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 Nicotine, the signature alkaloid of Nicotiana species responsible for the addictive properties of 21 

human tobacco smoking, functions as a defensive neurotoxin against attacking herbivores. However, the 22 

evolution of the genetic features that contributed to the assembly of the nicotine biosynthetic pathway 23 

remains unknown. We sequenced and assembled genomes of two wild tobaccos, Nicotiana attenuata (2.5 24 

Gb) and N. obtusifolia (1.5 Gb), two ecological models for investigating adaptive traits in nature. We 25 

show that after the Solanaceae whole genome triplication event, a repertoire of rapidly expanding 26 

transposable elements (TEs) bloated these Nicotiana genomes, promoted expression divergences among 27 

duplicated genes and contributed to the evolution of herbivory-induced signaling and defenses, including 28 

nicotine biosynthesis. The biosynthetic machinery that allows for nicotine synthesis in the roots evolved 29 

from the stepwise duplications of two ancient primary metabolic pathways: the polyamine and nicotinic 30 

acid dinucleotide (NAD) pathways. While the duplication of the former is shared among several 31 

Solanaceous genera which produce polyamine-derived tropane alkaloids, the innovation and efficient 32 

production of nicotine in the genus Nicotiana required lineage-specific duplications within the NAD 33 

pathway and the evolution of root-specific expression of the duplicated Solanaceae-specific ethylene 34 

response factor (ERF) that activates the expression of all nicotine biosynthetic genes. Furthermore, TE 35 

insertions that incorporated transcription factor binding motifs also likely contributed to the coordinated 36 

metabolic flux of the nicotine biosynthetic pathway. Together, these results provide evidence that TEs and 37 

gene duplications facilitated the emergence of a key metabolic innovation relevant to plant fitness. 38 

Key words: Nicotiana genomes, genome-wide duplications, lineage-specific duplications, transposable 39 

elements, nicotine biosynthesis, ethylene response factor, expression divergence.  40 
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Significance Statement 41 

 Plants produce structurally diverse specialized metabolites, many of which have been exploited in 42 

medicine or as pest control agents, while some have been incorporated in our daily lives, such as nicotine. 43 

In nature, these metabolites serve complex functions for plants’ ecological adaptation to biotic and abiotic 44 

stresses. By analyzing two high-quality wild tobacco genomes, we provide an in-depth genomic study 45 

that directly associates genome evolution with the assembly and evolution of the nicotine biosynthetic 46 

machinery. These results demonstrate the importance of the interplay of gene duplications and 47 

transposable element insertions in the evolution of the multigenic biosynthetic pathways required of 48 

specialized metabolism and illuminates on how complex adaptive traits could evolve. 49 

  50 
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Introduction 51 

 The pyridine alkaloid nicotine, whose addictive properties are well-known to humans, is the 52 

signature compound of the genus Nicotiana (Solanaceae). In nature, nicotine is arguably one of the most 53 

broadly effective plant defense metabolites, in that it poisons acetylcholine receptors and is thereby toxic 54 

to all heterotrophs with neuromuscular junctions. Field studies using genetically-modified N. attenuata 55 

(coyote tobacco) plants, an annual wild diploid native to Western North America, have revealed that this 56 

toxin fulfils multifaceted ecological functions that contribute to plant fitness (1, 2). The strong 57 

transcriptional up-regulation of the nicotine biosynthetic machinery in roots in response to herbivore 58 

attack of the shoot combined with the active translocation and storage of this toxin provides N. attenuata 59 

plants with an inducible protection mechanism against a broad spectrum of herbivores (2). In addition, the 60 

transport and non-homogenous distribution of nicotine in the nectar of flowers within an inflorescence 61 

modifies the trap-lining behavior of humming bird pollinators to maximize outcrossing rates (3). These 62 

two facets of the ecological utility of nicotine result from the prolific production of this toxin which can 63 

accumulate up to 1% of the leaf dry mass in wild tobacco species (4). This prodigious biosynthetic ability 64 

is based on an efficient biosynthetic machinery composed of multiple genes co-expressed in roots (5, 6). 65 

In contrast to the deep knowledge on nicotine’s biosynthesis and ecological functions, the evolution of 66 

genomic features that facilitated the assembly of a pathway so critical for the survival of Nicotiana 67 

species has remained largely unknown. 68 

 Gene duplication and TE insertions continuously shape the evolutionary landscape of genomes 69 

and can affect the function of genes with adaptive consequences (7, 8). While whole-genome and local 70 

gene duplications provide the raw material for the evolution of novel traits, TE mobility can broadly 71 

remodel gene expression by redistributing transcription factor binding sites, shaping epigenetic marks 72 

and/or providing target sequences for small regulatory RNAs (7-11). Hence, the combination of gene 73 

duplications and TE activity is thought to facilitate the evolution of novel adaptive traits (8). However, the 74 
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details of this process, in particular its role in the evolution of metabolic complexity through the assembly 75 

of novel multi-gene pathways, remains unclear. 76 

Results and Discussion 77 

Genome sequencing, assembly and annotation. 78 

 We sequenced and assembled the genome of N. attenuata, using 30x Illumina short reads, 4.5x 79 

454 reads, and 10x PacBio single-molecule long reads. We assembled 2.37 Gb of sequences representing 80 

92% of the expected genome size. We further generated a 50x optical map and a high-density linkage 81 

map for super-scaffolding (Fig. S1 and S2), which anchored 825.8 Mb to 12 linkage groups and resulted 82 

in a final assembly with a N50 contig equal to 90.4 kb and a scaffold size of 524.5 kb (Fig. S3). Likewise, 83 

using ~50x Illumina short reads, we assembled the N. obtusifolia genome with a 59.5 kb and 134.1 kb 84 

N50 contig and scaffold N50 size, respectively. The combined annotation pipeline integrating both hint-85 

guided AUGUSTUS and MAKER2 gene prediction pipeline predicted 33,449 gene models in the N. 86 

attenuata genome. More than 71% of these genes models are fully supported by RNA-seq reads and 87 

12,617 and 18,176 of these genes are orthologous to Arabidopsis and tomato genes, respectively.  88 

To investigate the evolutionary history of the different Nicotiana genomes, we inferred 23,340 89 

homologous groups using protein sequences from 11 published genomes (Table S1). A phylogenomic 90 

analysis of the identified homologous groups demonstrated that Nicotiana species share a whole-genome 91 

triplication (WGT) event with Solanum species, such as tomato, potato and Petunia (12), but not with 92 

Mimulus (Figure 1 and Fig. S4-S7). At least 3,499 duplicated gene pairs originating from this WGT were 93 

retained in both Nicotiana and Solanum. Among all retained duplicated gene pairs detected in N. 94 

attenuata that did not further duplicate in this species, more than 53.7% showed expression divergence 95 

(fold change greater than 2) in at least one tissue, indicating that these WGT-derived duplicated genes 96 

may have evolved divergent functions through neofunctionalization or sub-functionalization.  97 

Expansion of transposable elements in Nicotiana. 98 
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 99 

 Polyploidization is often associated with a burst of TE activity as a hypothesized consequence of 100 

“genomic shock” (13, 14). TEs, especially long terminal repeats (LTRs) are highly abundant in Nicotiana 101 

and account for 81.0% and 64.8% of the N. attenuata and N. obtusifolia genomes, representing 102 

significantly higher proportions than other sequenced Solanaceae genomes, such as tomato and potato 103 

(Figure 1). An analysis of the history of TE insertions revealed that all Nicotiana species experienced a 104 

recent wave of Gypsy retrotransposon expansion. However this expansion of Gypsy copies was less 105 

pronounced in N. obtusifolia compared to other Nicotiana species analyzed, which accounts for the 106 

smaller genome size of N. obtusifolia. A recent study showed that Capsicum species also experienced a 107 

large expansion of their Gypsy repertoire (15), albeit earlier than in Nicotiana, indicating that after WGT, 108 

the different Solanaceae lineages independently experienced the processes of Gypsy proliferation.  109 

 In addition to LTRs, miniature inverted–repeat transposable elements (MITEs), which are derived 110 

from truncated autonomous DNA transposons, may also play evolutionary roles. Although the size of 111 

MITEs is generally small, typically less than 600 bp, MITEs are often located adjacent to genes and are 112 

often transcriptionally active. As such, they have been hypothesized to contribute to the evolution of gene 113 

regulation (16, 17). In total, we identified 13 MITE families in the genome of N. attenuata, several of 114 

them having rapidly and specifically expanded in Nicotiana species (Figure 2a and b). Among these 115 

expanded MITE families, a Solanaceae-specific subgroup of the Tc1/Mariner defined by DTT-NIC1 is 116 

the most abundant. By analyzing insertion positions of this subgroup, we found that DTT-NIC1 copies, 117 

similar to other DNA transposons, are significantly enriched within a 1 kb region upstream of the genes in 118 

N. attenuata (Figure 2c). Analyses on the herbivory-induced conserved transcriptomic responses in 119 

Nicotiana further showed that insertions of DTT-NIC1 are significantly enriched within the 1 kb upstream 120 

region of herbivory-induced early defense signaling genes in N. attenuata, and may have contributed to 121 

the recruitment of genes into the induced defense signaling network by introducing WRKY transcription 122 

factor binding sites (18).  123 
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 Innovations in metabolic and signaling network architecture are thought to result from the rapid 124 

rewiring of tissue-level gene expression patterns following duplications events (19, 20). To examine this 125 

inference, we compared the genome-wide expression divergence between duplicated gene pairs and 126 

analyzed the effects of DTT-NIC1 insertions into 1 kb upstream regions of each member of the gene pairs. 127 

Insertions of the DTT-NIC1 family were associated with significant divergences in expression and tissue 128 

specificity between duplicated genes (Figure 2d), consistent with the hypothesis that the expansion of this 129 

TE family was a critical determinant of genome-wide re-wirings of gene regulation occurring post-130 

duplication in these Nicotiana species.  131 

Evolution of nicotine biosynthesis. 132 

 To further understand the role of gene duplication and TE insertions on the evolution of 133 

Nicotiana adaptive traits, we reconstructed the evolutionary history of the nicotine biosynthesis pathway, 134 

a key defensive innovation of the Nicotiana genus. Nicotine biosynthesis is restricted to the roots and 135 

involves the synthesis of a pyridine ring and a pyrrolidine ring which are coupled most likely via the 136 

action of genes coding for an isoflavone reductase-like protein, called A622, and the berberine bridge 137 

enzyme-like (BBL) enzymes (21, 22) (Figure 3A). Phylogenomic analyses revealed that genes involved 138 

in the biosynthesis of the pyridine and pyrrolidine rings evolved from the duplication of two primary 139 

metabolic pathways that are ancient across all plant lineages: the nicotinamide adenine dinucleotide 140 

(NAD) cofactor and polyamine metabolism pathways, respectively (Figure 3a).   141 

 However, the timing and mode of duplications of these two pathways differ and reflect the 142 

expansion and recruitment of gene sets required for the diversification of alkaloid metabolism in the 143 

Solanaceae. Duplications that gave rise to the branch extension of the polyamine pathway required for the 144 

biosynthesis of the signature alkaloids of Solanaceae and Convolvulaceae (e.g., tropane in many genera 145 

and nicotine in Nicotiana) are shared among Nicotiana, Solanum, and Petunia with individual gene 146 

members recruited from the Solanaceae WGT or earlier duplication events. Genes encoding ornithine 147 
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decarboxylase (ODC2) and N-putrescine methyltransferase (PMT) duplicated prior to the shared 148 

Solanaceae WGT from their ancestral copies in polyamine metabolism, ODC1 and spermidine synthase 149 

(SPDS), respectively (Fig. S8 and S9). While ODC2 likely retained its ancestral enzymatic function, PMT 150 

(derived from SPDS) acquired the capacity to methylate putrescine to form N-methyl-putrescine through 151 

neofunctionalization (23). The N-methylputrescine oxidase (MPO) from the polyamine metabolism 152 

pathway evolved from diamine oxidase (DAO)(24) through whole genome multiplication. Both copies 153 

were retained in Nicotiana, Solanum and Petunia (Fig. S10), presumably to sustain the flux of N-methyl-154 

Δ1-pyrrolinium required for alkaloid biosynthesis. Duplication patterns of ODC, PMT and MPO therefore 155 

support the ancient origin of the ornithine-derived N-methyl-Δ1-pyrrolinium, which is utilized as a 156 

common building block for the biosynthesis of most alkaloid groups in the Solanaceae and 157 

Convolvulaceae. 158 

 In contrast to the relatively ancient origin of pyrrolidine ring biosynthesis, duplications of the 159 

NAD pathway genes, encoding aspartate oxidase (AO) and quinolinic acid phosphoribosyl transferase 160 

(QPT), responsible for pyridine ring biosynthesis are Nicotiana-specific and likely occurred through local 161 

duplication events (Fig. S11 and S12). BBLs are thought to be involved in the late oxidation step in 162 

nicotine biosynthesis that couples the pyridine and pyrrolidine rings, and therefore constitute a key 163 

innovation in the Nicotiana-specific synthesis of pyridine alkaloids. BBLs exhibiting clear root expression 164 

specificity and likely evolved through neofunctionalization after gene duplications (Fig. S13). 165 

 Tissue-level RNA-seq transcriptome analyses in N. attenuata confirmed that while ancestral 166 

copies exhibit diverse expression patterns among different tissues, all of the duplicated gene copies 167 

recruited for nicotine biosynthesis are specifically expressed in roots (Figure 3b) and also specifically 168 

transcriptionally up-regulated in response to herbivory via the jasmonate signaling pathway (25). 169 

Experimental work has shown that the transcription factors of the ethylene response factor (ERF189) 170 

subfamily IX and MYC2, play central roles in the up-regulation of nicotine genes(5). Analyzing the 171 

evolutionary history of MYC2 revealed that this gene duplicated at the base of the Solanaceae via 172 
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genome-wide multiplication or segmental duplications, and both duplicated copies were retained in the 173 

genomes of Nicotiana and several Solanaceae species (Fig. S14). Interestingly, ERF189 is located within 174 

an ERF cluster (6, 26) as a result of ancestral tandem duplications shared among Nicotiana, Solanum, 175 

Capsicum and Petunia (Figure 4). After the split between Nicotiana and Solanum, ERF189 was further 176 

tandemly duplicated independently in each linage, but only evolved root-specific expressions in the 177 

diploid species of Nicotiana (Figure 4). Because of its essential role in regulating the expression of all 178 

nicotine genes(6), the acquisition of a root-specific expression by ERF189 in the ancestor of Nicotiana 179 

species likely played a critical role for the coordinated root expression of nicotine biosynthesis genes. 180 

 Regulation of nicotine genes by MYC2 and ERF189 relies in part on the presence of two 181 

transcription factor binding sites, the GCC and G-box elements in their promotor regions (5, 6, 27). 182 

Nicotine biosynthetic genes harbor more than twice the frequency of GCC and G-box elements in their 2 183 

kb upstream region than do their ancestral copies (Figure 3b), consistent with the hypothesis that the 184 

accumulation of GCC and G-box elements in promoter regions contributed to the evolution of the 185 

coordinated transcriptional regulation required for high-flux nicotine biosynthesis. Investigating the origin 186 

of GCC and G-box motifs in upstream regions of 10 nicotine biosynthesis genes showed that at least 34.8% 187 

and 29.0% of GCC and G-box motifs, respectively (Figure 3c), are likely derived from TE insertions. 188 

While it is unclear whether all of these TE-derived GCC and G-box motifs are involved in regulating the 189 

expression of nicotine genes, some likely are. For example, in the case of PMT1, a previous experimental 190 

study revealed that the 650 bp upstream region, which specifically contained additional TE-derived GCC 191 

motifs, had a much larger capacity to drive the expression of a reporter gene in Nicotiana roots than did 192 

the 111 bp upstream region that lacked these motifs (28). Furthermore, all GCC and G-box motifs within 193 

2kb 5’ region of the MPO1 that is likely under control of ERF189 (24) are derived from TEs (Figure 3c). 194 

 The mechanisms of genome organizational evolution, such as genome-wide duplications and TE 195 

expansions, facilitated the evolution of several aspects of the anti-herbivore defense arsenal including a 196 

key metabolic innovation in Nicotiana species. These results are consistent with the hypothesis that TEs, 197 
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which have often been considered as ‘junk’ DNA, can be important orchestrators of the gene expression 198 

remodeling that is required for the evolution of adaptive traits. Since native Nicotiana species do not 199 

survive in nature without the ability to produce large quantities of nicotine to ward off attackers, it is 200 

likely that this ‘junk’ has inspired innovation essential for their survival (29). 201 

Conclusion 202 

 We sequenced, de novo assembled, and annotated the two genomes of two species of Nicotiana, 203 

the genus of which are scientifically and economically important. The fully annotated gene models, 204 

transposable elements, smRNAs and transcriptomic atlas (SI Appendix Table S1-S5, Dataset S1-S9) of N. 205 

attenuata enable comparative analysis to illuminate the evolution of specialized metabolites and novel 206 

adaptive traits in Solanaceae as demonstrated by our in-depth genomic analysis on the evolution of 207 

nicotine biosynthesis.  208 

Materials and Methods 209 

Plant material and DNA preparation 210 

 Plants were grown as previously described (30). The genomic DNA sequenced by 454 and 211 

Illumina HiSeq2000 technologies was isolated from late rosette-stage plants using the CTAB-method(31). 212 

The two N. attenuata DNA plants used for this extraction were from a 30th generation inbred line, 213 

referred to as the UT accession, which originated from a 1996 collection from a native population in 214 

Washington County, Utah, USA (30). N. obtusifolia DNA was obtained from a single plant of the first 215 

inbred generation derived from seeds collected from a native population in 2004 at the Lytle Ranch 216 

Preserve, Saint George, Utah, USA. High molecular weight genomic DNA used to generate the optical 217 

map of N. attenuata was isolated using a nuclei based protocol (32) from approximately one hundred 218 

freshly harvested N. attenuata plants (harvested 29 days post germination) of the same inbred generation 219 

and origin as used for the short-read sequencing.  220 
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 To reduce the potential effects of secondary metabolites on single molecular sequencing, the plant 221 

material used for PacBio sequencing was from a cross of two isogenic N. attenuata transgenic lines 222 

(mother: ir-aoc, line A-07-457-1, which was transformed with pRESC5AOC [GenBank KX011463] and 223 

is impaired in JA biosynthesis; father: irGGPPS, line A-07-230-5, which was transformed with 224 

pRESC5GGPPS [GenBank KX011462] and is impaired in the synthesis of the abundant 17-225 

hydroxygeranyllinalool diterpene glycosides), both generated from the 22nd inbred generation of the 226 

same origin as the N. attenuata plants described above (30). Genomic DNA was isolated from 227 

approximately one hundred young plants (harvested 29 days post germination) by Amplicon Express 228 

(http://ampliconexpress.com) according to a proprietary protocol. 229 

Genome sequencing and assembly 230 

 For N. attenuata, the Illumina HiSeq2000 system was used to generate a high coverage whole 231 

genome shotgun sequencing (WGS) of the genome based on short reads (2�×�100 bp or 2�×�120 bp). 232 

Different paired-end libraries were constructed using the Illumina TruSeq DNA sample preparation kit v2. 233 

The fragment size distribution maxima were observed at 180, 250, 600 and 950 bp. Additionally, two 234 

mate-pair libraries were constructed using Illumina mate-pair library preparation kit v2, which had their 235 

maxima at 5,500 and 20,000 bp of the fragment size frequency distribution, respectively. A lower 236 

genome-wide coverage of long reads (median read length 780 bp) was generated by the Roche/454 GS 237 

FLX (+) pyro-sequencing technology using Roche rapid library prep kit v2. For N. obtusifolia, two 238 

paired-end libraries and a single mate-pair library were constructed using the same material. The two 239 

paired-end libraries had fragments size distribution maxima at 480 and 1050 bp, respectively. The mate-240 

pair library had a maximum at 3500 bp. The 20 kb mate-pair libraries were constructed at Eurofins/MWG 241 

using the Cre-recombinase circularization approach from Roche (Roche Diagnostics GmbH, Mannheim, 242 

Germany). These were both sequenced with 454 technology and Illumina HiSeq2000 (by removing 243 

Roche adaptor sequences and replacing them by Illumina adaptor sequences). The PacBio reads were 244 

sequenced at the Cold Spring Harbor Laboratory. 245 
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 The overall assembly workflow for N. attenuata is shown as Fig. S3. All paired-end reads from 246 

the sequenced libraries were assembled using the Celera Assembler (CA7) with a minimum read length 247 

cut-off at 64bp. Preliminary tests showed that single end or short reads did not improve the assemblies, 248 

but increased calculation time significantly. In total, 86.4 Gb short read data were assembled. The 249 

expected genome size of N. attenuata is of 2.54 Gb based on coverage of the “larger than N50 length 250 

unitigs”, similar to the estimation (1C=2.5pg) from the flow cytometry analysis. We used the SSPACE v2 251 

scaffolder to further improve scaffolding using the mate-pair data and filled gaps using GapCloser v1.12 252 

(33). After manual inspections, we found that certain neighboring contigs in the scaffolds still contained 253 

overlaps, which might be due to the assembly process from CA7 that places copies of repeat sequence at 254 

the end of contigs or due to issues in Gapcloser v1.12 that leave open some closable gaps. To close these 255 

gaps between overlapped contigs, we compared neighboring contigs using BLASTN (min. identity 256 

95%/min. length 43) and then joined overlapping contigs with custom scripts. 257 

 The assembly scaffolds from short reads were used for gap filling and further scaffolding using 258 

PBJelly (v15.8.24)(34) with ~10x PacBio reads (N50=14.9 kb, max read length =48.9 kb), which resulted 259 

in a 2.17 Gb genome assembly. While PBjelly only increased the N50 scaffold size from 176 kb to 202 kb, 260 

it significantly increased the N50 contig size from 67 kb to 90 kb. Because PacBio reads contain about 261 

12-15% errors, we performed an additional correction step using short reads with PILON(35). In total, 262 

98.2% of the draft assembly was confirmed by short reads and ~1.3 Mb sequences were corrected by 263 

PILON. The PILON corrected assembly was further mapped to the 10x PacBio reads using BLASR and 264 

used SSPACE-longreads for the second round scaffolding, which increased the N50 scaffold size to 292 265 

kb. 266 

 To assemble the N. obtusifolia genome, we employed a hybrid strategy in which we first 267 

assembled all short reads by a ‘de Bruijn graph’ assembler using idba-ud v1.1.1 (36), and then assembled 268 

the locally re-assembled contigs and a subset of the short read data by an ‘OLC’ long read assembler 269 
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using CA7. Scaffolding and gap filling were carried out using SSPACE v2 using mate-pair data in a 270 

similar manner to the N. attenuata assembly.  271 

 Analyses of 248 conserved core eukaryotic genes using the CEGMA(37) pipeline indicated that 272 

both N. attenuata and N. obtusifolia assemblies were only slightly less complete in full-length gene 273 

contents than that of the tomato genome (86.7%) and similar to the assembly of the potato genome 274 

(83.9%) (Table S2). 275 

Annotation of transposable elements 276 

 De novo annotation of repeated elements was performed with RepeatModeler version open-4-0-5 277 

with the parameters (-engine ncbi). We identified 667 consensus repeat sequences (1.3 Mb total size) in 278 

the N. attenuata genome. To classify these consensus repeat sequences, additional annotation using 279 

TEclass (38) was applied for repeats that were not classified by RepeatModeler. Among all identified 280 

repeats, LTRs, DNA transposons and LINEs contributed most, representing 47.5%, 28.3% and 9.3%, 281 

respectively. The annotated repeats were used for masking repeat sequences using RepeatMasker (open-282 

4.0.5) using parameter “-e ncbi -norna”. We further re-annotated transposable elements using the N. 283 

attenuata repeat library for two Nicotiana additional genomes: N. sylvestris and N. tomentosiformis (39). 284 

To make the results comparable, we used the same approach to de novo identify the TE library of S. 285 

lycopersicum (26) and S. tuberosum (40) genomes.  286 

 MITEs in Nicotiana were annotated in two steps. First, MITE-Hunter (41) was used to find MITE 287 

families in the N. attenuata genome using default parameters, except “-P 0.2”. Following the manual of 288 

MITE-Hunter, the identified MITE candidate families were first subjected coverage evaluation using 289 

TARGeT. The output results were manually inspected and only the MITE families that showed even 290 

distribution of coverage were selected. Then these selected candidate MITE families were manually 291 

checked for their terminal inverted repeats (TIR) and target site duplications (TSD). In total, 15 MITE 292 

families were initially identified. We then assigned these 15 MITE families to different super-families and 293 
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classes based on sequence homology to a P-MITE database. Two MITE families that showed no 294 

homology to any known MITE sequences were excluded from the downstream analysis. Second, using 295 

these 13 MITE consensus sequences as a library, we identified the copy number of each MITE family 296 

using RepeatMasker with parameters “-nolow -no_is -s -cutoff 250”. A complete MITE sequence was 297 

defined as being no more than 3 bp shorter than the representative sequence. The multiple sequence 298 

alignment and neighbor joining tree construction of the DTT-NIC1 family were performed using 299 

ClustalW. 300 

Annotation of protein-coding genes 301 

 The N. attenuata genome was annotated using the Nicotiana Genome Annotation (NGA) pipeline, 302 

which employs both hint-guided (hg) Augustus (v. 2.7) (42) (hg-Augustus) and MAKER2 (v.2.28)(43), 303 

gene prediction pipelines based on genome release v1.0. For hg-Augustus gene annotation, the HMM 304 

gene model was specifically trained for N. attenuata using RNA-seq data from major plant tissues, and 305 

gene models were predicted using unmasked genome sequences. The repeat regions were here given less 306 

probability to be predicted as a gene, in particular when RNA-seq evidence was missing. For MAKER2 307 

annotation pipeline, we integrated evidence of multiple protein codings from three sources: ab initio gene 308 

predictions, transcript evidence and protein homolog evidence. The input evidences for MAKER2 were: 1) 309 

ab initio gene predictors (GeneMark and Augustus) that were each trained with full-length transcripts; 2) 310 

Trinity (v. r20131110) assembled transcripts using RNA-seq data from major tissues; 3) UNIREF90 plant 311 

proteins (mapped using genewise, v. wise2-4-1); 4) six high quality plant proteomes (tomato, potato, 312 

grape, Arabidopsis, Populus and rice). The MAKER2 annotation pipeline was run on the repeat masked N. 313 

attenuata genome. 314 

 The predicted gene models from hg-Augustus were filtered based on their repeats contents. All 315 

genes with repeats occupying more than 50% of the gene length were removed, and genes were retained if 316 

less than 10% of their sequence matched to repeats. For genes that contained repeats occupying 10-50% 317 

of their entire gene length, we performed an additional search of the plant Refseq database using 318 
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BLASTX. If the gene matched with a non-repeats homolog (e-value greater than 1e-5 and bit score 319 

greater than 200) from the plant refseq database, the predicted gene models were retained for downstream 320 

analysis. In total, 35,737 gene models from hg-Augustus predictions were retained. For MAKER2 321 

predicted gene models, in addition to the filtering based on repeat content as described above, the gene 322 

models that had low evidence support were removed from downstream analysis (eAED <= 0.45, this 323 

cutoff was set after manual inspections on the predicted gene models). In total 33,274 gene models from 324 

MAKER2 prediction were retained. The predicted gene models from hg-Augustus and MAKER2 325 

pipelines were then combined and overlapping gene structures were removed. After manual inspections, 326 

we found that hg-Augustus outperformed MAKER prediction when the pipelines predicted different gene 327 

structures for the same gene. Therefore, when the two pipelines predicted different gene structures for the 328 

same genome region, we retained only the hg-Augustus predicted gene models. After merging the 329 

predicted models from both hg-Augustus and MAKER2 predictions, genes with pre-mature stop codons 330 

were considered as pseudogenes and were removed from the downstream analysis. The predicted gene 331 

models were then transferred to N. attenuata genome release v2.0 using a custom script which first 332 

identified homologous regions using BLAST and then predicted gene structure using GeneWise. This 333 

finally resulted in 33,449 high quality gene models in the final N. attenuata genome, of which 74.9% 334 

were supported by at least 50 RNA-seq reads. Because gene models within a genus are usually conserved, 335 

we annotated N. obtusifolia and two other publicly available diploid Nicotiana genomes, N. sylvestris and 336 

N. tomentosiformis(39), using a homology-based annotation pipeline based on all predicted N. attenuata 337 

protein coding gene models. Using all predicted gene models from N. attenuata, we predicted protein 338 

coding gene models in N. obtusifolia, N. tomentosiformis and N. sylvestris using a homolog-based 339 

approach. 340 

RNA sequencing and data analysis 341 

 RNA was isolated from plants of the same origin and inbred generation as described above for N. 342 

attenuata DNA isolation. RNA was isolated using TRIZOL
® (Thermo Fisher Scientific) according to the 343 
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instructions of the manufacturer. DNA was removed from all RNA preparations using TURBO™ DNase 344 

(Thermo Fisher Scientific) according to the manufacturer’s protocol. In total, twenty one RNA-seq 345 

libraries from different plant tissues and the same tissues under different biotic and abiotic stress 346 

treatments were first enriched for RNAs with poly-A tails and then used for RNA-seq library construction 347 

with Illumina's TruSeq RNA sample preparation kits. The insertion sizes of the libraries are 348 

approximately 200 bp. All RNA-seq libraries were sequenced using Illumina 2000 HiSeq platform with 349 

read lengths of 50 or 101 bp and resulted in 793,785,373 paired-end Illumina reads. 350 

 The raw sequence reads were trimmed using AdapterRemoval (v1.1) with parameters “--collapse 351 

--trimns --trimqualities 2 --minlength 36”. The trimmed reads were then aligned to the N. attenuata 352 

genome assembly (v 2.0) using TopHat2 (v2.1.0) (44), with maximum and minimum intron size set to 353 

50,000 and 41 base pairs (bp), respectively, estimated from the N. attenuata genome annotation.  354 

 To estimate the expression level of assembled genes and transcripts, all trimmed RNA-seq reads 355 

were mapped to the assembled transcripts using RSEM (v1.2.20) (45). Transcripts per million (TPM) was 356 

calculated for each transcript and gene. To exclude low-expressed genes and transcripts, only genes with 357 

TPM greater than five in at least one sample were considered as expressed. Similarly, only the transcripts 358 

with TPM greater than one in at least one sample were considered as expressed. 359 

Comparative genomic analysis 360 

 We assigned genes to homologous groups (HGs) using a similarity-based method. For this, we 361 

used all genes that were predicted from the 11 genomes, listed in Table 1. All-vs-all BLAST analysis was 362 

used to compare the sequence similarity of all protein coding genes, and the results were filtered based on 363 

the following criteria: e-value less than 1e-20; match length greater than 60 amino acids; sequence 364 

coverage greater than 60% and identity greater than 50%. All remaining blast results were then clustered 365 

into HGs using a Markov clustering algorithm (MLC) (46). 366 

 We constructed a phylogenetic tree for all identified HGs using an in-house developed pipeline 367 

(SI appendix).  368 
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Evolution of nicotine biosynthesis and GCC and G-box transcription factor binding sites 369 

 Genes previously characterized as being involved in nicotine biosynthesis were retrieved from the 370 

literature and sequences were downloaded from NCBI. Phylogenetic trees for each nicotine biosynthesis 371 

gene were constructed as described above. Sequence alignment and tree structures were then manually 372 

inspected. Duplication events of nicotine biosynthetic genes were inferred from the phylogenetic tree 373 

structures as well as, when possible, from manually checking syntenic information from the tomato and 374 

potato genomes.  375 

 We extracted the GCC and G-box motif matrix from the literature (5, 27), and used FIMO (47) to 376 

detect the occurrence of these two motifs within the 2kb upstream regions of both nicotine biosynthesis 377 

genes and of their ancestral/non-root specific copies. Only the motifs with e-values less than 1e-3 were 378 

considered. Manually inspecting the positions of the annotated motif regions revealed that several motifs 379 

overlapped with annotations of TEs, such as in the upstream regions of MPO and PMT, indicating that 380 

some of these motifs may be derived from TE sequences. To test this hypothesis, we first searched GCC 381 

and G-box motif sequences within the consensus TE sequences. Overall, GCC and G-box motifs could be 382 

found in more than 54% of these TE consensus sequences. The number of GCC box and G-box motifs per 383 

kilo-base sequences in the TE consensus sequences were as high as 19 and 28, respectively. Permutation 384 

tests by randomly shuffling the positions of GCC and G-boxes 1000 times in the N. attenuata genome and 385 

then comparing with actual TE locations further revealed that these two motifs were significantly 386 

enriched in TE regions (p < 0.001). These data reveal that many TEs contain the GCC and G-box motif 387 

sequences. Next, we performed additional analyses in order to calculate the number of the GCC and G-388 

box motifs which were derived from TE insertions that were located within the upstream regions of 389 

nicotine biosynthesis genes. For this, we extracted 150 bp sequences that included left and right flanking 390 

sequences and the motif sequence in the middle and compared these with the RepeatMasker annotated TE 391 

sequences in the N. attenuata genome using YASS (48), a tool designed to search for diverged sequences. 392 

To reduce false positives, only the matches that contained the expected motif sequences and had an e-393 
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value lower than 1e-5 were considered. Note that the number of GCC and G-box motifs in the nicotine 394 

biosynthesis genes that derive from TEs estimated by this approach is likely highly conservative, because 395 

this method fails to identify the corresponding homologous sequences in cases where the motif sequences 396 

and their flanking regions have diverged significantly from their ancestral TE sequences.  397 

  398 
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 526 

Figure legends: 527 

 528 

Figure 1. Whole genome triplication (WGT) in Nicotiana genomes is shared with other Solanaceae 529 

species but the Gypsy retrotransposons expansions are Nicotiana-specific.  530 

(a) Nicotiana genomes share the WGT with other Solanaceae species. Left panel depicts the shared WGT 531 

event between Nicotiana and Solanum as revealed by the structure of the phylogenetic tree of triplicated 532 

gene families in Nicotiana and Solanum. Red and yellow bars represent the percentage of triplication and 533 

duplication events shared between Nicotiana and Solanum, respectively. Right panel shows the 534 

phylogenetic tree of 11 plant species and different colored stars indicate previously characterized whole 535 

genome multiplication events. (b) Expansion of Gypsy transposable elements contributes substantially to 536 

genome size evolution in Nicotiana. Left panel shows the genomic content (in Gb) of repetitive versus 537 

non-repetitive sequences in the 11 plant genomes. Black and grey bars indicate non-repetitive sequences, 538 

whereas other colors indicate repetitive sequences. The right insert visualizes the expansion history of 539 

LTR retrotransposons in four Nicotiana genomes in comparison to tomato. X-axis (number of 540 

substitutions per site) refers to the divergence of a LTR from its closest paralog in the genome, with 541 

smaller numbers indicating more recent duplication events. 542 
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 543 

Figure 2. Expansion of transposable elements of the family DTT-NIC1 increased genome-wide gene 544 

expression divergence among duplicated gene pairs in Nicotiana.  545 

(a) Copy number of the six most abundant Nicotiana MITE families of transposable elements in 546 

Nicotiana and Solanum. Each bar depicts the total number of copies in each species for the six main 547 

MITE transposable elements (TEs). MITE families are visualized by different colours: light blue, DTA 548 

(hAT); green, DTH (PIF/Harbinger); red, DTT (Tc1/Mariner). DTT-NIC1 from the Tc1/Mariner family is 549 

the most abundant all MITE TEs. Nicotiana species: Na, N. attenuata; No, N. obtusifolia; Ns, N. sylvestris; 550 

Nt, N. tomentosiformis. Solanum species: Sl, Solanum lycopersicum; St, Solanum tuberosum. (b) 551 

Expansion of the DTT-NIC1 family in Nicotiana species. Neighbor joining (NJ) tree of the DTT-NIC1 552 

family in N. attenuata, tomato and potato. The shaded clade highlights the pronounced expansion of 553 

DTT-NIC1 in N. attenuata. (c) DTT-NIC1 insertions are enriched in the upstream regions of coding 554 

sequences. The line indicates the percentage of genes, among all predicted protein coding genes, that 555 

contain DTT-NIC1 insertions within a given 500 bp sliding window. (d) Insertions of DTT-NIC1 within 556 
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the 1 kb upstream region of duplicated genes increased tissue-level gene expression divergence 557 

(Wilcoxon rank sum test). Left and right panels are violin plots of the divergences between duplicated 558 

gene pairs at expression and tissue specificity levels, respectively. Red bars indicate duplicated pairs, of 559 

which one copy has at least one DTT-NIC1 insertion and the other does not. Blue bars indicate duplicated 560 

pairs, both of which lack DTT-NIC1 insertions. The width of the probability density in the violin plots 561 

along the bars correspond to the number of duplicate gene pairs. 562 
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 564 

Figure 3. Prolific nicotine production evolved from the duplication of two primary metabolic 565 

pathways and its coordinated transcriptional regulation was likely facilitated by transposon-566 

derived transcription factor binding site insertions. 567 

(a) Nicotiana-specific nicotine biosynthesis originates from step-wise duplications of two primary 568 

metabolic pathways. The upper panel depicts the metabolic organization (brightly colored and dashed line 569 

outlined branches) and evolution of nicotine biosynthesis via pathway and single gene duplications in 570 

Nicotiana. Light green and light blue branches on the side indicate the two ancient gene modules with 571 

housekeeping functions in plants corresponding to the NAD cofactor and polyamine pathways. Different 572 

gene duplication types are indicated by arrows annotated as follows: NSD, Nicotiana-specific 573 

duplications; WGT, whole genome triplication in Solanaceae; Prior-WGT, gene duplication occurring 574 
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prior to WGT. Nicotiana QS did not duplicate but experienced an increase in root expression compared to 575 

its tomato homolog. Lower panel: phylogenomics view of grape, tomato and N. attenuata gene sets 576 

highlighting the gradual assembly of the nicotine biosynthetic pathway. (b) Acquisition of transcription 577 

factor binding motifs and root-specific expression evolution of nicotine biosynthesis genes. Heatmaps 578 

depict the scaled expression of nicotine biosynthetic genes and their ancestral copies or closest paralogs 579 

across six distinct tissues. Red and green signify high and low expression, respectively. A622 likely 580 

neofunctionalized without being duplicated in solanaceous species. TPM: transcript per million. Nicotine 581 

biosynthetic genes’ root specific expression and dramatic transcriptional up-regulation during insect 582 

herbivory is coordinated by the action of MYC2 and ERF transcription factors which target G- and GCC-583 

type boxes in the promoters, respectively. Numbers of GCC and G-box motifs detected within 2 kb 584 

upstream region of nicotine biosynthetic genes and their ancestral copies are represented using specific 585 

color gradients. GCC motifs derived from TE insertion in the gene upstream region are shown as blue 586 

lines. (c) Many GCC and G-box motifs from nicotine biosynthesis genes are likely derived from TE. Each 587 

row depicts the motif and TE annotation of the 2 kb upstream region of an individual nicotine 588 

biosynthesis gene. The predicted GCC and G-box motifs are shown in red and pink small boxes, 589 

respectively. The regions that were annotated as TE from RepeatMasker are shown in rectangle with two 590 

different colors. Light blue: LTR; green: non-LTR. The motifs sequences and their 150 bp flanking region 591 

showed significant homology (E-value less than 1e-5) to annotated TE sequences in N. attenuata are 592 

shown in dashed lines.  593 
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 595 

Figure 4. Evolution of ERF189 in Nicotiana. (a) Phylogenetic tree of ERF189 among different plants. 596 

The numbers on the branches denote approximate Bayes branch support values. Red arrows indicate the 597 

tandem duplications that were identified based on synteny information. (b) Evolutionary model of the 598 
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ERF189 gene cluster based on both phylogenetic relationship among homolog genes and their syntenic 599 

information in P. axillaris (12), tomato (26) and N. obtusifolia. Lineage specific duplications of ERFs are 600 

shown in blue (Petunia), light blue (Solanum) and red (Nicotiana). The expression profile of ERF189 and 601 

its orthologous gene in tomato were retrieved from N. attenuata data hub (nadh.ice.mpg.de) and tomato 602 

eFP browser (http://bar.utoronto.ca/efp_tomato/cgi-bin/efpWeb.cgi), respectively. The asterisk indicates 603 

the gene NIOBTv3_g42088 is likely a pseudogene in N. obtusifolia. 604 
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