of the genes using primers directly binding 

to beginning of the protein coding region and the end of upstream 2kb fragments, nested PCR 

amplifications were required for other four genes, likely due to the presences of repetitive sequences. 

Gene ID Forward Primer Reverse Primer PCR amplification 

NIATv7_g00125 CTCCATCAAAACTGAAGATCCAGTAGAG GGGGAAGAAACCGTCGCCTTTTCCTGAG 

One step  

amplification 

 

 

NIATv7_g01601 GTTGGTGTTTATAGAAATATGAGAACCAAC CGTTGTCGTTGTTGTTGTGGTTGGCTGC 

NIATv7_g04912 CATGAGGGGGAGACATGACAAACAGTTGAG GCAGCGTCTACACAACAACCTAGGGCCGGC 

NIATv7_g05615 ATCCATCCGCTCGTCCATTTCTCTCATG TAGAGCCATTTGTGTTGGTAGATATGAC 

NIATv7_g05809 ATCAGACCAGACAAATTAGCTTATGCGGC GAATGGCCGCCGGGTTCAACCCGGAAACG 

NIATv7_g09978 CTCCGATTTTGGTGACATGAGTTTACCTGC CAAGGGCTGCTCAACTTCAGACTTCATGC 

NIATv7_g12091 GAGTTGGAGTGGGCTAAAGTTCATGCC CTGTCCGCATCCTGAAGCGATACCAG 

NIATv7_g14063 CCCCGCTTGGTCCCATTAGGCCTATTGG GTGCCGTCACTTTCTGTTTAGTAGTGGC 

NIATv7_g20235 CATGAATACAGTAGCAAAAATAGGCGTG CTCCGAGAAAGAGAAGGTTGCATTAACG 

NIATv7_g20333 CTATCTCGCTCGAAATCGAGAACTTTG GTCCTACAATGGCTTCTACGGGAGAAAC 

NIATv7_g21863 CTATTTTCCCTGTACTCAGCTTTAGTAACG CCATTTTCCACTGGCGTCCCCTTCAGATC 

NIATv7_g25254 CGGTTAATCGATTGTCAAATATGATTTCCTAC CACTGTTGCAGTGAAAGGAATAGCTC 

NIATv7_g28218 GCGGAAAGGATTCCGACAATAGGGGAAATC GACTCCATGATTTTCCCCATGCTAATGAGC 

NIATv7_g29386 ATGCCTGACAGGTAAGAACATATAGGTAC CCGCTTCCTGAAGCGATACCAGTTGC 

NIATv7_g29483 GCTAATCAAAGCAACTACACAAGAGTTG GAATTATGAGCAGAAGCTGAAGAAACATG 

NIATv7_g32622 GATATCCGGTGGTTTAGGTGGAATGGAAG GCAACAGTTACCAATCGCTTCTTCTCCGC 

NIATv7_g34686 GTACACCGGAGAAAGTATACTCCTAATAC GGGAACATGACTCTTACCGATAGCTGTAG 

NIATv7_g36700 GACACAATCACGCACAGAGGCCAGAGCAC GAAGATTTCATGACTAAATTTGCGGCATC 

NIATv7_g42088 CAGATGGATTTTACAATGCCTTTTTGTTG CAAGGAGATTAAAATCAGAGAAAGAGAAG 

NIATv7_g58606 CTCCCAACTCCAGAATCACCATACG GTAATTGCATGAGGATGCACTATTGCAGTG 

NIATv7_g61142 GCTGGGGCTGGAGACTAAGGAACCAGAC GCCATTTGTGTTGGTAGATATGACTTCC 

NIATv7_g14350 
GTGAAGTACGGTGTATAGGCATGGTGAC GATGATGCAAGCGCATGCT 1st nested PCR 

GTGAAGTACGGTGTATAGGCATGGTGAC GTTGGTGAACTTCGCTCTTAGAGGAAGTC 2nd nested PCR 

NIATv7_g00769 
CAGTCCACACACATTTCGGCAGGTG CTTCATTCCACTGTGCTAGATACTGAAT 1st nested PCR 

CAGTCCACACACATTTCGGCAGGTG CTTGCTGTTTGGTAGGATAATGAGG 2nd nested PCR 

NIATv7_g11058 

GTCATTATCTTGTCTTTTTCTTCTCATCTC AAGGATGGCATGTATGAGCTCTTG 1st nested PCR 

CATATTGCTGGTGCATGATATCAC GGAGGAGTCACCTTGTGCAAAGTTGCGGC 2nd nested PCR 

GGATTGAAAGTAGTATATTTTTGTG GGAGGAGTCACCTTGTGCAAAGTTGCGGC 3rd nested PCR 

NIATv7_g34398 

TGGGATATTAAAATTCAATATACCCAGTTTGTAG GTAAGGAGATTCATTATTGTTATTCGCTTCC 1st nested PCR 

TGGGATATTAAAATTCAATATACCCAGTTTGTAG CTTGCTTTTGTACTGACCCCTTTGAG 2nd nested PCR left 

GACTAAAACTTCTACAAATCGTCTGC GTAAGGAGATTCATTATTGTTATTCGCTTCC 2nd nested PCR right 

NIATv7_g17187 

CTTACACGTACGGTAAGAGGCTGAGT CCTGCTGCTTGGTAGGATAATGAAC 1st nested PCR 

GAACTTCTTGTTTATACTTATGACAAG CGGACTAATAAGGAAAGTGTGTCATC 2nd nested PCR left 

GAAACTGTTTCTACGGCTCAAAAAA CCTGCTGCTTGGTAGGATAATGAAC 2nd nested PCR right 

NIATv7_g09977 

CTTTCGCTTTAGAGATGGATTCACTCTT GTAGCCTGTGCCTCCAATTATTAAGATC 1st nested PCR 

CTCAGTTGTTCTAGTGAAGTTGAAG CACATTTACCTATTATAACATGTAAC 2nd nexted PCR left  

CGATTTTAGCACCACTTTGGCAGCA GTAGCCTGTGCCTCCAATTATTAAGATC 2nd nested PCR right  

  



Manuscripts 

 

146 
 

Supplementary Table S8. Prediction of miRNA targeting sites on the 2kb upstream region of 

nicotine biosynthesis genes and their ancestral or non-root specific expressed copies. The overlap 

between predicted miRNA targeting sites and TE insertions are also provide in the last column. The 

positions indicate the seeds of predicted miRNA targeting sites. 

GeneID Start End miRNA 
Seed 

length 
GeneName 

Root specific 

expression 
Overlap with TE 

NIATv7_g00769 -1937 -1929 NIATTr2_miR77253p.2 8 BBL3.2 YES rnd-5_family-2472: DNA/hAT-Ac 

NIATv7_g00769 -1228 -1219 NIATTr2_miR1429.5p 9 BBL3.2 YES - 

NIATv7_g00769 -1233 -1225 NIATTr2_miR6164 8 BBL3.2 YES - 

NIATv7_g05615 -36 -28 NIATTr2_miR7504 8 PMT1.2 YES - 

NIATv7_g05615 -1499 -1491 NIATTr2_miR7711.5p.4 8 PMT1.2 YES rnd-5_family-822: LTR/Gypsy 

NIATv7_g05615 -737 -729 NIATTr2_miR5163.3p 8 PMT1.2 YES rnd-5_family-58: LTR 

NIATv7_g05809 -1865 -1857 NIATTr2_miR1429.5p 8 ODC2 YES - 

NIATv7_g05809 -1450 -1442 NIATTr2_miR162 8 ODC2 YES rnd-4_family-757: LINE/RTE-BovB 

NIATv7_g05809 -1865 -1857 NIATTr2_miR6161 8 ODC2 YES - 

NIATv7_g05809 -106 -95 NIATTr2_miR9487 11 ODC2 YES - 

NIATv7_g09977 -977 -968 NIATTr2_miR1066 9 A622 YES - 

NIATv7_g09977 -688 -680 NIATTr2_miR6161 8 A622 YES - 

NIATv7_g12091 -724 -716 NIATTr2_miR8015.3p 8 AO2 YES - 

NIATv7_g12091 -1092 -1083 NIATTr2_miR398.3p 9 AO2 YES - 

NIATv7_g14063 -1219 -1211 NIATTr2_miR6444 8 MPO2 YES - 

NIATv7_g14063 -780 -772 NIATTr2_miR8015.3p 8 MPO2 YES - 

NIATv7_g17187 -1700 -1692 NIATTr2_miR5497 8 BBL3.1 YES - 

NIATv7_g25254 -793 -785 NIATTr2_miR6161 8 QPT2 YES - 

NIATv7_g25254 -1559 -1551 NIATTr2_miR156.5p 8 QPT2 YES - 

NIATv7_g25254 -940 -932 NIATTr2_miR5750 8 QPT2 YES - 

NIATv7_g36700 -1075 -1067 NIATTr2_miR6164 8 QS YES rnd-4_family-1369: DNA 

NIATv7_g61142 -36 -28 NIATTr2_miR7504 8 PMT1.1 YES - 

NIATv7_g61142 -1042 -1032 NIATTr2_miR1429.5p 10 PMT1.1 YES - 

NIATv7_g00125 -1151 -1143 NIATTr2_miR7504 8 DAO NO - 

NIATv7_g01601 -1138 -1130 NIATTr2_miR5750 8 SPDS1 NO - 

NIATv7_g04912 -1586 -1578 NIATTr2_miR6444 8 ADC2 NO rnd-3_family-18: LTR/Copia 

NIATv7_g04912 -1190 -1182 NIATTr2_miR8015.3p 8 ADC2 NO rnd-4_family-175: DNA 

NIATv7_g05934 -67 -59 NIATTr2_miR5750 8 ADC1 NO - 

NIATv7_g11058 -215 -207 NIATTr2_miR8007.5p 8 MPO1 NO - 

NIATv7_g11058 -482 -474 NIATTr2_miR172.3p 8 MPO1 NO - 

NIATv7_g29386 -1738 -1730 NIATTr2_miR8667 8 AO1 NO rnd-4_family-391: DNA 

NIATv7_g29483 -1830 -1821 NIATTr2_miR1429.5p 9 BBL1 NO - 

NIATv7_g29483 -825 -817 NIATTr2_miR408.5p 8 BBL1 NO - 

NIATv7_g29483 -1830 -1821 NIATTr2_miR6161 9 BBL1 NO - 

NIATv7_g34398 -982 -974 NIATTr2_miR7725.3p.2 8 SPDS2 NO 
rnd-4_family-1284: DNA/TcMar-

Stowaway 

NIATv7_g34398 -695 -686 NIATTr2_miR6161 9 SPDS2 NO - 

NIATv7_g34686 -1228 -1220 NIATTr2_miR5069 8 ODC1 NO 
 

NIATv7_g34686 -447 -439 NIATTr2_miR6164 8 ODC1 NO rnd-4_family-173: DTT-NIC1 

NIATv7_g58606 -1401 -1392 NIATTr2_miR426 9 QPT1 NO rnd-2_family-51: LTR/Gypsy 

NIATv7_g58606 -1962 -1954 NIATTr2_miR9496 8 QPT1 NO rnd-5_family-192: LTR/Gypsy 
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7. Captions for supplementary datasets S1 to S9 

Supplementary dataset S1. Summary information on MITE families in Nicotiana and their 

homologous families in Solanum genomes. Different superfamilies are represented by different 

codes. DTA for Tc1/Mariner, DTA for hAT, DTH for PIF/Harbinger. For tomato and potato, the 

original MITE IDs are shown in the last column. The biggest MITE family in Nicotiana, DTT-NIC1, 

is highlighted in bold font. 

Supplementary dataset S2. Annotation of smRNA in N. attenuata. 

Supplementary dataset S3. Expression of genes among 21 RNA-seq libraries. The expression 

numbers are TPM values. The abbreviation of sample information are: ROT: root from plant induced 

by M. sexta OS; LET: leaf from plant induced by M. sexta OS; LEC: leaf from non-treated plant; 

SED: dry seeds; SEW: seeds treated with water; SES: seeds treated with liquid smoke; STT: stem 

from M. sexta OS induced plant; COE: corollas at early developmental stage; COL: corollas at late 

developmental stage; STI: styles; POL: pollen tubes grown in pollen germination media; SNP: 

stigmas not pollinated; STO: stigmas outcrossed; STS: stigmas self-pollinated; NEC: nectaries; ANT: 

anthers; OVA: ovaries; PED: pedicels; OFL: open flower; FLB: flower bud; CTN: leaf samples 

collected at different time points pooled together. Tissue specificity was calculated using the τ index 

among all tissues except CTN. 

Supplementary dataset S4. Expression of assembled transcripts among 21 RNA-seq libraries. 

The expression numbers are TPM values. The abbreviation of sample information are: ROT: root 

from plant induced by M. sexta OS; LET: leaf from plant induced by M. sexta OS; LEC: leaf from 

non-treated plant; SED: dry seeds; SEW: seeds treated with water; SES: seeds treated with liquid 

smoke; STT: stem from M. sexta OS induced plant; COE: corollas at early developmental stage; 

COL: corollas at late developmental stage; STI: styles; POL: pollen tubes grown in pollen 

germination media; SNP: stigmas not pollinated; STO: stigmas outcrossed; STS: stigmas self-

pollinated; NEC: nectaries; ANT: anthers; OVA: ovaries; PED: pedicels; OFL: open flower; FLB: 

flower bud; CTN: leaf samples collected at different time points pooled together. Tissue specificity 
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and transcripts of which at least 50bp were annotated as TE are also indicated. Tissue specificity was 

calculated using the τ index among all tissues except CTN. 

Supplementary dataset S5. Expression of microarray probes that are both induced by 

simulated herbivory by application of M. sexta oral secretion and mapped to transposable 

elements of N. attenuata. SL: systemic untreated leaf; TL: treated leaf; RT: systemic untreated root. 

Supplementary dataset S6. KEGG ortholog (KO) annotation of N. attenuata genes.  

Supplementary dataset S7. List of genes annotated as protein kinases and transcription factors. 

Supplementary dataset S8. List of recent duplication events of N. attenuata genes and their 

duplicated copies. Genes that are not duplicated or singletons and the gene annotation based on 

Blast2GO are also indicated. Detected duplication times are: N. attenuata specific; shared among 

Nicotiana; shared among Solanaceae; shared with M. guttatus; shared among core eudicots. 

Supplementary dataset S9. Gene families that expanded significantly in Nicotiana.  
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Abstract 

Background: Alternative pre-mRNA splicing (AS) is prevalent among all plants and is involved 

in many interactions with environmental stresses. However, the evolutionary landscape and 

underlying mechanisms of AS in plants remain unknown. 

Results: Analyzing the transcriptomes of six plant species revealed that AS diverged rapidly 

between closely related species, largely due to gain and loss of AS events among orthologues 

genes. Comparing AS between closely related species showed that the AS that generates PTC 

containing transcript are more conserved than the AS that generates non-PTC containing 

transcripts, although only present a minor proportion of total transcripts generated from AS. 

Furthermore, among six ultra-conserved AS events across different species, five AS generate 

transcripts containing premature termination codon (PTC), suggesting AS coupled with 

nonsense-mediated decay (NMD) plays an important role at post-transcriptional level in plants. 

To understand the mechanisms underlying the rapid evolution of AS, we analyzed the key AS 

determinants using a machine learning approach. Among all investigated six plant species, the 

distance between the authentic splice site and the nearest alternative splice site and the size of 

exon-exon junctions are the two major determinants for both AltD and AltA, suggesting a 

conserved mechanism for alternative splicing in plants. Variations of these two determinants 

significantly contributed to the AS turnover between closely related species in both Solanaceae 

and Brassicaceae.  

Conclusions: Our results revealed rapid gain and loss of AS events in plants, the process of 

which was likely due to changes of a few key AS determinants associated with splicing sites. 

The results provide new mechanistic insights on evolution of AS in plants and shed further light 

on the role of post-transcriptional regulations in plant-environment interactions. 
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nonsense-mediated decay 

Background 

Due to their sessile lifestyle, plants evolved various mechanisms in response 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 [1, 2]. Both biotic and abiotic 

stresses such as herbivores [3], pathogens [4], cold [5] and salt [6] can all induce global AS 

changes in plants. The environmental induced AS changes in turn can affect phenotypic traits of 

plants and may contribute to the adaptation to different stresses [1, 2]. For example, low 

temperature-induced AS changes of flowering regulator genes affect the flowering time and 

floral development in A. thaliana [7, 8]. The strong association between AS and environmental 

stimulus predicts that AS might have been involved in adaptation process in plants, thus evolved 

rapidly. 

 The function of AS can be divided into two major categories: (i) to expand proteome 

diversity when different transcript isoforms are translated into different proteins (with different 

subcellular localization, stability, enzyme activity and etc.) [9-11]; (ii) to regulate gene 

expression by generating pre-mature termination condone (PTC) containing transcripts that are 

recognized by nonsense-mediated decay (NMD) and results in transcripts degradation [12-14]. 

Although it was initially thought to be transcriptional noise, several examples of AS events 

coupled with PTC were found highly conserved in animals [15, 16] and plants [17-19], 

indicating that AS coupled with NMD might play an important role at post-transcriptional level. 
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However, it is unclear, to which extent, AS-coupled NMD are more conserved than AS that 

generate non-PTC containing transcript.  

 Comparing to vertebrate, the evolution of AS in plants remains largely unclear. Studies 

that compared organ transcriptomes from different vertebrate species spanning ~350 million 

years of evolution showed that the AS complexity differs dramatically between vertebrate 

lineages, and AS evolved much faster than gene expression [20, 21]. For example, within 6 

million years, the splicing profiles of an organ are more similar to other organs of same species 

than the same organ in other species [20, 21]. In plants, largely due to lack of comprehensive 

transcriptomic data, such comparative analysis remains lacking. However, several indications 

suggest the pattern of AS evolution in plants and vertebrate might be similar. For examples, only 

16.4% of AS between maize and rice, and 5.4% between Brassica and Arabidopsis are 

conserved, respectively [22, 23]. A more recent study further showed that only 2.8% of genes 

showed conserve AS between two species of mungbeans, Vigna radiate and Vigna angularis 

[24]. Furthermore, even between different ecotypes of the same plants, there are dramatic 

changes of AS [25]. However, such low conservations of AS found between 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 [26]. It remains 

unclear whether the observed low conservations of AS were due to rapid expression changes 

between species. Furthermore, detections of AS are highly dependent on sequencing depth and 

tissue types that used for generating the transcriptomes [3, 27, 28]. Therefore, systematically 

controlling different confounding effects are necessary to draw conclusive pictures on the 

evolutionary pattern of AS in plants. 



Manuscripts 

 

157 
 

 Assembly of the spliceosome to remove introns and ligate exons is directed by sequence 

features of the pre-mRNA, however, in comparison to animals, the recognition processes of 

exonic and intronic regions in plants are poorly understood. In metazoans, it is known that four 

crucial signals are required for accurate splicing: (i) 5’ splice sites (SS), which contains a GU 

dinucleotide at the intron start surrounded by a longer consensus sequences with less 

conservation, (ii) 3’ SS, which includes an AG at the extreme 3’ end surrounded by similar 

sequences of 5’ SS, (iii) a polypyrimidine tract (PPT) and (iv) a branch site (BS) sequence that 

located ~17-40 nt upstream of the 3’ SS [29, 30]. In plants, similar sequence features with small 

difference at specific positions were found in plants, except BS [10]. Besides, a UA-rich tract in 

introns was also found to be important for efficient splicing in plants [31-33]. In animals, the 

regulation of splicing also depends largely on cis signals and trans-acting splicing factors (SFs) 

that can recognize the signals [20, 21]. Among different SFs, serine/arginine-rich (SR) proteins 

are an important SFs family that has been showed to be involved in AS regulation [10, 34-37]. In 

addition, many splicing regulatory elements (SREs) and RNA binding proteins (RBPs) have 

been identified in animals using different strategies, and the interactions between these SREs in 

the pre-mRNA and RBPs were found either promote or suppress the use of a splice sites [38-40]. 

Plants have much higher number of SR proteins, the number of which is almost double of the 

number in non-photosynthetic organisms, although the number varies among different plant 

species [18, 41, 42]. Using computational approaches, more than 200 RBPs and 80 SREs in 

plants have been identified [43]. However the function of which only a few have been confirmed 

by experiments [44-47]. 

 In mammals, it was suggested that the emergence of AS is originated from constitutive 

splicing through the fixation of SREs and the creation of alternative competing SS [48, 49]. It 
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was also observed that features between alternative spliced exons/introns and constitutive spliced 

exons/introns are different and these features can be used to accurately predict specific AS type 

[48, 50]. Furthermore, other factors including secondary and tertiary RNA structures, chromatin 

remodeling, insertion of transposable elements (TEs) and gene duplication (GD) are also known 

that may play roles in regulating AS [51-58]. However, to which extend, changes of these factors 

contributed to the evolutionary landscape of AS in vertebrates remains largely unclear. Recently, 

a study using millions of synthetic mini-genes with degenerated subsequences demonstrated that 

the likelihood of AS decreases exponentially with the increased distance between the constitutive 

and newly introduced alternative splicing sites (SS) [59], suggesting sequence changes between 

constitutive and alternative SS might contribute to the rapid changes of AS between species. In 

plants, however, the detailed mechanisms that affect the AS remain largely unclear [60]. 

Although it has been proposed that chromatin landscape changes such as DNA methylation, 

histone marks, RNA structural features, and SREs are important for regulating AS in plants, 

experimental evidences remain lacking [60]. A recent study shows that DNA methylation could 

affect AS in rice [61], indicating changes of DNA methylation might contribute to the variations 

of AS between species. However, this hypothesis has not been thoroughly tested. 

 Because AS regulation is a complex process and many factors are involved, 

computational models are useful tool for identifying key factors and predicting the outcome of 

splicing. While the Bayesian neural network (BNN) method was developed for decoding the 

splicing code in mammals [20], deep learning (DL) approach, which refers to methods that map 

data through multiple levels of abstraction, have been recently shown to surpasses the BNN 

method [62, 63]. Recently, deep learning methods have been proved to show very promising 
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power to deal with large, heterogeneous and high-dimensional datasets including predicting 

DNA and RNA-binding proteins [64] and AS [62, 63]. 

 In this study, we performed comparative analyses on the transcriptomes of both closely 

and distantly related plant species to study the evolution of AS in plants. To further understand 

the mechanisms underlying the AS evolution in plants, we applied deep learning approach 

investigated the determinants of AS and their effects on the AS evolution. Specifically, we aimed 

to address following questions: 1) what are the evolutionary pattern of AS in plants? 2) Are AS 

events coupled with NMD more conserved than the regular AS? 3) Which factors are important 

for the determination of AS in plants; 4) what factors contributed to the rapid turnover of AS in 

plants? 

 

Results 

Genome-wide AS patterns are species-specific in plants 

To provide an overview of AS evolution among different plant families, we studied the 

genome-wide AS pattern of Arabidopsis thaliana, soybean (Glycine max), tomato (Solanum 

lycopersicum) and wild tobacco (Nicotiana attenuata), which have comparable transcriptomic 

data available from same tissues (roots, leaves and flowers) and represent a wide range of 

eudicots. The overall distributions of different AS types within each species are consistent with 

previous studies. In all species, intron retention (IR) and alternative 3’ acceptor site (AltA) 

occupies the two largest portions (Figure S1) [3, 65-67].  

 To investigate the evolution pattern of AS, we compared AS profiles across selected 

tissues and species. Because sequencing depth is known to affect the detection of AS, to avoid 

the heterogeneity of sequencing depths, we randomly subsampled 16 million (the lowest depth 
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among all samples) unique mapped reads from each sample. All down-stream analyses were 

based on these equal sequencing depth dataset. Clustering analyses using percent spliced index 

(PSI), which measure the qualitative differences of AS among samples, showed that different 

tissues of the same species are more similar to each other than the same tissue from different 

species (Figure 1A), suggesting AS evolves rapidly in plants. Using qualitative measures of AS 

by considering the presence and absent of AS (binary) for all one-to-one orthologues genes, 

same species-specific clustering pattern was found (Figure 1B). Furthermore, consistent patterns 

were also found when each type of AS was analyzed separately (Figure S2).  

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

analyzed a recently published transcriptome dataset from three Brassicaceae species (A. thaliana, 

Arabidopsis lyrata and Capsella rubella), each of which have comparable transcriptome data of 

two tissues (root and shoot) and two treatments (control and cold treated) [68]. Using both 

quantitative (PSI) and qualitative measures (binary) of AS, a similar species-specific clustering 

pattern was observed (Figure 1C and D). Interestingly, within same species and same tissue, 

samples treated with cold stress are clustered together at levels of PSI, consistent with previous 

studies that stresses can induce genome-wide AS responses [3, 6, 69]. 

 

Genome-wide AS regulations diverge faster than gene expression among closely related 

species. 

 Species-specific clustering patterns were also reported at gene expression (GE) level 

among A. thaliana, rice and maize [26]. To examine whether species-specific AS clustering is 

resulted from gene expression divergences, we compared the divergence patterns of AS and GE 

among transcriptomes of different species. Comparison among species from different plant 
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families showed that both GE and AS are species-specific clustered (Figure 1A and B, S3A and 

B). However, when comparing species from the same plant family, such as tomato and N. 

attenuata (Solanaceae), while AS remained species-specific pattern (Figure 1A and B), GE 

showed tissues-clustering pattern (Figure S3A and B). This suggests that the expression profiles 

among same tissue from different species are more similar to each other than different tissues 

from the same species. This pattern is also supported by the expression profiles of tissue samples 

from the three Brassicaceae species, in which the expression profiles of shoots and roots from 

different species were clearly separated (Figure S3C and D). These results indicate that AS 

evolved faster than GE in plants, the pattern of which is similar to animals [20, 21]. 

 

Rapid gain and loss of AS among different plants 

 Species-specific clustering of AS pattern suggests low conservation of AS among species.  

Overall, among 3857 one-to-one orthologues in the four eudicots that have AS in at least one 

species, only ~7% of them have AS in all four species, while ~41% of them have species-

specific AS. We further investigated the conservation of AS in these genes at exon-exon junction 

(EEJ) level by performing comparisons between all pair-wise combinations of species. For 

example, between N. attenuata and tomato, 64% (708 out of 1109) of EJJs with AS in N. 

attenuata were found not alternatively spliced in tomato, and 77% (1359 out of 1760) of EEJs 

with AS in tomato were not alternatively spliced in N. attenuata. The rapid change of AS could 

be results of rapid loss or gain of EEJ between species. To exam the conservation of EEJs, we 

compared the EEJ structures among pair-wise orthologues genes. In total, 60% of EEJs are 

conserved in at least two species (while only ~12% for AS), and analysis based on AS events 

from the most conserved EEJs (found in all four species) showed that 92% of them are specie-
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specific (Figure S4A). Similar pattern was found based on the analysis of EEJs that are 

conserved in at least two species, in which only 10 AS events (0.25%, out of 4,015) were found 

conserved among all four species (Figure S4B). We also performed the same analysis within the 

three Brassicaceae species and found 69% of total EEJs are conserved in at least two species 

(while only 27% for AS). 72% of AS events take place in the most conserved EEJs (found in all 

three species) are specie-specific (Figure S5A). Furthermore, only ~8% of AS events (1,476 out 

of 19,170) are conserved among all three species (Figure S5B). The consistent results between 

divergent species and closely related species suggest that rapid changes of AS took place in each 

plant species.  

To investigate the transition spectrum of AS between each two species pairs, we 

calculated the transitions among different types of AS. Among the four eudicots, while the 

transitions among different AS types are rare, gain/loss of AS was found to be the most abundant 

transition type from all comparisons (Figure 2A-F). Among different AS types, AltA and ES are 

the most and least conserved AS, respectively. When comparing AS transitions among three 

closely related species in Brassicaceae, similar patterns are observed (Figure S6A-C). These 

results suggest that the species-specific AS pattern is not largely due to the rapid changes of EEJs 

among species, but rapid species-specific gain and loss of AS. 

 

The group of AS that generate PTC-containing alternative transcripts are more conserved 

than others 

 Previous studies suggest that many pre-mRNAs undergo unproductive AS, which 

generate transcripts with in-frame PTCs that coupled to nonsense mediated decay (NMD) in 

plant [12, 70]. To investigate whether unproductive AS can affect the AS conservation and 
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contribute to the rapid loss/gain of AS among different plant species, we separate the AS into 

two groups: (1) PTC+ AS and (2) PTC- AS (details see Materials and Methods). Overall, the 

portion of PTC+ AS range from 9% - 15% among the four eudicots (Figure S7), suggesting that 

only a small portion of AS generate PTC containing transcripts. Comparing the levels of 

conservation between tomato and N. attenuata, we found the PTC+ AS is significantly more 

conserved than PTC- AS (P < 0.02, Figure 3A). Furthermore, among nine PTC+ AS of N. 

attenuata which are both conserved and have PTC information in tomato, eight of them (89%) 

also generate PTC+ transcripts in tomato.  

To provide further understanding on PTC+ AS conservation and functional regulations, 

we extended our analysis by adding the transcriptome data of a very ancient plant species, the 

spreading earth moss (Physcomitrella patens). We focused on the 10 most highly conserved AS 

events found in all four eudicot plants (Figure S4B) and check whether they can also been found 

in moss. In total, we found six AS events that also present in moss, indicating these AS events 

might have evolved since land plants and played essential functions in plants. Interestingly, two 

of these ultra-conserved AS events were from serine/arginine-rich (SR) genes (RS2Z33-like and 

RS40-like), which are part of RNA splicing machinery and the identified AS in RS2Z33-like 

gene was also found in rice [18]. Analyzing the protein coding potential of the transcripts 

generated by these six conserved AS events showed that five of them resulted in PTC+ 

transcripts. For example, the AS of RS2Z33-like and RS40-like genes result in PTC+ alternative 

transcripts in all five species and likely to be the targets of NMD (Figure 3B). To further 

investigate whether these PTC+ transcripts are regulated by NMD, we analyzed the available 

transcriptome data from A. thaliana wide type (WT) and NMD-deficient (lba1 and upf3-1 double 

mutant) plants [70]. Among all five PTC+ transcripts in A. thaliana, three showed significantly 
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higher expression in NMD-deficient plants (P < 7e-06, as shown in [70]) including RS2Z33-like 

and RS40-like genes (Figure 3B). These results suggest that the mechanism that AS coupled with 

NMD are more conserved than regular AS and some of them might have evolved long time ago.  

 

Mechanisms involved in determining AS are overall conserved among different plant 

species 

 To further understand mechanisms that contributed to the rapid turnover of AS among 

species, it is necessary to identify the determinate features of AS in plants, which was largely 

unknown [60]. Because splicing is often mediated by SS, we were interested whether the SS 

were different between constitutively and alternatively spliced junctions. Comparisons on the SS 

and their 12 bp surrounding sequences between constitutively and alternatively spliced junctions 

showed that their SS are overall very similar (Figure S8). Furthermore, we separately identified 

sequence motifs (12-mer) that enriched in 5’ and 3’ splice sites (SS) compared to random 

sequence and found these identified motifs are also highly conserved among studied species 

(Figure S9). These results indicating changes in SS did not play a key role for the rapid turnover 

of AS among species. 

In addition to SS, it has been showed that distance between regular and the nearest 

alternative SS, splicing junction size and SS strength are also important for the regulation of 

different AS types [50, 59, 71]. For different AS types, we compared these features from both 

constitutively and alternatively spliced junctions. Because exon skipping (ES) events are rare in 

all species, we only studied the three main AS types (AltD, AltA and IR). The results showed 

that for a given junction, while the likelihood of both AltD and AltA decreases with distance 

between regular and alternative SS as well as the distance between regular SS and the nearest 
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internal GT/AG, the likelihood increases with junction size (Figure 4A and B). Interestingly, 

although the likelihood of IR in smaller junctions appears bigger than large junctions, no 

significantly correlation with junction size was found (Figure S10A). Both 5’ and 3’ SS of 

junction with IR are significantly weaker than constitutive junction (Figure S10B).  

Furthermore, the presence/absence of UA-rich tract, polypyrimidine (PPT) tract, branch 

site (BS) are also known to be associated with 3’ splicing recognition in eukaryotes [30, 32]. We 

compared the frequency of AltA and IR between junctions of AS gene with and without the 

presence of UA, PPT tract and BS within 100 bp upstream of 3’ SS. We found the frequencies of 

both AltA and IR are significantly higher in junctions without UA and PPT than junctions with 

them, while the presence of BS has no significant effect (Figure S11).  

It has been hypothesized that cis-regulatory elements, including enhancers and silencers 

near SS are also important for the regulations of splicing. To identify these candidate regulatory 

elements, we performed de novel hexmer motif enrichment analysis by comparing 50 bp 

sequences from 5’ and 3’ sides of both donor and acceptor sites between alternatively spliced 

and constitutively spliced junctions. The results showed that most of the putative enhancer motifs 

for AS junctions are highly similar to the identified SS. In addition, we also identified several 

putative silencer motifs (range from 5-10 for AltD and 10-18 for AltA in the five species), which 

are significantly more enriched in constitutively spliced junctions than AS junctions (Figure S12 

A and B). 

To evaluate whether these identified features represent the AS determinants, we used a 

machine learning approach and modeled the different types of AS in each of the studied species. 

The rational for this approach is that if the features we analyzed represent the AS determinants, 

using these information, we will be able to predict whether a splicing junction is constitutively or 
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alternatively spliced. For this, we further extracted information on whether alternative SS would 

introduce a frame-shift, which would likely result in premature terminate code (PTC), the 

number of reads that support the junction, which represent levels of expression that is known to 

be associated with AS, as well as presence and absence of the identified cis-motifs. Overall, our 

models achieved high precision and specificity for both AltD and AltA in all five species (Figure 

4C and D, S13A and B), suggesting the features we analyzed can provide sufficient information 

to discriminate AS junctions from constitutively spliced junctions. However, for IR, the 

extracted features did not result in a good prediction model (the average AUC is 0.54), indicating 

that additional undetected factors may have contributed to the determination of IR.  

The modeling approach further allows us to compare the relative contributions of each 

feature to the prediction model. The results showed that for AltD, the nearest alternative 5’SS, 

junction size and the nearest inter-GT are the top three important features for the prediction 

among all. In addition, the frame shifts introduced by the nearest alternative 5’ SS and nearest 

GT are also important factors (Table S1). For AltA, the distance to the nearest inter-AG is the 

top important features for the prediction among all five species. Interestingly, all of the identified 

putative silencers only had marginal role for the predictions of both AltD and AltA (Table S1). 

Together, these results showed that the mechanisms regulating AS are overall conserved among 

studied species. 

 

Changes of AS determinants contributed to the rapid turnover of AS in plants 

 The highly conserved AS regulation mechanisms among studied species provides a 

foundation for investigating the mechanisms that contributed to rapid turnover of AS among 

closely related plant species. Because we didn’t find determinants for IR, we only focus on the 
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evolution of AltA and AltD. We first calculated the divergence of the nearest alternative 5’/3’ SS 

and inter-GT/AG between closely related species (N. attenuata versus tomato; A. thaliana versus 

A. lyrata and A. lyarata versus C. rubella). For both AltD and AltA, the levels of conservation 

decreases with the changes of the distance between constitutive SS and alternative SS in all three 

pairs of comparisons (Figure 5A and B). In addition, the changes of reading frame introduced by 

the alternative SS also significantly decreased the conservations of both AltA and AltD (Figure 

5C and D). Same pattern was also found for the distance between constitutive SS and nearest 

inter-GT/AG (Figure 5E-H). 

 Then we investigated effects of cis regulatory elements (CREs) changes: UA-track, PPT 

and BS (Figure S11 and Table S1). Consistent with the functional roles of these CREs in 

regulating AltA, while changes of UA, PPT and BS did not affect the conservation of AltD 

between species (Figure S14A), they significantly reduced the conservation for AltA (Figure 

S14B). 

To further systematically analyze different factors that might affect the conservation of 

AS, we further constructed the AS evolution model using deep learning method. In addition to 

the important AS determinants we identified in this study, in the model, we also included several 

other features that were previously hypothesized to be important for AS conservation between 

species, such as differences at copy numbers (role of gene duplications), differences at 

transposable element (TE) insertion within the junction, GC-content and sequence similarity of 

SS. For AltD, all three between species models achieved significant better prediction than by 

chance (highest P-value = 3e-44), with average precision of 0.63 and specificity of 0.82. In all 

three models, the top three informative features for the predictions are: distance changes to 

nearest alternative 5’ SS and the nearest inter-GT (Figure S15A and Table S2). For AltA, all 
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three models also achieved even higher precision and specificity (average 0.70 and 0.85, 

respectively), and the prediction is significantly higher than by chance (highest P-value = 3e-

145). In all three models, changes of the nearest inter-AG and alternative 3’ SS and the 

divergence of CREs represent the top three features that contributed to the model predictions 

(Figure S15B and Table S2).  

 Interestingly, we found TE insertion is also an important factor that reduced the 

conservation of both AltD and AltA between N. attenuata and tomato but not between any of 

two Brassicaceae species (Figure S16A and B). This likely due to the difference of TE 

abundance between N. attenuata (~63%) and tomato (~81%) is much higher than the difference 

between A. thaliana (~23%) and A. lyrata (28%) [72, 73]. Furthermore, we also included the 

analyzed the impact of DNA methylation changes between A. thaliana and A. lyrata using data 

from [68]. No significant effect was found (Figure S15).  

 

Discussion 

 In this study, we showed that the divergence of AS profiles is faster than gene expression 

and rapid gain and loss of AS resulted in lineages specific AS profile in plants. Although AS 

events that introduced premature termination code (PTC), represent only a small proportion of 

total AS, they are more conserved than AS without introducing PTC (Figure 3). Several AS 

coupled with PTC events were found ultra-conserved among highly divergent plants. Using a 

computational modelling approach, we identified several key determinants of both alternative 

donor (AltD) and alternative acceptor (AltA) splicing in five different plant species and found 

changes of these key determinants significantly contributed to the rapid gain and loss of AS 

between closely related species. 
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 In this analysis, we have observed a dominant species-specific pattern of AS in both 

diverged and closely related species, suggesting that AS in plants diverges rapidly (Figure 1). 

Such rapid evolution of AS in plants is similar to the pattern found among vertebrate species that 

spanning ~350 million years of evolution [20, 21], in which AS is largely segregated by species, 

while GE is segregated by tissue types [20, 21]. This indicate that the rapid evolution of AS 

might be universal in among eukaryotes. Interesting, in plants, the evolution of GE appears to be 

faster than in vertebrate, as the tissue dominant clustering of GE was only observed among 

closely related species, but not among species from different families (Figure S3). This pattern is 

consistent with a previous study which showed the overall GE of the three highly divergent 

species, including both monocots and dicots (diverge ~200 million years ago), are grouped 

according to species rather than organs [74]. In vertebrates, some tissues, such as brain, testis 

heart and muscle still demonstrates a strong tissue splicing signature, despite the dominant 

species-specific splicing background [20, 21]. Although all three tissues (root, leaves and flowers) 

used in our study did not show such tissue-specific splicing signature, some other plant tissues 

might. For example, the transcriptomes of sexual tissues have been shown to be substantially 

different from those of vegetative tissues, and the anthers harbor the most diverged specialized 

metabolome [74, 75]. Future studies that include transcriptome data of much more fine scaled 

tissue samples will provide new insights on this aspect. 

 We found that the AS resulted in transcripts with PTC that likely coupled with nonsense-

mediated decay (NMD) for degradation, is more conserved than the other AS in plants (Figure 

3A). Consistently, among six ultra-conserved AS events across different species including an 

ancient plant species (spreading earth moss), five produce PTC+ AS transcripts, indicating that 

PTC+ AS might be more important than it was previously thought. Previous studies also showed 
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that all human serine/arginine rich (SR) genes and some SR genes in plants produce PTC+ AS 

transcripts [17, 76, 77]. Furthermore, the junction regions that result in PTC+ AS transcripts in 

numerous splicing factors (SFs) are ultra-conserved between different kingdoms and the loss of 

the ancient PTC+ AS transcripts in paralogs though gene duplications would be quickly and 

repeatedly replaced by new raised distinct unproductive splicing [78]. Together, these results 

suggest that the unproductive splicing coupled with NMD can be viewed as a functional process 

that controls the abundance of active protein at a post-transcriptional level. 

 The distance between the 5’/3’ nearest alternative splice sites (SS) and the authentic SS is 

the main determinant to distinguish AltD/AltA from constitutive splicing (Figure 4 and Table 

S1), respectively, among all five plant species. For a given spliced junction, the likelihood of AS 

decreases with the distance between the authentic and nearest alternative SS. Interestingly, 

similar pattern was also found in mammals, in which, the closer alternative SS to authentic SS 

were more likely used for AS [40, 59] than the more distant alternative SS, and the alternative SS 

within 6 nt to authentic SS was used in highest frequency [79]. The similar pattern found in both 

plants and mammals indicating that the mechanisms of generating AS, at least for AltD and AltA, 

are similar between these two kingdoms. 

While the deep learning model for AltA achieved high precision and specificity among 

five species (AUC > 0.9), the models for AltD, although are better than by chance, performed 

less well than AltA (AUC < 0.8, Figure 4C and D, S13). This indicates that additional 

determinants that contribute to the regulations of AltD were not detected using our method. It is 

known that the mechanisms involved in AltD are more complex than AltA. For example, in both 

human and mouse, while both the presence and quantity of exon splicing enhancer (ESE) and 

exon splicing silencer (ESS) are known to be important for generating AltD [48], AltA is mainly 
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affected by the presence of the branch site (BS) and polypyrimidine tract (PPT) between 

authentic and alternative SS [80, 81]. In our attempts to identify ESE and ESS, although a few 

candidate sequence motifs that may act as putative splicing regulators were identified, none of 

them significantly contributed to the model prediction. Two non-exclusive possibilities may 

explain this. First, these motifs are not involved in splicing regulation process, although their 

density was significantly different between constitutively and alternatively spliced junctions. 

Second, they might be involved in tissue-specific regulations of AS, which is likely not 

contribute to the overall AltD prediction based on all three tissues. Future studies using different 

approaches, such as investigate the alteration of AS by introducing millions of random hexamers 

into specific regions of a gene junction in plant then measure the consequences of splicing, may 

allow us to detect more reliable splicing regulators of AltD in plants. 

 Although we found both junction size and SS for IR junctions are different from 

constitutively spliced junctions (Figure S10), the identified features could not resulted in an 

improved AS prediction from by chance, indicating some other key determinants for IR remain 

missing in the model. As the expression level of IR is usually low, the detection of which 

requires high sequencing depth (Figure S16). It is likely that the sequencing depth of the 

transcriptome data used in our study is not sufficient to detect all of the IR junctions, therefore, 

many IR junctions were not considered as IR in our dataset, which resulted in reduced prediction 

precision and power. 

For both AltA and AltD, their rapid evolutions between closely related species are mainly 

due to the variations of the key sequence determinants near the SS (Figure 5, S14 and S15) and 

all of the key sequence determinants such as distance to alternative SS and cis-elements (BS, 

PPT, UA-rich tract for AltA) are all located within intronic region. Because intron sequences 
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diverge rapidly [82, 83], the process of which likely contributed to the rapid gain and loss of AS 

among different lineages and resulted in species-specific AS profile in plants. For example, a 

decreased distance between alternative SS and authentic SS can be resulted from a short deletion 

of intron sequence, which could results a gain of AS at the junction, and the consequence is 

likely to be shared among different tissues. Consistently, in vertebrates, the mutations that affect 

intronic splicing regulatory elements (SREs) were shown to be the main factor that resulted in 

the dominant species-specific splicing pattern [21]. However, our data do not exclude the 

possibility that the species-specific trans-factors, such as SR protein family, which have distinct 

numbers of homologues among species (Figure S17) [3, 18, 41], may have also contributed to 

the divergence of AS among different species [20, 84]. 

We also investigated some other factors, such as gene duplication (GD), DNA 

methylation and transposable element (TE) insertion, which were hypothesized to affect AS 

evolution [56, 57, 85]. However, except TE insertions, the effects of which were found to be 

species-specific, most factors did not show significantly effects on the levels of AS conservation 

between closely related species (Figure S15 and Table S2). The species-specific effects of TE on 

the AS conservation are largely due to different abundance of TE insertions in the genomes of 

different species [72, 73, 86, 87], suggesting genomic composition of each species might also 

affect the evolutionary alteration of AS. 

  

Conclusions 

 We found AS profiles diverged rapidly in plant, which is largely due to rapid gain and 

loss of AS in each lineage, while a group of AS that generate PTC containing transcripts are 

ultra-conserved among highly distant plants. In addition, the alteration of a few key sequence 
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determinants of AltA and AltD, which are all located in the intron region, contributed to the fast 

divergence of AS between closely related plant species. These results provide new mechanistic 

insights on evolution of AS in plants and further shed lights on the role of post-transcriptional 

regulations in plant-environment interactions. 

 

Materials and Methods 

Read mapping, transcripts assembly and abundance estimation 

The raw sequence reads were trimmed using AdapterRemoval (v1.1) [88] with 

parameters “--collapse --trimns --trimqualities 2 --minlength 36”. The trimmed reads from each 

species were then aligned to the respective reference genome using Tophat2 (v2.0.6) [89], with 

maximum and minimum intron size set to 50,000 and 41 bp, respectively. The numbers of 

uniquely mapped reads and splice junctions (SJs) mapped reads were then counted using 

SAMtools (v0.1.19) [90] by searching “50” in the MAPQ string and “*N*” flag in the CIGAR 

string of the resulting BAM files. The uniquely mapped reads from each sample were sub-

sampled into same sequencing-depth (16 millions) using SAMtools (v0.1.19) [90]. The mapping 

information and IDs of all download datasets deposited in Sequence Read Archive (SRA) 

(http://www.ncbi.nlm.nih.gov/sra) were listed in Table S3. 

The transcripts of each species were assembled using Cufflinks (v2.2.0) [91] with the 

genome annotation as the reference. The open reading frame (ORF) of each transcript was 

analyzed using TransDecoder from TRINITY (v2.1.0) [92]. To estimate the expression level of 

genes/transcripts, all trimmed reads were re-mapped to the assembled transcripts using RSEM 

(v1.2.8) [93]. Transcripts per million (TPM) was calculated for each gene/transcript [94]. Only 

genes with TPM greater than five in at least one sample were considered as expressed gene. 
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AS detection  

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

by Tophat2. To remove the false positive junctions that were likely due to non-specific or 

erroneous alignments, all original junctions were filtered based on overhang size greater than 13 

bp, which was suggested in [3]. All filtered junctions were then used for AS identification and 

annotation using JUNCBASE v0.6 [95]. Due to the relatively low sequence depth of each 

individual sample of Brassicaceae RNA-seq data [68] (Table S4), we merged the BAM files of 

each three replicates together and random subsampled 17 million (the lowest depth among all 

merged samples) unique mapped reads from each merged to avoid the heterogeneity of 

sequencing depth. 

 The percent spliced index (PSI) of each AS event, which represents the relative ratio of 

two different isoforms generated by the AS was calculated in each sample. PSI = (number of 

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

exclusion isoform) as suggested in [96].To avoid false-positive, PSI was calculated only for AS 

events that had a total read count equal or greater than ten.  

 

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

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

downstream exon of each junction that have mapped read to support, and combine each side of 

exon sequence (in total 200 bp sequence) to represent the EEJ. The sequences of all EEJs from 

two species were search against with each other using TBLASTX (v.2.2.25) [97] to find 

homologues relationship (Figure S18). A python script was used to filter the TBLASTX results 
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based on the following requirements: (1) The gene pair contain the EEJs must be the orthologous 

gene pair between the two species; (2) the EEJ sequences between two species must be the best 

reciprocal blast hits based on the bit score; (3) the alignment position should start before 91 bp 

end and after 109 bp to ensure at least 3 amino acid (aa) from both the flanking upstream exon 

and downstream exon sequence, (4) alignment coverage >= 60 bp, (5) E-value <1E-3. 

 We only consider an AS event to be conserved if the same type of AS found on the 

conserved EEJs between two plant species. 

 

Identification of AS that generate premature termination codons (PTC) 

  The junctions related to each AS event were mapped back to assembled transcripts, only 

AS which related junctions mapped to two unique transcripts (have no structure difference 

except the AS region) were kept to avoid the situation that the sequence differences of the two 

transcripts were caused by multiple AS events. Transcript was considered to have PTC if the stop 

codon of the longest ORF is at least 50 nucleotides upstream of an exon-exon boundary (the 50 

nucleotides rule) [98]. The PTC generating AS events are defined as only one of the resulting 

transcripts contain PTC. 

 

One-to-one orthologous identification and gene family size estimation 

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

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

between all protein coding genes using BLASTP for the selected species and filtered the results 

based on E-value less than 1E-6. Second, we selected the groups of genes that represent the best 

reciprocal hits that are shared among all species from the corresponding dataset. 
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 For calculating the gene family size, we first defined gene families among different 

species by using a similarity-based approach. To do so, we used all genes that were predicted 

from the respective genomes of each species. In brief, all-vs-all BLASTP was used to compare 

the sequence similarity of all protein coding genes, and the results were filtered based on the 

following criteria: E-value less than 1E-20; match length greater than 60 amino acids; sequence 

coverage greater than 60% and identity greater than 50%. All BLASTP results that remained 

after filtering were clustered into gene families using the Markov cluster algorithm (mcl) [99]. 

The gene family size for a species is represented by the count of genes of this species within the 

corresponding gene family. 

 

Correlation and clustering 

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

applied to PSI (0.05 < PSI <0.95 in at least one sample) and binary data (gene that has no AS in 

all four species are excluded), respectively.  A non-parametric correlation was selected for PSI 

level because of its bimodal nature distribution (0 and 100). For the pairwise comparison of gene 

expression (GE), Pearson correlation was applied to log2 (TPM+1) of expressed genes to avoid 

infinite values. 

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

replications. When we clustered and performed Principal-component analysis (PCA) of gene 

expression (GE), the TPM values were normalized by GC% (EDASeq package in R) and TMM 

(the trimmed mean of M-values).  

 

Identification of possible alternative splice sites (SS) and regulatory sequences 
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The 5’ and 3’ splice site including 5 bp up and down-stream sequences of all EEJs were 

used as positive dataset, while the sequences extracted using the same method for all inter-GT 

(for 5’ splice site) and inter-AG (for 3’ splice site) within junction regions were used as 

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

identified using Homer V3.12 [100] and only motifs present in at least 5% of total positive 

sequences and P-value<1E-20 were kept. The appearance of putative SS was identified using 

scanMotifGenomeWide, a perl script included in the Homer toolkits and only sequence regions 

with match score >2 were kept. 

Homer was also used to identify the putative regulatory intronic and exonic sequence 

motifs (6-mer) of AltD, AltA and IR. The 50 bp up and down-stream sequence of 5’ SS was 

regarded as exonic and intronic sequence and vice versa for 3’ SS. For AltD and AltA, the 

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

of EEJs without AS by random selection (due to the large number of sequences) were used as 

background dataset. The enriched motifs in the positive dataset were regarded as splicing 

enhancers, while the enriched motifs in the negative dataset were considered as splicing silencer. 

For IR, the related sequences from both splice sites of EEJs with IR were used as positive dataset 

and the same sequences from EEJs without IR were used as background dataset. The conserved 

motifs between species were identified using compareMotifs, a perl script included in the Homer 

toolkits and only one mismatch was allowed. To identify polypyrimidine (PPT), UA-rich tracts 

and branch site (BS) of each EEJ, we used perl scripts from [101, 102]. To estimate the effect of 

each putative sequence motif, PPT and UA-tracts, we calculated the AS frequency of EEJs 

containing or not containing the motif/tract [59]. Then for each motif/tract, the log2 odds ratio 

(effect size) with and without the motif/tract were calculated to quantify to what extent the 
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presence of the motif/tract increases or decreases the AS frequency compare to its absence: 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑆𝑖𝑧𝑒 = log2
𝑝(𝐴𝑆|𝑚𝑜𝑡𝑖𝑓)/(1 − 𝑝(𝐴𝑆|𝑚𝑜𝑡𝑖𝑓))

𝑝(𝐴𝑆|−𝑚𝑜𝑡𝑖𝑓)/(1 − 𝑝(𝐴𝑆|−𝑚𝑜𝑡𝑖𝑓))
 

 

Decipher the splicing codes and AS conservation using deep learning algorithm  

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

multi-layer feed-forward artificial neural networks using H2O’s deep learning algorithm (‘h2o’ 

package) in R 3.0.2 (R Development Core Team 2013). For each AS type, a matrix was created 

based on the information of all EEJs that contain the AS and other EEJs within the same gene. 

The AS status (either AS or constitutive) was considered as output and the features that were 

known to be associated with splicing recognition and regulation in eukaryotes [32, 59, 71] (listed 

in Table S1) were used as input for training the model. To reduce the background noise, we 

removed the EEJs which supported by less than five reads on average. In addition, because the 

number of constitutively spliced EEJs in all cases is much larger than alternative spliced EEJs, 

we randomly selected the same number of constitutive spliced EEJs as alternative spliced EEJs 

and combined them together with all alternative spliced EEJs as the full dataset (50% precision 

by chance). To train and test the deep neural networks (DNN), the full dataset was randomly split, 

which 60% of data were used for training, 20% used for validation and the other 20% held out 

for testing. We trained for a fixed number (10,000) of epochs or stopped the training once the top 

10 model are within 1% of improvement, and selected the hyper-parameters that give the optimal 

AUC performance on the validation data. The model was then retrained using these selected 

hyper-parameters with the full dataset. 

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

type, a matrix was created based on the information of all orthologous EEJ pairs between two 
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species that contain the AS in at least one species. To reduce the background noise, any EEJ with 

multiple AS types, low number of support reads (less than five) or orthologous EEJ pair have 

different AS types were removed. The conservation levels (conserved, lost or gained in the other 

species) were used as the output of the model and the difference of features that were known to 

be important to AS and AS conservation [57-59, 103, 104] (listed in Table S2) between two 

species were used as input to train the model. Yass v1.15 [105] was used to align the SS’ 

flanking sequences (combined 50 bp up-stream and down-stream sequences of 5’/3’ splice site, 

100 bp in total) of each orthologous EEJ pair, the similarity was calculated as: (length of 

alignment - number of gaps - number of mismatches) / (total sequence length). To reduce the 

bias from different transition types in the dataset (much higher proportion of loss/gain than 

conserved AS), the data used to train the model was selected as the ratio of 1:1:1 for conserved, 

lost and raised situation (33.3% precision by chance). Due to the rather small sample size of 

conserved AS, the model based on the same original data may be different as the randomly 

selected data of AS lost/raised were different each time. Therefore, the model construction 

process was repeated 10 time and the models that achieved the highest AUC for the complete 

dataset were considered. 

 

Accession Numbers 

The ID of all RNA-seq data that are deposited or downloaded from NCBI short reads 

archive (SRA) database for generating the results in this study are listed in Table S1.  

 

List of abbreviations 
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 AS: alternative splicing; IR: intron retention; AltA: alternative 3’ accepter site; AltD: 

alternative 5’ donor site; ES: exon skipping; PSI: percentage splicing index; SR: serine/arginine-

rich; SJs: splicing junctions; bp: base pairs; ORF: open reading frame; SS: splice sites; GO: gene 

ontology; CDS: coding sequence; PTC: premature termination codons; EEJ: exon-exon junction; 

GD: gene duplication; 

 

Competing interests  

 The authors declare that they have no competing interests. 

 

Authors’ contributions 

Z.L. I.T.B. and S.X. designed the research. Z.L. T.B. and S.X. performed the experiments and 

analyzed the data. Z.L. and S.X. wrote the paper. 

 

Acknowledgments 

We thank Danell Seymour and Daniel Koenig for providing the methylation data, Michal 

Szczesniak for providing the in-house perl scripts. The work was supported for the funding by 

Swiss National Science Foundation (project number: PEBZP3-142886 to SX), the Marie Curie 

Intra-European Fellowship (IEF) (Project Number: 328935 to SX), the Max Planck Society, 

European Research Council advanced grant ClockworkGreen (Project number: 293926 to ITB).  

 

 

 

 



Manuscripts 

 

181 
 

 

Figures 

 

Figure 1. Species-specific clustering of alternative splicing (AS) among different plant 

species. A and C, heatmaps depict species-specific clustering based on PSI values among four 
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eudicots species (A) and three Brassicaceae species (C). The clustering are based on conserved 

splicing junctions (A and C: n = 502 and 5241, respectively). B and D, heatmaps depict species-

specific clustering based on presence and absence of AS of the one-to-one orthologous genes. In 

total, junctions from 3857 (B) and 6262 (D) orthologous were used for the clustering. Numbers 

present in each branch node represent the approximately unbiased bootstrap value calculated 

from 1000 bootstrap replications. The color code above each heatmap 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 refers to log10 

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

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

intron retention. 

 



Manuscripts 

 

184 
 

 

Figure 3. The conservation of alternative splicing between PTC+ and PTC AS. (A) The 

number and relative portions of PTC+/- AS in N. attenuata and tomato. The insert indicated by 

the black arrow depicts the likelihood of PTC+ and PTC- AS that are conserved between N. 

attenuata and Tomato. Asterisks indicate the significance as determined by Fisher's exact test (P 

< 0.05). (B) Conserved AS between moss and eudicots in Serine/arginine-rich splicing factor 

RS2Z33-like and RS40-like gene. The diagrams of the structure of transcripts generated by the 

AS in all five species, the dominant and minor transcripts are represented by t1 and t2, 

respectively. Constitutive exons are represented by blue box, alternative spliced exons are 

represented by red box and introns are represented by black solid lines. The black dotted boxes 

highlight the conserved AS and the start and stop codons are shown as red triangle and stop signs, 

respectively. The diagrams in the bot panel showed the relative read coverage of AtRS2Z33 and 

AtRS40 exons in wild type plant and lba1 upf3-1 double mutants. The black box highlights the 
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coverage of the spliced region which is significantly increased in lba1 upf3-1 double mutants 

(The diagrams are modified based on the data shown in 

http://gbrowse.cbio.mskcc.org/gb/gbrowse/NMD201) 
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Figure 4. The determinants of alternative 5’ donnor site (AltD) and alternative 3’ acceptor 

site (AltA) in plants. (A) and (B), the frequencies of AltD/AltA on junctions with different 

distance between the authentic SS and nearest alternative SS (5’ ss and 3’ ss, respectively), and 

distance between authentic SS and the nearest inter GT/AG and junction size. (C) and (D), the 

area under the curve (AUC) plot of deep learning models using the key determinants of AltD and 
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AltA in N. attenuata and A. thaliana. The model performance including area under the curve 

(AUC), accuracy, specificity and significance are also shown. 
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Figure 5. Features affect the conservation of AltD and AltA between closely related plant 

species. (A) and (B), the portion of conserved AltD/AltA decreases with changes of distance 

between authentic and alternative SS between two species. (C) and (D), the percent of conserved 

AltD/AltA in the group that the nearest alternative 5’/3’ SS in the two species generate the same 
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or different ORF transcripts. (E) and (F), the portion of conserved AltD/AltA decreases with 

changes of distance between authentic SS and nearest inter-GT/AG sites between two species. (G) 

and (H) the percent of conserved AltD/AltA in the group that the nearest inter-GT/AG in the two 

species generate transcripts with same or different 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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Supplemental Figures and Tables 

 

Figure S1. The distribution of different types of alternative splicing (AS) events in (A) A. 

thaliana, (B) G. max, (C) S. lycopersicum, (D) N. attenuata (IR: intron retention; AltA: 

alternative 3’ acceptor site; AltD: alternative 5’ donor site; ES: exon skipping.). 
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Figure S2. Species-specific clustering of alternative splicing (AS) among different plant 

species. Heatmaps depict species-specific clustering based on presence and absence of AS 

among one-to-one orthologous genes in all four species (n = 3857) for (A) alternative 3’ acceptor 

site (AltA), (B) alternative 5’ donor site (AltD), (C) intron retention (IR) and (D) exon skipping 
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(ES). Numbers at each branch node represent the approximately unbiased bootstrap value 

calculated from 1000 bootstrap replications. The color code of the heatmaps represents species, 

tissue, and treatments. 
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Figure S3. Conservation of gene expression (GE) in eudicots. (A) and (B) The PCA analysis 

and the clustering of different samples based on normalized expression values of one-to-one 

orthologous genes present in all four compared eudicots (n = 5745). (C) and (D) The PCA 

analysis and the clustering of different samples based on normalized expression values of one-to-

one orthologous present in all three compared Brassicaceae species (n = 15969). For (B) and (D), 

the complete linkage hierarchical clustering was used with the distance measured by Pearson 

correlations. Numbers at each branch node represent the approximately unbiased bootstrap value 

calculated from 1000 bootstrap replications.
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Figure S4. Comparative profiling of conserved junctions and alternative splicing in 

eudicots. (A) The proportions of exon-exon junctions (EEJs) and AS that are conserved among 

different number of species. The insert panel depicts the conservation of AS events identified on 

the most conserved junctions (shared by all four species). (B) Venn diagram depicts the 

distribution of 4,015 AS events that were conserved in at least two species. 
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Figure S5. Comparative profiling of conserved junction and alternative splicing (within 

one-to-one orthrolougs) in three Brassicaceae species. (A) The proportion of exon-exon 

junctions (EEJs) and AS that are conserved among different number of species. The insert panel 

depicts the conservation of AS events identified on the most conserved junctions (shared by all 

three species). (B) Venn diagram depicts the distribution of 19,170 AS events that were 

conserved in at least two species. 
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Figure S6. The transition spectrum among different types of alternative splicing (AS) 

between species pairs. (A) A. thaliana vs A. lyrata, (B) A. thaliana vs C. rubella, (C) A. lyrata 

vs C. rubella (AltA: alternative 3’ acceptor site; AltD: alternative 5’ donor site; ES: exon 

skipping; IR: intron retention). 
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Figure S7. The propotion of alternative splicing (AS) that generate PTC (PTC+) or not 

(PTC-) in N. attenuata, tomato, A. thaliana and soybean. 
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Figure S8. The probability of DNA bases surrounding splice sites with different AS types 

compared to regular splice sites in five plant species. 
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Figure S9. The complete linkage hierarchical clustering of splice site (SS) motifs among 

different plant species. The distance was measured by Pearson correlation. Number at each 

branch node represents the approximately unbiased bootstrap value calculated from 1000 

bootstrap replications. 
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Figure S10. The determinants of intron retention (IR) in plants. (A), the frequencies of IR 

for junctions with different size and the average size between constitutive junction and junction 

with IR. (B), the average 5’ and 3’ splice site (SS) score between constitutive junction and 

junction with IR. The asterisk indicates a significant difference determined by Student’s t-test (P 

< 0.05) and the error bars depict standard error (SE). 
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Figure S11. The effect of UA-rich, polypyrimidine tract (PPT) and branch site (BS) on 

alternative acceptor (AltA) and intron retention (IR) in plants. The frequencies of AltA and 

IR between junctions with and without the sequence tracts are shown. The asterisks indicate the 

significance as determined by Fisher's exact test (P < 0.05). 
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Figure S12. The effect size of conserved 6-mer motifs and features identified in (A) 

alternative 5’ donnor site (AltD) and (B) alternative 3’ acceptor site (AltA) between species 

pairs in Solanaceae and Brassicaceae. 
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Figure S13. The area under the curve (AUC) of deep learning models using different key 

features of (A) alternative 5’ donor (AltD) and (B) alternative 3’ acceptor (AltA) in tomato, 

A. lyrata and C. rubella. For each model, the model performance including area under the curve 

(AUC), accuracy, specificity and significance are also shown. 
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Figure S14. The differences of the cis-regulatory elements affect the turnover rate of (A) 

AltD and (B) AltA between plant species. The bar-plots display the percentage of conserved 

AS in the group that UA, PPT and BS are different or same between two closely related species 

(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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Figure S15. Factors that affect the rapid turnover of AS between plant species. Factors 

involved in AS turnover between N. attenuata and tomato, A. lyrata and A. thaliana and A. 

lyrata and C. rubella of (A) alternative 5’ donnor site (AltD) and (B) alternative 3’ acceptor site 
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(AltA) are shown. The number upon each arrow indicates the proportion of each factor that 

contribute to the model, the thickness of arrows are used to scale the contribution. Factors with 

no contribution are indicated by grey dotted lines. 
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Figure S16. The composition of AS types detected in leaf and root samples of N. attenuata 

with different sequencing depth. (AltA: 3’ accepter site (AltA); AltD: alternative 5’ donor site; 

IR: intron retention; ES: exon skipping). 
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Figure S17. Phylogenetic tree of SR and SR-like genes in moss and four eudicots. The tree 

was constructed using a maximum likelihood method. Different colors represent different species 

and only bootstrap values greater than 50 are shown above each branch. 
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Figure S18. The diagram showing the process of identifying conserved exon-exon junctions 

(EEJs) between two species. 
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Supplemental Tables 

Table S1: the relative importance of each factor that contribute to the splicing model of 

AltD and AltA (separate excel sheet).   

 

Table S2: the relative importance of each factor that contribute to the AS conervation 

model of AltD and AltA (separate excel sheet).   

 

Table S3. RNA-seq coverage and alignment statistics of the four eudicots 

 

Species
Reference 

genome
Tissues # trimmed reads

# uniquely mapped 

reads

% uniquely 

mapped reads

# reads uniquely 

mapped to junctions

% reads uniquely 

mapped to junctions
Read length (bp) Read type

Sequence Read Archive 

(SRA) run ID

Root 41,318,960 37,387,919 90.49 9,483,825 22.95 100 Paired-end SRR1951027

Leaf 41,849,942 37,128,217 88.72 9,230,047 22.06 100 Paired-end SRR1950961

Flower 18,550,688 17,598,129 94.87 4,546,878 24.51 100 Paired-end NA

Root 26,603,412 23,573,422 88.61 5,909,485 22.21 90 Paired-end SRR1210486

Leaf 21,421,650 20,306,633 94.79 3,291,892 15.37 50 Paired-end SRR570060

Flower 24,779,060 23,369,504 94.31 6,847,338 27.63 100 Paired-end SRR988531

Root 63,547,192 51,894,450 81.66 13,333,131 20.98 100 Paired-end SRR1174205

Leaf 62,592,462 54,526,801 87.11 15,090,482 24.11 100 Paired-end SRR1174227

Flower 88,313,226 75,241,464 85.20 17,024,663 19.28 100 Paired-end SRR1174220

Root 201,682,843 188,521,244 93.47 61,907,600 30.70 100 Single end SRR505743

Leaf 206,859,837 192,213,103 92.92 58,115,014 28.09 100 Single end SRR505744

Flower 199,870,043 185,328,025 92.72 60,419,022 30.23 100 Single end SRR656217

16,916,356 15,296,286 90.42 3,371,392 19.93 100 Paired-end SRR787291

23,179,054 22,023,877 95.02 4,377,357 18.88 100 Paired-end SRR787292

17,161,526 16,536,996 96.36 3,280,903 19.12 100 Paired-end SRR787293

Young leaf 35,556,635 31,776,241 89.37 8,901,612 25.04 90 Single end SRR2845691

Mature leaf 38,432,356 33,860,317 88.10 9,517,790 24.77 90 Single end SRR2845695

Flower 46,674,468 40,010,518 85.72 11,701,136 25.07 100 Paired-end SRR1302041

V. vinifera

P. patens  (Moss)

N. attenuata

S. lycopersicum

G. max

A. thaliana

Vvinifera_145

Whole plant

NIATTr2

Slycopersicum_225

Gmax_275_v2.0

Athaliana_167

Ppatens_251_v3
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Table S4. RNA-seq coverage and alignment statistics of Brassicaceae 

 

 

 

Species Replicate Tissue Treatment Sample Name
# trimmed 

reads

# uniquely mapped 

reads

% uniquely mapped 

reads

1 root 23°C ruR1Crt 5,317,073      5,055,257              95.08

2 root 23°C ruR2Crt 7,904,012      7,533,558              95.31

3 root 23°C ruR3Crt 9,107,881      8,729,321              95.84

1 shoot 23°C ruR1Cst 7,333,968      6,985,621              95.25

2 shoot 23°C ruR2Cst 13,225,086    12,641,082            95.58

3 shoot 23°C ruR3Cst 17,800,088    16,913,304            95.02

1 root 4°C ruR1Trt 5,493,718      5,221,646              95.05

2 root 4°C ruR2Trt 6,416,316      6,110,719              95.24

3 root 4°C ruR3Trt 7,286,290      6,931,604              95.13

1 shoot 4°C ruR1Tst 13,416,367    12,794,728            95.37

2 shoot 4°C ruR2Tst 6,277,506      5,959,650              94.94

3 shoot 4°C ruR3Tst 6,544,658      6,219,569              95.03

1 root 23°C lyR1Crt 10,558,625    9,761,657              92.45

2 root 23°C lyR2Crt 6,190,542      5,703,305              92.13

3 root 23°C lyR3Crt 14,975,973    13,870,069            92.62

1 shoot 23°C lyR1Cst 6,918,348      6,352,992              91.83

2 shoot 23°C lyR2Cst 7,929,185      5,505,371              69.43

3 shoot 23°C lyR3Cst 5,698,224      5,171,457              90.76

1 root 4°C lyR1Trt 6,195,035      5,623,796              90.78

2 root 4°C lyR2Trt 5,429,237      4,987,578              91.87

3 root 4°C lyR3Trt 9,405,859      8,623,720              91.68

1 shoot 4°C lyR1Tst 10,896,846    9,988,297              91.66

2 shoot 4°C lyR2Tst 9,932,808      9,209,516              92.72

3 shoot 4°C lyR3Tst 8,638,965      7,990,118              92.49

1 root 23°C thR1Crt 10,818,845    10,355,200            95.71

2 root 23°C thR2Crt 12,676,650    12,135,294            95.73

3 root 23°C thR3Crt 13,671,238    13,152,185            96.20

1 shoot 23°C thR1Cst 13,623,199    12,922,671            94.86

2 shoot 23°C thR2Cst 8,303,406      7,944,093              95.67

3 shoot 23°C thR3Cst 16,318,352    15,591,912            95.55

1 root 4°C thR1Trt 8,356,115      7,870,059              94.18

2 root 4°C thR2Trt 5,865,111      3,934,492              67.08

3 root 4°C thR3Trt 7,244,682      7,007,661              96.73

1 shoot 4°C thR1Tst 10,249,337    9,818,160              95.79

2 shoot 4°C thR2Tst 16,609,325    15,878,152            95.60

3 shoot 4°C thR3Tst 13,203,435    12,638,423            95.72

C. rubella

A. lyrata

A. thaliana
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4. General Discussion  

 
Alternative splicing (AS) in plants has been studied for more than two decades and recent 

studies using next generation sequencing (NGS) technologies revealed that AS is prevalent in 

plants (Shen et al. 2014, Werneke et al. 1989, Wu et al. 2014). In several plant species, there are 

dynamic changes of AS under conditions of diverse abiotic stress, suggesting AS is closely 

linked with environmental stress responses in plants and may play an important role in plant 

adaptation and defense (Chang et al. 2014, Ding et al. 2014, Leviatan et al. 2013, Li et al. 2013, 

Marquez et al. 2012). However, the study of AS in response to biotic stress, especially insect 

herbivory attack remains lacking. Furthermore, two recent studies of the evolution of AS in 

animals proposed that the rapid divergence of AS may have played a more widespread role than 

divergence of mRNA expression in shaping species-specific differences (Barbosa-Morais et al. 

2012, Merkin et al. 2012). In plants, however, such large scale comparative analyses on the 

evolution of AS, are missing, which prevent a deeper understanding of the functional role of AS 

in plants. 

 This dissertation describes the global changes of AS in plants in response to insect 

herbivory attack as well as the evolution of AS among different plant lineages. Specifically, in 

manuscript I, I investigated herbivory-induced genome-wide AS changes in both leaves and 

roots of Nicotiana attenuata, an ecological model plant for studying plant-herbivore interactions. 

I demonstrated that insect feeding can induce global AS responses in both leaves and roots, with 

stronger effect in roots than leaves. In addition, I found that induced AS responses in roots are 

likely due to jasmonic acid (JA) involved expression changes of SR protein coding genes. In 

Manuscript II, I annotated genome-wide alternative splicing in plants and found root, seed and 

anthers are the top three tissues that express the most tissue-specific splicing variants in N. 

attenuata. In manuscript III, I investigated the evolution of AS in plants using transcriptomic 

analysis of six plant species. I found that AS in plants evolves rapidly, and that divergence is 

largely due to gain and loss of AS events among orthologous genes. Furthermore, I revealed that 

the factors that determine alternative and constitutive splicing are conserved in plants, and the 

changes of these factors among different plant species largely contributes to the rapid turnover of 

AS in plants.  
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4.1 The function of environmental stress-induced AS in plants 

 Previous studies, including the work I presented in manuscript I, have revealed that both 

abiotic and biotic stresses can induce genome-wide AS changes in plants. However, whether 

these stress-induced AS changes are functional and may associate with acclimation response 

(functional hypothesis) or are simply a consequence of splicing errors caused by stresses (noise 

hypothesis) remains controversial (Chang, et al. 2014, Ding, et al. 2014, Ling et al. 2015, Reddy 

2007, Thatcher et al. 2016). The noise hypothesis argues that most of the stress-induced AS 

events are just by-products of splicing errors. The rationale behind this hypothesis is: (i) although 

large amount of stress-induced AS events have been reported by several genome-wide studies, 

only a few cases have been shown to be functional (Mastrangelo et al. 2012); (ii) many stress-

induced AS events may not be translated into functional proteins, since they introduce premature 

termination codon (PTC) into the resulting transcripts, and thus are targets of nonsense-mediated 

mRNA decay (NMD) (Ding, et al. 2014, Leviatan, et al. 2013); (iii) most stress-induced splicing 

variants are expressed at much lower levels in comparison to the dominant splicing isoforms 

(Cui and Xiong 2015); (iv) different stresses can activate the expression of a large number of 

genes which are related to plant stress-responses that are not expressed or have low expression 

under normal non-stressful conditions (Ding, et al. 2014, Ling, et al. 2015, Xiong et al. 2002, 

Yamaguchi-Shinozaki and Shinozaki 2006). Thus, there would be an urgent recruitment of a 

significant amount of splicing factors (SFs) to deal with the large amount of stress-induced pre-

mRNAs. This would be a heavy burden for the whole splicing machinery, which may result in a 

large portion of these stress-induced pre-mRNAs failing to be processed properly; (v) in A. 

thaliana, the U6 snRNA, which is one of the core components of the spliceosome, has been 

found to be down-regulated under salt stress, which may affect the spliceosome assembly and its 

catalytic activity and cause splicing errors (Ding, et al. 2014). 

 On the other hand, the functional hypothesis that stress-induced AS is functional and 

plays an important role in contributing adaptation processes to stresses is also supported by 

different lines of evidence. Firstly, studies on individual genes revealed that the stress-induced 

AS in these genes are indeed functional (Liu et al. 2013, Matsukura et al. 2010, Qin et al. 2007, 

Yan et al. 2012). For example, in A. thaliana, HsfA2, the key regulator in response to heat stress, 

has three splicing variants (HsfA2-I~III). HsfA2-III is activated by severe heat and contains an in-
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frame translational stop codon, and thus could result in a truncated protein with the length of 

only 129 amino acids (aa) when translated. Indeed, the truncated protein can be observed and 

was found to be able to bind to the promoter of HsfA2 and activates its own transcription (Liu, et 

al. 2013). In addition, similar heat shock (HS) induced AS has also been detected in four other 

Hsf genes, indicating a common regulatory function of HS-induced AS exist in this gene family 

(Liu, et al. 2013). However, in comparison to the number of stress-induced AS identified by 

genome-wide analyses, there are only a handful of cases in which stress-induced AS has been 

functionally characterized. Therefore, the biological role of the many uncertified AS events 

induced by stress cannot be excluded. Secondly, that AS generates transcripts with PTC does not 

necessarily mean these are non-functional, as they can encode truncated proteins if they are not 

degraded. Indeed, many stress-induced transcripts are not degraded by NMD, despite having 

NMD features, suggesting some mechanisms exist to prevent these transcripts from being 

subjected to NMD (Leviatan, et al. 2013). Based on two recent studies, one of the possibilities is 

that these stress-induced intron-containing transcripts may have longer half-lives in the nucleus, 

thereby allow them to escape the NMD machinery and contribute to the regulation of gene 

expression (Boutz et al. 2015, Gohring et al. 2014). Furthermore, in several studies, the truncated 

proteins have been shown to have many functions, especially in response to stress (Dinesh-

Kumar and Baker 2000, Liu, et al. 2013, Seo et al. 2011). In rice, OsDREB2B, a dehydration-

responsive element binding gene underwent an exon skipping (ES) event at the second exon, 

generating two splicing variants either with or without PTC. Interestingly, the PTC+ transcript 

was more abundant than the PTC- transcript under non-stress conditions, while the relative 

abundance of the PTC- transcript increased under several stress conditions. The steady 

transcription of the PTC+ transcript under normal conditions suggests that it is a functional 

transcript (Matsukura, et al. 2010). Furthermore, the process of splicing variants being degraded 

by NMD can also be viewed as a functional process that controls the abundance of active protein 

at a post-transcriptional level. It has been demonstrated that the regions of AS that generate PTC 

in numerous SFs are ultra-conserved between different kingdoms, and that even if ancient 

unproductive splicing was lost in paralogs through gene duplications, its function would be 

rapidly and repeatedly replaced by newly raised distinct unproductive splicing (Lareau and 

Brenner 2015). This is further supported in manuscript III, which showed that PTC+ AS is 

more conserved than other AS in plants. Thirdly, some stress-induced AS of important 
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regulatory genes is conserved among diverse plant species (Filichkin et al. 2010). Finally, if 

stress-induced AS is a consequence of erroneous splicing caused by stress damage, we would 

expect AS changes to have no functional enrichment, since they likely occur randomly. However, 

several studies showed that a variety of stress induced AS events are involved in genes enriched 

in specific gene ontologies, such as RNA processing and stress responses (Chang, et al. 2014, Li, 

et al. 2013, Ling, et al. 2015). Taken together, this suggests that stress-induced AS deserves close 

investigation to determine its function before classifying them as artifacts or by-products of 

erroneous splicing. However, due to the large amount of splicing isoforms, it is difficult to 

characterize the function of each isoform. One possibility is to first narrow down the candidates 

using different strategies; for example, based on the conservation of the AS among diverse 

species or among populations of same species. 

 In manuscript I, I demonstrated that insect herbivory attack can elicit genome-wide 

transcriptomic alteration not only at the gene expression (GE) level but also at the pre-mRNA 

splicing level. More precisely, the regulation of GE and AS in response to herbivores is likely to 

be two parallel processes with independent functions. Based on several pieces of evidence, I 

believe induced AS is likely to be functional and involved in transcriptomic fine-tuning and anti-

herbivore defenses or tolerance. First, unlike the situation described in previous studies, in which 

the majority of stress regulated AS introduces a PTC into the resulted transcripts (Ding, et al. 

2014, Leviatan, et al. 2013), only a small fraction of herbivore-induced AS produces PTC+ 

transcripts and the proportion is even lower than the genome-wide average level, suggesting that 

these elicited AS may produce protein isoforms with distinct functions. Second, in both leaves 

and roots, specifically enriched gene ontologies (GOs) were observed in genes containing either 

herbivore-suppressed or elicited AS. Some of these enriched GO terms are known to be involved 

in direct or indirect anti-herbivore resistance in plants (Mitra and Baldwin 2008, Schwachtje and 

Baldwin 2008). Finally, the expressions of seven serine/arginine-rich (SR) genes, which are the 

key regulators of AS in plants, were up-regulated after herbivore attack in roots. It has been 

suggested by several studies that over-expression of certain SFs can increase plant tolerance to 

various stresses by significantly improving the splicing efficiency (Cui et al. 2014, Duque 2011, 

Forment et al. 2002). Furthermore, in N. attenuata, the root plays a vital role in many important 

processes including defense, resource reallocation and regrowth ability (Erb et al. 2009, 

Machado et al. 2013, Schwachtje et al. 2006, Steppuhn et al. 2004). All these results have 
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strengthened my hypothesis that the herbivore-induced AS is likely caused by precise 

transcriptomic regulation, which may function in anti-herbivore resistance or tolerance. However, 

further experiments are still required to validate this hypothesis.    

 

4.2 Genome-wide AS alterations in response to environmental stresses in plants may be 

largely due to the regulation of SR proteins 

In response to both biotic and abiotic stresses, rapid reprogramming of genome-wide pre-

mRNA splicing was observed in different plant species. However, how environmental stresses 

change the global splicing pattern remains poorly understood. Studies have shown that members 

of the SR protein gene family are the key regulator of AS, which can affect splice site (SS) 

selection in a concentration- and phosphorylation-dependent manner, thus mediating AS 

regulation. Therefore, environmental stress-induced changes in SR genes may have large effects 

on the global alteration of AS (Duque 2011, Gao et al. 2004, Lopato et al. 1999a, Lopato et al. 

1999b). In manuscript I, I demonstrated that insect feeding on leaves reduced the total 

abundance of AS in leaves (local tissue), but increased the total AS events in roots (systemic 

tissue). In addition, the number of identified differentially spliced (DS) gene in roots is also 

larger than the number in leaves. Interestingly, the expression of seven SR genes were 

significantly up-regulated in roots but not in leaves after herbivore attack, suggesting that the 

herbivore-induced global AS changes are largely associated with expression changes in SR genes. 

Indeed, several studies have revealed that overexpression of different SR genes in A. thaliana 

can influence pre-mRNA splicing of their own as well as some other genes (Kalyna et al. 2003, 

Simpson et al. 2008). The up-regulated expressions of specific SR genes were shown to be 

regulated by both abiotic stresses and abscisic acid (ABA), a major plant hormone with pivotal 

roles in response to various abiotic stresses (Cruz et al. 2014, Tanabe et al. 2007). Here, in 

response to herbivore attack, I found jasmonic acid (JA), another key phytohormone that 

mediates herbivory-induced transcriptome changes and defense responses (Kazan and Manners 

2008, Kessler et al. 2004), is involved in the up-regulation of SR genes. 

In addition to changes at the expression level, other regulation of SR genes might also be 

induced by stress, such as changes of splicing, medications of phosphorylation status and altered 

subcellular localizations, can all have a strong influence on the function of SR genes and thus 

contribute to genome-wide AS alterations. For example, the relative ratio of the transcript 
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encoding the full-length protein of SR30, which has been shown to affect the pre-mRNA splicing 

of its own, is dramatically increased under different stress conditions (Filichkin, et al. 2010, 

Lopato, et al. 1999b). Furthermore, one of the SR proteins in A. thaliana redistributed its 

preferential locations differentially in response to cold and heat stress in a phosphorylation status 

dependent manner (Ali et al. 2003).  

In summary, genome-wide AS alterations in response to both biotic and abiotic stress in 

plants may largely depend on the stress-induced regulations of SR proteins. However, further 

experiments that directly manipulate the different status of SR proteins and investigate the AS 

pattern changes at individual gene level or genome-wide level are still required to draw more 

solid conclusions. 

 

4.3 The splicing code in plants is largely conserved 

 The regulation of splice site choice is the key factor to determine whether a splicing 

junction will be constitutively spliced or alternatively spliced. The splicing code, a set of 

biological features that determine the splicing outcomes, has only recently been partially 

elucidated in animals but remains largely unknown in plants (Barash et al. 2010, Reddy et al. 

2012). In manuscript III, using a machine learning approach, I analyzed the key determinants of 

AS in six different plant species. I demonstrated that the key determinants of AltA and AltD are 

highly conserved among plants. Although IR is the most abundant type of AS in plants (Kim et 

al. 2007, Marquez, et al. 2012), both AltA and AltD, which were attained by altering the position 

of splice sites (SS), also constitute a large portion of total AS among different eukaryote species 

(Kim, et al. 2007). For both AltA and AltD, studies in mammals showed that the distance 

between the alternative SS (minor form) and authentic SS (major form) is highly diverse (Dou et 

al. 2006, Koren et al. 2007), but the frequency of alternative SS usage is the greatest close to the 

authentic SS (within 6 nt), and drops farther away from the authentic SS (Dou, et al. 2006). This 

pattern is consistent with two recent studies, which demonstrated that the closer alternative SS 

are more likely to be used (Barash, et al. 2010, Rosenberg et al. 2015). In manuscript III, I also 

found that the distance between the nearest 5’/3’ alternative SS and the authentic SS is one of the 

most important factors in determining AltD/AltA, suggesting that the regulation of AS is at least 

partially conserved between plants and mammals. Furthermore, whether the putative alternative 

SS would preserve the original protein reading frame is also an important factor that contributed 
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to the determination of AltD and AltA. This is consistent with previous analysis that 

demonstrated a prominent in-frame bias for alternative 5’ and 3’ SS usage in both plants and 

mammals (Dou, et al. 2006, Hiller et al. 2004, Satyawan et al. 2016).  

By comparing constitutively spliced exons with alternative 5’ and 3’ exons (A5Es and 

A3Es) in humans, several features that are distinct between the two exon groups have been 

identified (Koren, et al. 2007). First, both A5Es and A3Es demonstrate a high strength SS in the 

constitutively spliced side (3’ SS for A5Es and 5’SS for A3Es) and a weak SS in the alternative 

spliced side, thus providing a strong anchor at the constitutive SS and suboptimal SS at the other 

side. Second, for AltA, the major SS was always stronger than the minor SS upstream or 

downstream. However, for AltD, if the minor SS is located downstream of the major SS, there is 

no significant difference between the two SS in terms of strength (Koren, et al. 2007). 

Interestingly, they also found in such situations, that the upstream region of the major SS has a 

higher exon splicing enhancer (ESE) density than that of the minor SS and exon splicing silencer 

(ESS) showed an opposite pattern. However, no significant difference was found between major 

and minor SS for AltA in terms of exon splicing regulator (ESR) (Koren, et al. 2007). These 

results suggest that ESR may play a more important role in the proper selection of alternative SS 

in AltD than AltA, and the alternative 3’ SS is mainly due to the downstream screening of the 

branch site (BS) and polypyrimidine tract (PPT) (Smith et al. 1993, Smith et al. 1989). This may 

explain why in manuscript III, our AltD model had an overall lower precision rate than the 

model of AltA. Although we attempted to identify a few sequence motifs that may act as putative 

splicing regulators, none of them contributed to the model prediction, suggesting the identified 

sequence motifs might not be the splicing regulators that are regulating AltD. Future research 

that applies different approaches, such as introducing millions of random hexamers into mini-

genes and investigate the consequences of AS, will provide more insight on splicing regulators 

involved in AltD regulations in plants. 

IR is the most common AS type in plants and the least prevalent in animals (Kim, et al. 

2007). Although, IR is known to play a role in many important regulatory processes, such as 

mRNA export and cellular localizations,  which often coupled with NMD (Filichkin, et al. 2010, 

Li et al. 2006), the mechanisms that regulate of IR are the least understood in comparison to 

other types of AS. More than a decade ago, a hypothesis proposed that for IR, the competition is 

between splicing and mRNA transport rather than between two SS. Because transcripts with IR, 
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as partially spliced RNA products must be exported to the cytoplasm, how the cell judges if the 

pre-mRNA splicing is complete and ready for moving to the cytoplasm is important (Black 

2003). Indeed, it was shown in a recent study that many introns, which are recognized as 

‘retained introns’, have long half-lives and remain in the nucleus, thus avoiding be subjected to 

NMD (Boutz, et al. 2015). Furthermore, the retained introns are shown to be significantly 

associated with increased GC content, reduced intron length, relatively weak SS and a reduced 

availability of the spliceosome caused by localized stalling of RNA polymerase II 

(Braunschweig et al. 2014). In manuscript III, I have also demonstrated that junctions with IR 

are significantly shorter and have weaker 5’ and 3’ SS than constitutive spliced junctions in 

plants. However, these features alone cannot result in the accurate prediction of IR, suggesting 

that other key determinants were not detected in our study. In addition, it is possible that the 

sequence depth of the data we used was not sufficient to separate IR from constitutive splicing. 

Exon skipping (ES) is the least prevalent AS type in plants but the most common in 

animals (Kim, et al. 2007). The regulation of ES in animal models is also closely related to the 

SS strength of both 5’ and 3’, the BS and cis-regulatory elements (Koren, et al. 2007, Lev-Maor 

et al. 2007, Miriami et al. 2003). The regulation of ES in plants remains largely unknown due to 

its rare occurrence. 

 

4.4 The rapid evolution of AS in plants is mainly cis-regulated  

In manuscript III, I demonstrated that the profiles of AS evolved rapidly in plants, 

which may be largely due to gain and loss of AS events among orthologous genes. This 

observation is similar to the pattern reported in two vertebrates studies spanning ~350 million 

years, which also showed a rapid evolution of AS (Barbosa-Morais, et al. 2012, Merkin, et al. 

2012). Specifically, they demonstrated that AS is largely species-specific while the overall GE 

pattern is segregated according to tissue types, suggesting species-specific AS has evolved much 

faster than species-specific GE, and therefore lineage-specific AS may be largely associated with 

speciation (Barbosa-Morais, et al. 2012, Merkin, et al. 2012). In manuscript III, we also found a 

dominant species-specific pattern of AS and this pattern is consistent even among closely related 

species, suggesting the rapid evolution of AS in plants. Interestingly, in comparison to 

vertebrates, a distinct pattern of GE was observed in plants, of which tissue- dominant clustering 

was only observed among closely related species. This observation is consistent with a previous 
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study that focused on three highly divergent plants including both monocots and dicots (diverged 

~200 million years ago). The authors demonstrated that the global pattern of GE is grouped 

according to species rather than tissues (Yang and Wang 2013). Together, both our data and 

previous studies indicate that ranscriptome evolution rates in plants, at both the GE and the AS 

level, are faster than in vertebrates. Furthermore, aside from the dominant species-specific AS, 

some tissues in vertebrates, such as the brain, testis, heart and muscle still show strong tissue-

splicing signatures (Barbosa-Morais, et al. 2012, Merkin, et al. 2012). Based on the three major 

tissues (root, leaves and flowers) we analyzed, we did not find such pattern. However, studies 

showed that the transcriptomes of sexual tissues are substantially different from those of 

vegetative tissues, and the anthers harbor the most diverged specialized metabolome (Li et al. 

2016, Yang and Wang 2013). Therefore, future research including transcriptome data of much 

diverse tissues may provide a more conclusive answer.  

Species-specific AS profiles may have contributed to the phenotypic diversity among 

species. It has been demonstrated that a subset of splicing that is highly diverged among different 

vertebrate species, was predicted to remodel protein to protein interactions (PPIs) and  act as 

trans-acting regulators (Barbosa-Morais, et al. 2012). This may further contribute to the 

diversification of other transcriptomic changes including splicing and the underlying phenotypic 

traits (Barbosa-Morais, et al. 2012). In plants, to what extent rapid AS changes contribute to the 

phenotypic divergence among different species remains an open question. Future studies focused 

on identifying species-specific AS that are also under positive selection within the populations 

will shed light on this aspect. 

In manuscript III, I not only identified several key determinants of AltD/AltA that are 

highly conserved in plants but also showed that the variations of these AS determinants largely 

contributed to the AS evolution between closely related species. Interestingly, most of the key 

determinants such as SS, and cis-elements (BS, PPT, UA-rich tract) are all located in the intronic 

region. It is known that sequences of intron evolve rapidly (Hare and Palumbi 2003, Mattick 

1994), a process which is likely to have resulted in rapid gain and loss of AS between different 

lineages. Our results are also consistent with findings in mammals, in which the mutations 

affecting intronic splicing regulatory elements (ISREs) were shown to be the main factor that 

caused distinct splicing patterns between different lineages (Merkin, et al. 2012). Our results also 

support the model that alternatively spliced exons originated from constitutive spliced exons 
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though weakening of the SS or the introducing of a competing SS nearby (Lev-Maor, et al. 2007), 

as changes in the distance between authentic SS and alternative SS is negatively associated with 

the conservation of AS. 

During evolution, if any mutations/insertions took place near SS or SRE regions, the 

effects on the splicing will be observed in all tissues. This explains, at least partially, the 

observed species-specific AS profiles in both plants and animals. However, we cannot exclude 

the possibility that the species-specific trans-factors, such as SR protein family, which have 

different numbers of homologues among species (Iida and Go 2006, Isshiki et al. 2006, Ling, et 

al. 2015), may have also contributed to the divergence of AS among different species (Ast 2004, 

Barbosa-Morais, et al. 2012).  

Several other factors such as gene duplication (GD) DNA methylations and transposable 

element (TE) insertions have also been hypothesized to affect AS evolution (Flores et al. 2012, 

Sorek et al. 2002, Su et al. 2006). In manuscript III I investigated all of these factors and found 

that most of them (except TE insertions, the effects of which were found to be specific-specific) 

did not significantly contribute to AS conservation between species. The species-specific effects 

of TE on AS conservation are largely due to the different abundance of TE insertions in the 

genomes of different species (Hu et al. 2011, Sierro et al. 2014, Slotte et al. 2013, Tomato 

Genome 2012), suggesting genomic composition of each species might also affect the 

evolutionary trajectory of AS. 

 Taken together, using comparative and genome-wide analysis, my dissertation provides 

both evolutionary and mechanistic insights on how AS were regulated by environmental stresses 

and the underlying codes that contributed to the rapid divergence of AS among plants. It is clear 

that much more functional characterizations on AS regulation machinery as well as specific 

alternatively spliced transcripts in plants are urgently needed, and for which the AS determinants 

I identified will provide both valuable indications and a theoretical framework. 
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Summary 

 Recent studies showed that alternative splicing (AS) is much more prevalent in plants 

than previously thought. Both genome-wide analyses and cases studies of AS in response to 

abiotic stresses indicate the importance of AS for plant adaptation in a changing environment. 

However, how plants regulate their AS in response to herbivore attack, one of major biotic 

stresses that threaten plant fitness, remains unknown. The tight association between AS and 

environmental stresses also points to the rapid evolution of AS. However, the underlying 

mechanisms for this rapid evolution are unknown in plants. 

 In this thesis, I aimed to address these two main questions by investigating the genome-

wide insect herbivore-induced AS alteration in wild tobacco (Nicotiana attenuata) and by 

systematically studying the mechanisms that contributed to the evolution of AS among six plant 

species. For the first question, I found that insect herbivory elicits genome-wide pre-mRNA 

splicing changes in local tissue (leaves), but also in systemic tissue (roots) of N. attenuata. 

Interestingly, the herbivory-induced AS alterations are stronger in systemic tissues than in local 

tissues. This process is likely due to jasmonic acid (JA) dependent upregulation of several 

serine/arginine-rich (SR) protein encoded genes. Functional annotations of AS genes suggest that 

herbivory-induced AS responses of both leaves and roots are likely to be involved in anti-

herbivore defenses and resistance. For the second question, I found AS evolved rapidly among 

different plant species, as the AS profiles are more similar among different tissues within the 

species than among the same tissue between different species. This process is largely due to the 

rapid gain and loss of AS among orthologous genes. Using a machine learning approach, I found 

that the determinants of AS are largely conserved among studied plant species and variations of 

these determinants largely contributed to the rapid changes of AS among species. Despite rapid 

turnover of AS among species, I also found several ultra-conserved AS events in plants, most of 

which likely resulted in introducing premature termination codon (PTC) containing transcripts 

and are likely subject to nonsense-mediated decay (NMD), suggesting that AS coupled with 

nonsense-mediated decay (NMD) is conserved and plays an important role at the post-

transcriptional level in plants.  

In conclusion, my thesis provides evidence that insect herbivores can induce genome-

wide responses of AS in plants and those changes of key AS determinants contributed to the 
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rapid evolution of AS in plants. In addition, this thesis provides abundant resources for studying 

AS functions and a computational framework for investigating AS evolution in plants. 
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Zusammenfassung 

 

Neueste Forschungsergebnisse zeigen, dass alternatives Spleißen in Pflanzen weitaus 

verbreiteter ist, als ursprünglich angenommen. Fallbeispiele sowie genomweite Untersuchungen 

weisen auf die Bedeutung des alternativen Spleißens für die Anpassung der Pflanzen als Antwort 

auf abiotischen Stress in einer sich verändernden Umwelt hin. Allerdings ist bis heute unbekannt, 

wie Pflanzen ihr alternatives Spleißen während des Befalls durch Pflanzenfresser regulieren. Des 

Weiteren deutet die enge Verbindung zwischen alternativem Spleißen und biotischen sowie 

abiotischen Umwelteinflüssen darauf hin, dass sich alternatives Spleißen evolutionär schnell 

entwickelt. Trotzdem sind die zugrunde liegenden Mechanismen in Pflanzen weitgehend 

unbekannt. 

Das Ziel der vorliegenden Dissertation ist es, auf diese beiden Punkte einzugehen. 

Hierfür wurden die genomweiten Veränderungen des durch pflanzenfressende Insekten 

ausgelösten alternativen Spleißens in Nicotiana attenuata untersucht. Des Weiteren wurden die 

Mechanismen in sechs weiteren Arten analysiert, die zur Evolution des alternativen Spleißens 

beitragen. In N. attenuata lösen pflanzenfressende Insekten in lokal befallenem (Blätter) als auch 

in systemisch betroffenem Gewebe (Wurzeln) eine genomweite Veränderung des Spleißens der 

prä-mRNA aus. Interessanterweise fällt hierbei die Veränderung in systemischem Gewebe 

stärker aus als in lokalem Gewebe. Die Ursache hierfür könnte die erhöhte Jasmonsäure-

abhängige Expression Serin/Arginin-reicher proteinkodierender Gene sein.  Die funktionellen 

Vorhersagen der Gene für alternatives Spleißen weisen darauf hin, dass die durch 

Pflanzenfresser ausgelöste Reaktion des alternativen Spleißens in Blättern und Wurzeln an deren 

Abwehr und Toleranz beteiligt ist. Alternatives Spleißen entwickelt sich in evolutionären 

Zeiträumen rasant in verschiedenen Pflanzenarten. Dabei sind die Profile verschiedener Gewebe 

einer Art ähnlicher als die Profile von gleichen Geweben verschiedener Arten. Der Grund dafür 

liegt wahrscheinlich in der schnellen Zu- und Abnahme des alternativen Spleißens in orthologen 

Genen. Unter Verwendung von maschinellem Lernen konnte gezeigt werden, dass die 

bestimmenden Faktoren für alternatives Spleißen in den ausgewählten Pflanzenarten weitgehend 

erhalten sind. Die Streuung dieser Faktoren in den unterschiedlichen Arten trägt dabei 

maßgeblich zu den schnellen Veränderungen des alternativen Spleißens bei. Ungeachtet dieser 
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Fluktuationen zwischen den Arten konnten stark konservierte alternative Spleißereignisse 

festgestellt werden. Wahrscheinlich führten die meisten dieser Ereignisse zur Einführung eines 

vorzeitigen Stopp Codons im offenen Leseraster einer mRNA und lösten damit den Nonsense-

mediated mRNA Decay (NMD) aus. Das weist wiederum darauf hin, dass die Kopplung 

zwischen alternativem Spleißen und NMD konserviert ist und eine bedeutende Rolle auf post-

transkriptionaler Ebene in Pflanzen spielt. 

Zusammenfassend kann festgestellt werden, dass die vorliegende Dissertation Beweise 

liefert, dass pflanzenfressende Insekten eine genomweite Reaktion des alternativen Spleißens 

auslösen können. Des Weiteren steuern Veränderungen bestimmter Schlüsselfaktoren für 

alternatives Spleißen zur raschen Entwicklung dieser bei. Zusätzlich liefert diese Dissertation 

ergiebige Bezugsquellen, um die Funktion des alternativen Spleißens zu untersuchen, sowie eine 

computergestützte Analyseplattform für die Erforschung der Evolution des alternativen 

Spleißens in Pflanzen. 
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