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Summary 

• The genomic shock hypothesis suggests that allopolyploidy is associated with genome 

changes driven by transposable elements, as a response to imbalances between 

parental insertion loads. To explore this hypothesis, we compared three allotetraploids 

Nicotiana arentsii, N. rustica and N. tabacum, which arose over comparable time 

frames from hybridization between increasingly divergent diploid species. 

• We used sequence-specific amplification polymorphism (SSAP) to compare the 

dynamics of six transposable elements in these allopolyploids, their diploid 

progenitors, and in corresponding synthetic hybrids. 

• We show that element-specific dynamics in young Nicotiana allopolyploids reflect 

their dynamics in diploid progenitors. Transposable element mobilization is not 

concomitant with immediate genome merger, but occurs within the first generations 

of allopolyploid formation. In natural allopolyploids, such mobilizations correlate 

with imbalances in the repeat profile of the parental species, which increases with 

their genetic divergence. Other restructuring leading to locus loss is immediate, non-

random, and targeted at specific subgenomes, independently of cross orientation. 

• The correlation between transposable element mobilization in allopolyploids and 

quantitative imbalances in parental transposable element loads supports the genome 

shock hypothesis proposed by McClintock. 
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Introduction 

Allopolyploidy, i.e. interspecific hybridization associated with whole-genome duplication, is a 

recurrent plant speciation process that has been extensively described in crops (cotton, wheat, 

rapeseed), model and wild species (for example in genera Arabidopsis, Spartina, Tragopogon) (Soltis 

& Soltis, 2009; Jiao et al., 2011; Soltis et al., 2014; Soltis et al., 2015; Alix et al., 2017). 

Allopolyploidy is thought to stimulate genetic and epigenetic changes (Wendel, 2000; Doyle et al., 

2008), potentially resulting in short-term “revolutionary changes” such as DNA elimination, gene 

loss, chromosome exchanges, amplification of high-copy DNA sequences and chromatin or 

methylation modifications (Feldman & Levy, 2009). Over longer time frames genome diploidisation 

processes can lead to genome downsizing, loss of gene duplicates, genome fraction and chromosome 

number reductions (Dodsworth et al., 2015).  

In synthetic hybrids and allopolyploids that mimic natural species (i.e. newly created by crossing 

diploid species), the extent of genome restructuring generated by allopolyploidy seems to be species-

dependent or even line-dependent. For example, no significant structural rearrangements were found 

in synthetic cotton allopolyploids (Liu et al., 2001), whereas translocations, chromosome loss and 

abnormal segregation patterns were observed in the first generations Tragopogon and Brassica napus 

allopolyploids (Lim et al., 2008; Sarilar et al., 2013) and up to 14 % of parental genomic loci loss was 

reported in Aegilops-Triticum synthetic hybrids and allopolyploids (Shaked et al., 2001). The timing 

and level of genetic changes associated with allopolyploidy appear to be dependent on species and 

genotypes, and it remains unclear what is driving these different responses. 

The plant genus Nicotiana L. (Solanaceae) represents an excellent model to investigate 

allopolyploidy, as recurrent and independent allopolyploidy involving different parental diploids 

occured in nature. Three young allotetraploids, N. arentsii, N. tabacum and N. rustica, that formed 

over similar time frames (Clarkson et al., 2017), are studied here: (1) N. arentsii formed ca. 0.36 

million years ago (Mya) from diploid progenitors of N. undulata (maternal) and N. wigandioides 

(paternal), which diverged ca. 5.4 Mya. (2) N. rustica formed ca. 0.57 Mya from progenitors of N. 

paniculata (maternal) and N. undulata (paternal), which diverged ca. 7.7 Mya. (3) N. tabacum 

(tobacco) formed ca. 0.40 Mya from progenitors of N. sylvestris (maternal) and N. tomentosiformis 

(paternal), which diverged ca. 12.9 Mya. The three allopolyploids thus arose within recent and 

comparable time frames from interspecific hybridizations between diploid progenitor pairs that 
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diverged at highly variable times, and represent a rare experimental system to compare the impact of 

parental divergence on genomic restructuring associated with allopolyploid formation. 

Transposable elements (TEs) represent a substantial and variable part of plant genomes, 

accounting for genome size variation in angiosperms (Tenaillon et al., 2010). They are classified 

according to the nature of their transposition intermediate (Wicker et al., 2007), with class I elements, 

or retrotransposons, transposing via a RNA-based replicative mechanism that can lead to rapid 

increases in copy numbers, whereas most class II elements excise and re-insert via a conservative 

mechanism. Class I elements are generally predominant in large plant genomes (Oliver et al., 2013). 

They are central players in genome reorganization after interspecific hybridization, thought to 

generate a genome shock associated with the mobilization of transposable elements (McClintock, 

1984) in response to imbalance between parental insertion loads (Michalak, 2009; Parisod et al., 

2012). While transposition in response to allopolyploidy can be restricted to specific elements, 

transposable elements also appear associated with major structural changes such as recombination-

driven sequence loss (Parisod et al., 2010). Nicotiana represents a material of choice for the study of 

dynamics of transposable element associated with allopolyploidy because it contains some of the best-

characterized, active plant retrotransposons (Grandbastien et al., 1989; Hirochika et al., 1996). 

Previous studies of retrotransposons in N. tabacum have revealed the rapid turnovers of insertion sites 

and element-specific dynamics (Petit et al., 2007), including in the S4 generation of synthetic 

allotetraploid mimics of tobacco (Petit et al., 2010). 

Here, we compared genome changes associated with several transposable element families in the 

allopolyploids N. arentsii, N. rustica and N. tabacum. We also compared the natural species with a 

large panel of F1/ S0 synthetic hybrids, including reciprocal hybrids. We selected six Nicotiana 

transposable elements for study, these being one class II element and five class I retrotransposons 

(Table 1). These elements were selected because they displayed contrasted dynamics, with some of 

them young and active, while others are older, including some ancient elements conserved among 

eudicots and monocots.  

Using genome-wide SSAP (Sequence-Specific Amplification Polymorphism) (Waugh et al., 

1997), and a range of natural and synthetic hybrids, we compared the insertion polymorphisms of 

these transposable element families and examined the impact of variable genome shock intensities on 

structural changes associated with allopolyploidy. Our results show that: (1) the same families show 

similar dynamics in diploids and derived hybrids and allopolyploids; (2) transposable element are not 

mobilized at very early stages but other non stochastic restructuring occurs, targeted at particular 

insertions and specific subgenomes; (3) much genome changes occur within the first generations of 

allopolyploid formation. Finally, we show that transposable element mobilization transposition in 
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allopolyploids is greatest when parental repeat profiles are most imbalanced, congruent with the 

genome shock hypothesis. 

 

Material and methods 

Plant material  

Natural accessions: We used 49 Nicotiana accessions (Table 2) originating from various sources and 

reflecting the available diversity in seed collections. N. wigandioides and N. arentsii had only one 

accession available. For N. tabacum we used landraces that were not derived from breeding programs, 

and are considered “ancestral types” (Petit et al., 2007), and two feral tobaccos. 

Synthetic hybrids: We analyzed 26 Nicotiana synthetic hybrids (Table 3). Synthetics hybrids were 

coded according to their progenitor species, arranged in the maternal paternal order. For N. sylvestris 

x N. tomentosiformis ST hybrids, we used several independent lines formed from different progenitor 

accession pairs. We distinguished these lines with a supplementary letter: ST-H refers to ST hybrids 

between diploid parents, ST-D refers to ST hybrids between tetraploidized parents, and ST-Th refers 

to the Th37 allopolyploid (see the section “S4 allopolyploids”, below). 

F1 hybrids: Three independent N. tabacum ST-H-F1 hybrids were obtained from a cross between 

N. sylvestris (TW137, S-subgenome donor) and N. tomentosiformis (ITG645, T-subgenome donor). 

The N. arentsii F1 hybrids (UW), involving diploid parents N. undulata (U-subgenome donor) and N. 

wigandioides (W-subgenome donor) and the N. rustica F1 hybrids (PU1, UP1, UP2), involving 

diploid parents N. undulata (U-subgenome donor) and N. paniculata (P-subgenome donor) were 

described previously (Dadejova et al., 2007). The PU and UP F1 hybrids correspond to reciprocal 

crosses between the same N. undulata and N. paniculata parental accessions. 

 

S0 allopolyploids: Doubled S0 versions of F1 hybrids were obtained by plantlet regeneration from 

in vitro calli, which efficiently induces genome doubling in tobacco (Kasperbauer & Collins, 1972). 

F1 plants were germinated and maintained in vitro on S-medium (Duchefa Biochemie, NL) in a 

growth chamber under a 21°C – 70% humidity - 16 h light / 8 h dark photoperiod. F1 leaf explants 

were placed on B-medium supplemented with IAA (Indole-3-acetic acid) 0.5 mg.ml-1 and BA (benzyl 

adenine) 1mg.ml-1 (Bourgin et al., 1979). Plantlets regenerated from proliferating calli were rooted 

and subcultured on S-medium. Successful genome doubling was identified by flow cytometry on a 

CyFlow SL3 (Partec) cytometer. We obtained S0 plants from the ST-H15-F1 and the PU-F1 hybrids. 

No calli were obtained from UW F1 leaf explants, and no S0 plants were identified in 33 regenerants 
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of UP-F1 hybrids. Ten independent synthetic ST-D-S0 hybrids, obtained through crossing of 

tetraploidized N. sylvestris B39 with tetraploidized N. tomentosiformis TW142, were included in our 

study. 

S4 allopolyploids: We also included in this work ST-Th-S4 plants corresponding to S4 

segregating progenies of the synthetic Th37 tobacco allotetraploid (Burk, 1973). The four S4 lines 

used in this work (Th1, Th3, Th8, Th9) were analyzed previously (Skalicka et al., 2003; Kovarik et 

al., 2004; Lim et al., 2004; Skalicka et al., 2005; Petit et al., 2010) and are representative of the Th37 

segregant groups defined in (Skalicka et al., 2003). 

Plant terminology: For simplification, we assembled taxa into three groups named Arentsii, 

Rustica and Tabacum, each containing accessions, as appropriate, of the natural allotetraploid, of the 

diploid progenitor species, and of their derived synthetic hybrids and allopolyploids. 

 

SSAP genotyping 

SSAP was performed as in (Petit et al., 2007) and (Parisod et al., 2012). Briefly, leaf DNA was 

digested with EcoRI and ligated with EcoRI-specific adapters. Regions encompassing transposable 

element termini and flanking sequences were amplified by PCR using an EcoRI adaptor primer and a 

primer designed in the extremity of each element: Ns1-1F, Au-1F, TS-a, Tnt1-OL16, Tnt2d and 

TRIM-b, as in (Parisod et al., 2012). For each element, all Tabacum lines were run side-by-side on the 

same polyacrylamide gel, while the Rustica and Arentsii lines were run side-by-side on the same 

polyacrylamide gel, because of their common progenitor N. undulata. At least two replicates of each 

analysis were performed and only reproducible and clearly resolved SSAP loci were manually scored 

as present (1) or absent (0). 

For each element, independent matrices were assembled to assess genetic diversity in natural 

species, synthetics and parental accessions (Supporting Information Table S1). Proportions of 

polymorphic SSAP loci were estimated, along with the Shannon Index H that suitably estimates 

diversity for dominant markers in autogamous species as considered here (Bussell, 1999).  

 

Phylogenetic Reconstructions 

Relationships among Nicotiana taxa assessed with the SSAP datasets were evaluated by the 

neighbor-net method, using SplitsTree 4.16 (Huson & Bryant, 2006). Each neighbor-net diagram was 

produced from distances computed as the number of pairwise differences among individual genotypes 
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(UncorrectedP option). This procedure was applied to each of the different element datasets 

independently, as well as to the compiled matrix obtained with all six elements. 

 

Distribution of SSAP variation within and among groups 

 

For each locus j, the frequencies of band presence (1) and absence (0) were estimated among 

accessions of the paternal (P(1)j, P(0)j) or maternal (M(1)j, M(0)j) diploid progenitors as well as 

among accessions of the hybrid/allopolyploid (H(1)j, H(0)j). These (H) frequencies were compared to 

the (E) profile expected under additivity of diploid progenitors profiles, which was estimated as: E(1)j 

= [P(1)j × M(0)j] + [P(0)j × M(1)j] + [P(1)j × M(1)j] for locus j presence frequency and E(0)j = P(0)j × 

M(0)j for locus j absence frequency. Frequencies of additive (A), new (N) or missing parental loci (L) 

were calculated for each hybrid/allopolyploid and each locus j as follows: (i) additive locus Aj = 

[E(1)j × H(1)j] + [E(0)j × H(0)j] (i.e. sum of the products of locus j presence or absence frequency in 

the hybrid/allopolyploid (H) and in the expected (E) profiles); (ii) new locus Nj = E(0)j × H(1)j (i.e 

product of locus j absence frequency in expected (E) profile and locus j presence frequency in the 

hybrid/allopolyploid (H)); (iii) missing parental locus Lj = E(1)j × H(0)j (i.e. product of locus j 

presence frequency in the expected profile (E) and absence frequency in the hybrid/allopolyploid). 

Frequencies of additive, new or missing parental loci were summed across all j loci, and converted 

into proportions following Senerchia et al. (2014). We also calculated and summed across loci the 

frequencies of missing loci of paternal or maternal origin (LM and LP) as follows: LPj = P(1)j × M(0)j 

× H(0)j for loci of paternal origin and LMj = M(1)j × P(0)j × H(0)j for loci of maternal origin, as well as 

the frequencies of common loci shared by progenitors (C) : Cj = P(1)j × M(1)j, and the frequencies of 

paternal-specific loci (PB) and maternal-specific loci (MB): PBj = P(1)j × M(0)j and MBj = M(1)j × 

P(0)j . The R script for these calculations is provided in Supporting Information Notes S1. 

For each natural allotetraploid species and synthetic hybrids with at least three accessions, one-

way ANOVA followed by multiple comparisons with Tukey’s honest significant differences (HSD) 

were carried out to assess transposable elements displaying significantly different proportions of non 

additive bands (new or lost loci) using the package ‘agricolae’ on R cran (https://cran.r-project.org/). 

We used as internal baseline TRIM (Witte et al., 2001; Yasui et al., 2001), an ancient element 

showing a high sequence heterogeneity indicative of low transpositional activity in N. tabacum 

(unpublished data), and presenting a basal restructuring activity in older Nicotiana allopolyploids of 

the Repandae section (Parisod et al., 2012). Hence, only non-additive locus percentages 

significatively different from those of TRIM after Tukey HSD Tests were considered as relevant.  
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The correlation between the proportion of non-shared loci between progenitors and the 

proportions of new or missing loci in allopolyploids was assessed with a General Linear Mixed Model 

(GLMM) including variation within species and types of transposable elements as random effects in 

our data, according to Senerchia et al. (2014).  

 

Results 

Phylogenetic relationships of natural and synthetic Nicotiana hybrids 

SSAP characterised six transposable elements, giving a total of 426 reproducible loci for the 

Arentsii group (i.e. N. arentsii, synthetic mimics and progenitor species), 368 for the Rustica group 

(i.e. N. rustica, synthetic mimics and progenitor species), and 542 loci for the Tabacum group (i.e. N. 

tabacum, synthetic mimics and progenitor species) (Supporting Information Tables S1, S2). We 

computed the neighbor-net diagram for each group using a combination of the six elements, as well as 

for each element separately. The topologies of each combined tree (Fig. 1) presented the parental taxa 

on opposite sides of the neighbor-net, with the natural allotetraploids and synthetic hybrids branching 

at intermediate positions, supporting their hybrid origin. F1 and S0 lines from the same cross (see 

Table 3) or hybrids produced from reciprocal crosses (such as N. paniculata x N. undulata PU and N. 

undulata x N. paniculata UP hybrids) clustered together. In contrast, the synthetic ST-Th-S4 

segregants of the Tabacum group were differentiated from the other Tabacum synthetics (Fig. 1c). 

The topologies placed N. arentsii, N. rustica and their corresponding synthetics closer to the paternal 

species, whereas N. tabacum and its corresponding synthetics were closer to the maternal species. As 

expected, branch lengths separating the parents from natural and synthetic hybrids were shorter for 

the latter, indicating that they present more additive profiles than the natural allopolyploids. 

Although similar to combined neighbor-nets, topologies from each element differed slightly 

(Supporting Information Fig. S1a,b,c), as expected from their specific dynamics. This is particularly 

clear for the Tabacum group. Some of the element-specific patterns are explained by differential 

parental element loads, which also correlate with the degree of genetic distance between diploid 

progenitors, as described below. 

 

Transposable element loads and related genetic diversity in diploid progenitors  

To evaluate relative transposable element loads and related genetic diversity in diploid 

progenitors, we determined the total number of SSAP loci and the proportion of polymorphic loci as 

well as the Shannon Diversity Index (H) (Fig. 2, Supporting Information Table S2). We also 
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evaluated the percentage of loci that were species-specific or shared by progenitors, taking 

intraspecific polymorphism into account (Table 4). 

For N. arentsii progenitors (N. undulata and N. wigandioides), the global number of SSAP loci is 

higher in paternal N. wigandioides than in N. undulata, driven by significantly higher numbers of TS 

and Ns1, and to a lesser extent Tnt2 and Tnt1. The ancient Au and TRIM elements showed 

insignificant differences in parental loads. It was not possible to compare the diversity between 

progenitors, as only one N. wigandioides accession was available. 

For N. rustica progenitors (N. paniculata and N. undulata), the global number of SSAP loci is 

higher in paternal N. undulata than in N. paniculata. Both diploid species showed similar diversity 

overall (H for N. paniculata = 0.643 and H for N. undulata = 0.71), but a particularly high diversity 

for TS in N. paniculata (H = 0.237) compared with N. undulata (H = 0.074). TS elements are less 

abundant in N. paniculata and are mainly responsible for N. paniculata having fewer SSAP loci 

overall. In contrast, Tnt2 SSAP loci occur in N. undulata and N. paniculata in similar numbers, but 

with higher polymorphisms in N. undulata (H = 0.210), potentially revealing its recent activity in this 

species. The ancient Au and TRIM elements displayed insignificant difference in parental loads. 

For N. tabacum progenitors (N. sylvestris and N. tomentosiformis), the global number of SSAP 

loci is greater in maternal N. sylvestris, largely caused by larger numbers of Tnt2, TS and Tnt1 loci. 

Although displaying significantly more loci, N. sylvestris showed a low diversity (global H = 0.271, 

with H < 0.09 for each type of element analysed) compared with N. tomentosiformis (global H = 

0.895, with H > 0.08 for each element), suggesting that insertions are mainly fixed in the N. sylvestris 

population. The ancient elements Au and TRIM displayed insignificant difference in parental loads. 

We observed significant variations in the proportion of shared SSAP loci between progenitors 

(Table 4), varying from 4.1% (for Tnt2 between N. sylvestris and N. tomentosiformis) to more than 

36% (for TRIM between N. undulata and N. wigandioides). However, the global proportion of shared 

SSAP loci (23.2% for N. undulata and N. wigandioides, 16.3% for N. paniculata and N. undulata and 

12.1% for N. sylvestris and N. tomentosiformis) reflects the increasing genetic distances between 

progenitor pairs (Clarkson et al., 2017). Out of the six elements considered, the putatively inactive 

TRIM displayed one of the highest proportion of shared loci in the three Nicotiana parental pairs, 

whereas the recently active elements TS and Tnt2 were amongst the elements with the lowest 

proportion of shared loci.  
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Transposable element-associated genome restructuring in natural allotetraploids 

We compared the additivity of progenitor profiles to the profiles observed for natural 

allopolyploids, assessing the potential that the locus is additive (i.e. locus pre-existing in one or both 

parents), new (i.e. locus absent from parental accessions) or missing (parental locus missing in the 

hybrid). 

As expected for recent allopolyploids, the global mean proportion of additive SSAP loci (Fig. 3 

and Supporting Information Table S3) was high, varying from 62.69% for N. rustica to 70.22% and 

70.32% for N. tabacum and N. arentsii respectively. New loci represented 7.55%, 13.54% and 

10.78% of total loci in N. arentsii, N. rustica and N. tabacum respectively, whereas missing loci 

accounted for higher values of 21.42%, 23.77% and 18.99% respectively. 

To analyze the relative contribution of each transposable element to these genome changes (Fig. 4 

and Supporting Information Table S3), we used TRIM, an ancient element with low transpositional 

activity in Nicotiana (Material and Methods) as a baseline highlighting elements with distinctive 

evolutionary trajectories. TRIM indeed displayed a high level of additive loci (Fig. 4a) in N. arentsii, 

N. rustica and N. tabacum (74.55%, 72.47%, 83.43% respectively) and only Ns1 presented a similar 

pattern (77.10%, 68.90%, 72.55% respectively). Other elements showed variable proportions of 

additive loci according to the species being considered, with high levels of additivity observed for 

TS/Tnt1 in N. arentsii (73.04%/72.56%), Tnt2 in N. rustica (67.56%), and Tnt1 in N. tabacum 

(70.34%). 

Different patterns of parental loci missing in hybrids (Fig. 4b) were found according to species. 

TRIM showed low levels of missing loci (21.43% in N. arentsii, 18.57% in N. rustica, 12.60% in N. 

tabacum). TS showed a similar pattern (18.70% in N. arentsii, 21.65% in N. rustica, 14.96% in N. 

tabacum), whereas Au displayed a high level of missing parental loci in the three allopolyploids 

(28.62% in N. arentsii, 30.85% in N. rustica, 21.69% in N. tabacum), similar to Tnt2 (27.42% in N. 

arentsii, 24.38% in N. rustica, 24.60% in N. tabacum). 

Each allopolyploid displayed an element-specific profile of new loci (Fig. 4c), but globally TS 

and Au generated the highest number of new loci. TS produced 19.79% and 18.06% of new loci in N. 

rustica and N. tabacum respectively, congruent with its recent activity in diverse Solanaceae (Wenke 

et al., 2011). Tnt1 generated a high percentage of new loci (20.45%) in N. rustica only, with two-fold 

lower levels in the two other allopolyploids (9.76% in N. arentsii, 8.50% in N. tabacum), whereas 

Tnt2 reached a high proportion of new loci (14.36%) in N. tabacum only, in accordance with the 

potential of this element to be active in this species (Petit et al., 2007). 
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Transposable element-associated genome restructuring in synthetic hybrids 

We estimated the extent and timing of restructuring after hybridization and polyploidization at 

different steps of the formation of synthetic hybrids of the three groups Arentsii (UW hybrids), 

Rustica (PU and UP hybrids) and Tabacum (ST-H, ST-D and ST-Th hybrids) (Fig. 3, Fig. 4 and 

Supporting Information Table S3). 

As expected, the global percentage of additive SSAP loci was high in F1/S0 synthetic hybrids, 

ranging from 87.77% to 96.69%. Only the ST-Th-S4 segregants displayed a lower value of 77.41%. 

In contrast to natural allopolyploids, very few (none or one) new loci were detected in any F1/S0, 

with only ST-Th-S4 segregants showing a significant global level of new loci (7.63%) approaching 

the level of new loci in natural N. tabacum (10.78%). Early parental locus loss appeared as the major 

restructuring event in the F1/S0 synthetic hybrids, with proportions ranging from 3.29% to 7.55%, 

except for the UW-F1 hybrid that displays a substantially higher level (12.08%). Here too, the ST-Th-

S4 segregants showed a level of missing loci (14.96%) that was closer to natural N. tabacum 

(18.99%) than to early F1/S0 synthetics (3.29 to 4.35%). 

Levels of additive loci were high for all transposable elements in F1/S0, excepting Tnt2 and Au in 

the UW-F1 hybrid displaying high levels of parental locus loss (Tnt2: 17.86% and Au: 25.00%). 

Interestingly, these two elements were also chiefly associated with parental locus loss in its natural 

counterpart N. arentsii. The ST-Th-S4 segregants displayed a lower level of additive loci for the TS, 

Ns1 and Au elements (respectively 56.33%, 74.40% and 75.69%) corresponding to a high percentage 

of new loci for TS and Ns1 (respectively 17.17% and 11.31%) and a high level of missing loci for TS 

and Au (respectively 26.51% and 18.40%). In these ST-Th-S4 segregants, TS and Ns1 revealed the 

highest level of new loci (17.17% and 11.31%), suggesting that these elements may have been active 

within the four generations after hybridization. Accordingly, TS was also the element generating the 

highest level of new loci in natural N. tabacum (18.06%). 

A low level of restructuring associated to genome doubling step (F1 to S0 transition) was 

observed (Supporting Information Table S1), with only sporadic changes of parental missing loci 

between F1 and corresponding S0 (nine in ST-H-F1 to -S0, two in PU-F1 to PU-S0). 

Interestingly, we observed within synthetics of the Tabacum or Rustica groups that similar 

parental loci were missing in independent synthetic hybrids or in synthetic hybrids derived from 

different parental accessions (Supporting Information Table S1). In the Tabacum group, low 

polymorphism levels were found accross the three ST-H-F1 hybrids and across the ten ST-D-S0 

hybrids. Furthermore, a high proportion (8 out of 18 - 44.4%) of parental loci missing in ST-D-S0 

hybrids were also missing in ST-H-F1 hybrids, and a proportion (13.1%) of parental missing loci 

were also shared by at least two of the three Tabacum group synthetic types (ST-H, ST-D and ST-Th). 
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In the Rustica group hybrids, 63 % (17 out of 27) of missing parental loci were common to the 

reciprocal PU-F1 and UP-F1 synthetic hybrids. 

 

Parental origin of transposable element loci not transmitted to natural and synthetic hybrids 

To estimate whether restructuring of insertion sites differentially affects each parental genome, we 

calculated the proportions of loci of paternal or maternal origin missing in natural and synthetic 

hybrids (Fig. 5 and Supporting Information Table S3).  

In natural N. tabacum and N. rustica, global restructuring levels appeared to be equivalent for 

both parental subgenomes (Fig. 5a). In contrast, higher levels of maternal loci are missing in N. 

arentsii. However, the dynamics of each element greatly differed (Fig. 5b). The proportion of missing 

paternal loci was similar for all elements in N. tabacum and N. arentsii, with a higher variation for 

missing maternal loci. In N. rustica, the proportion of both paternal and maternal missing loci 

displayed a large variation. For example, Au showed a very high level of missing maternal loci 

(20.72%) in N. arentsii, and a very low level of missing paternal loci (4.28%), although the two 

parental species are phylogenetically closely related. TS (in N. rustica) but also TRIM (in N. 

tabacum) also showed contrasted levels of missing parental loci. 

In contrast to natural N. tabacum, a predominance of missing paternal loci was observed in all 

Tabacum group synthetics, with higher levels in ST-Th S4 segregants (11.71%) compared to 2.82% 

of missing maternal loci. In the Arentsii group UW-F1 hybrids, losses of maternal loci were higher 

(8.19%) than those of paternal loci (3.89%), similar to natural N. arentsii. Interestingly, the 

comparison of reciprocal UP-F1 and PU-F1 hybrids of the Rustica group indicated preferential losses 

of loci from the N. paniculata genome, independent of its paternal or maternal origin.  

No element-specific trend could be evidenced in most synthetics, due to low levels of 

restructuring. The high level of missing maternal loci observed in the UW-F1 hybrid is restricted to a 

few elements (Au, Tnt2 and Ns1) and is not strictly correlated with N. undulata-specific element 

locus abundance (see Table 4). In ST-Th S4 segregants, highest levels of missing paternal loci were 

detected for TS, Au and Ns1. 
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Correlation between transposable element-related restructuring and parental transposable 

element loads in natural Nicotiana allopolyploids 

We investigated to what extent restructuring in natural allotetraploids is correlated to imbalances 

in parental transposable element loads, using the percentage of non-shared insertions between diploid 

progenitors as a proxy for parental transposable element load divergence. We modeled the log-

transformed percentage of new (N) or missing (M) SSAP loci as a function of the percentage of non-

shared insertions for each element in each allotetraploid (Fig. 6). In both cases, simple linear 

regression slopes progressively increased from N. arentsii (N=0.04248, M=0.01104) to N. rustica 

(N=0.05589, M=0.02518) and N. tabacum (N=0.09486, M=0.04216). We refined our analysis 

following Senerchia et al. (2014) by generating a linear mixed model to include variation within 

species and types of transposable elements as random effects in our data. The maximum likelihood 

linear mixed model indicated that the proportion of new loci is significantly associated with the 

proportion of non-shared loci between progenitors (t-value = 3.9952, p-value = 0.0013, R2 = 0.963), 

confirming that increasing global parental divergence is associated with increasing levels of putative 

new insertions in the derived allotetraploid. In contrast, the proportion of missing parental loci is not 

significantly associated with the proportion of non-shared progenitor loci progenitors (t-value = 

0.8423, p-value = 0.4778, R2 = 0.878). 

 

Discussion  

Transposable element evolutionary dynamics in allopolyploids reflects their dynamics in 

diploids 

Phylogenetic networks reconstructed with SSAP data for six transposable elements, whether 

analysed independently or together, were congruent with prior phylogenetic studies (Clarkson et al., 

2017). SSAP markers show a clear split between the parental and hybrid taxa, and between synthetic 

hybrids and natural allopolyploids. Natural and synthetic hybrids are positioned closer to the paternal 

species for the Arentsii and Rustica groups, but closer to the maternal species for the Tabacum group. 

This directly reflects divergences in global relative transposable element loads between diploid 

progenitor pairs, with greater transposable element loads in the paternal diploid progenitors of N. 

arentsii and N. rustica (N. wigandioides and N. undulata, respectively) and in the maternal progenitor 

of N. tabacum (N. sylvestris).  

Parental divergences also reflect element-specific trajectories during parental species evolution. 

Ancient transposable elements, such as Au and TRIM, show little divergence of insertion loads 

between parental pairs involved in allopolyploid formation, while elements known to be active 
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(notably TS) show much more divergent profiles. Similar results for TS was previously observed in 

the formation of the Nicotiana polyploid section Repandae that formed ca. 4.5 Mya (Parisod et al., 

2012), indicating TS activity across the genus. For other elements, activity appeared restricted to 

particular Nicotiana lineages, with e.g. Tnt2 or Tnt1 showing many differences between diploid 

progenitors of N. tabacum and N. arentsii, but not those of N. rustica. Similarly, Ns1 showed a 

significant divergence of insertion loads restricted to N. arentsii diploid progenitors.  

The three natural allopolyploid species showed a significant fraction (30%-40%) of non-additive 

loci having likely arisen through genetic changes in the allopolyploid. However, although we have 

used a wide panel of parental accessions that are known in germplasms, we do not know whether 

more closely related parental lineages exist anywhere, or have gone extinct. 

The occurrence of non-additive loci reflects element-specific trajectories similar to those observed 

in diploid progenitors. We detected a high level of new SSAP loci for the presumably active TS in the 

three allopolyploids, and in addition for Tnt2 elements in N. tabacum. New Tnt1 loci were also 

observed at high frequency in natural N. rustica and N. arentsii, but not in N. tabacum. The 

appearence of new loci in allopolyploids is thus congruent with indications of activity in at least one 

parental lineage. Quite surprinsingly, high numbers of new Au loci were observed in all three 

allopolyploids, contrasting with a lack of apparent activity in diploid lineages. Interestingly, the 

proportion of new Au loci in ST-Th S4 synthetics hybrids of the Tabacum group is also significantly 

higher than the TRIM baseline. Potentially, this dynamic could represent allopolyploid induced 

activation of Au, and perhaps a direct consequence of the genome shock induced by allopolyploidy. 

Such contrasting evolutionary dynamics of different transposable elements following hybridization 

were previously observed for the same elements in Nicotiana section Repandae (Parisod et al., 2012) 

or for unrelated transposable elements in genus Aegilops (Senerchia et al., 2014). The predominance 

of apparently missing parental loci for all six transposable elements in the allopolyploids is coherent 

with sequence loss and fits the pattern of global genome downsizing measured after allopolyploidy 

(Leitch et al., 2008).  

 

Early genome changes are not stochastic and occur within the first generations of allopolyploid 

formation 

Genome changes in F1/S0 Nicotiana synthetics were almost exclusively parental locus losses. The 

very rare occurence of new loci suggests no, or minimal transposition of the six tested elements 

immediately following genome merger. Similar results have been reported in Triticeae (Senerchia et 

al., 2015) and Brassicaceae (Sarilar et al., 2013). Similarly, no transposition of Wis2 was detected in 

early synthetic wheat polyploids (Kashkush et al., 2003), supporting the hypothesis of active 
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repressive mechanisms of transposable elements mobilization in early hybrids (Michalak, 2009). 

These repressive mechanisms could possibly be epigenetic and/or even post-transcriptional, since 

Wis2 transcriptional upregulation has been observed (Kashkush et al., 2003). 

In contrast, losses of parental loci were detected in F1/S0 Nicotiana synthetics. There were 

striking similarities in profiles of parental losses across the three independent ST-H-F1/S0 hybrids 

and across the ten independent ST-D-S0 hybrids of the Tabacum group, indicating that the same 

changes occured in independent hybrid zygotes. Moreover, nearly half of loci missing from ST-D-S0 

hybrids were also missing in ST-H-F1/S0 hybrids, and a significant proportion was also missing in 

ST-Th-S4 hybrids, although the three hybrid sets were produced by crossing different combinations of 

diploid progenitor accessions. These data indicate that the early restructuring of parental insertion loci 

is not random. Similarly, identical genomic indels occurred in nearly 30% of independent isogenic 

Brassica napus synthetics (Lukens et al., 2006), and non-random restructuring at insertion loci has 

also been detected in Aegilops F1 hybrids (Senerchia et al., 2015). A large proportion of missing 

parental loci are also identical in PU-F1 and UP-F1 reciprocal hybrids of the Rustica group, revealling 

a limited effect of the parental direction of cross. 

Very few further changes were observed after genome doubling (S0 versus F1), indicating that 

interspecific hybridization impacts transposable element dynamics more than polyploidy. In our 

study, genome doubling also involved in vitro tissue culture, which is thought to mobilize 

transposable elements (Grandbastien, 2015). Thus most transposable elements studied here are not 

responding significantly to tissue culture. 

Higher levels of new and missing loci were detected in the S4 generation of the Th37 hybrid of 

the Tabacum group. Both types of changes reached levels fairly close to those observed in natural N. 

tabacum, indicating that most transposable element-associated genome changes, if not immediate, 

accumulate within the first generations after formation of allopolyploids. Similarly, Veju 

transpositions were only detected after the S1 generation of wheat synthetic hybrids (Kraitshtein et 

al., 2010). Potentially, repressive epigenetic mechanisms can be overcome over generations, as 

demonstrated in Arabidopsis interspecific hybrids (Ha et al., 2009). Significant genome structural 

changes were reported in S4, but not in S0 generations of Arabidopsis synthetic polyploids (Madlung 

et al., 2005) and sequence deletions in Veju LTRs were observed in the S1-S3 generation of synthetic 

allopolyploids of wheat (Kraitshtein et al., 2010).  

Perhaps meiotic processes, i.e. chromosomal interactions and meiotic recombination trigger 

increased frequencies of transposable element mobilisation and sequence restructuring, as 

demonstrated for genomic rearrangements in B. napus synthetic hybrids (Szadkowski et al., 2010). 

Early restructuring in F1 hybrids prior to meiosis was however observed in our work, as well as in 

Aegilops and Brassica F1 hybrids (Sarilar et al., 2013; Senerchia et al., 2015). This could result from 
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somatic recombinations at early embryonic stages, possibly resulting from rapid methylation changes 

shown to be correlated to deletions of Veju sequences in wheat allopolyploids (Kraitshtein et al., 

2010). Efforts are ongoing to obtain subsequent S1, S2 and S3 generations of synthetics hybrids to 

enable the detailed comparison of the accumulation of structural changes over generations. 

 

Early genome changes affect specific subgenomes 

Global restructuring of parental insertion loci occurs at a similar frequency for both parental 

subgenomes in N. tabacum and N. rustica, but not in N. arentsii, the latter showing greater 

restructuring of the maternal subgenome. In synthetic hybrids, a subgenome imbalance in the degree 

of restructuring observed at parental loci is prominent. 

In all synthetics of the Tabacum group, restructuring was predominantly observed for paternal N. 

tomentosiformis loci. This targeting of the N. tomentosiformis subgenome is consistent with other 

studies showing copy number reduction of several N. tomentosiformis repetitive sequences in these 

hybrids (Skalicka et al., 2005; Renny-Byfield et al., 2012). Other studies in Tragopogon mirus (Koh 

et al., 2010), synthetic B. napus (Lukens et al., 2006), and synthetic wheat (Kraitshtein et al., 2010) 

have also reported a global restructuring biaised towards the paternal subgenomes. The mechanisms 

underlying this genomic imbalance are not established (Hegarty et al., 2013) although Song et al. 

(1995) suggested a nuclear-cytoplasmic effect, i.e. that the maternal subgenome, occuring with 

cytoplasmic organelles with which it has co-evolved, may be less perturbed by the genome shock of 

allopolyploidy than the paternal subgenome. Such nuclear-cytoplasmic interactions may be linked to 

epigenetic reprogramming of parental genomes, including methylation changes, chromatin 

remodeling and deregulation of maternally-inherited small RNA (Michalak, 2009; Parisod et al., 

2010).  

In contrast to these data, there were greater numbers of insertion locus changes to the maternal 

genome than to the paternal genome in N. arentsii and the N. undulata x N. wigandioides F1 hybrid. 

These results argue against the nuclear-cytoplasmic interaction hypothesis. Several similar examples 

have been reported previously, for example, for insertion loci in Spartina hybrids (Parisod et al., 

2009) and chromosome loss in A. thaliana x A. lyrata synthetics (Beaulieu et al., 2009). Furthermore, 

our comparison of reciprocal N. undulata x N. paniculata and N. paniculata x N. undulata F1 

synthetics showed that genome restructuring targeted the N. paniculata subgenome more than the N. 

undulata subgenome, regardless of its parental origin. The same reciprocal hybrids also displayed a 

unidirectional silencing of N. paniculata origin rDNA units (Dadejova et al., 2007). 
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Patterns and rates of divergence of a specific subgenome could be influenced by the specificities 

of the transposable elements it carries. Potentially transposable element type, distribution (clustered or 

not), chromosomal localization (euchromatic or heterochromatic sequences) and abundance may 

impact the element’s subsequent fate in hybrids or polyploids. For instance, Tnt1 and Tnt2 

populations are more degenerated and clustered in N. tomentosiformis and in the N. tomentosiformis-

derived subgenome of N. tabacum (Vernhettes et al., 1998; Melayah et al., 2004; Petit et al., 2007), 

and a greater level of erosion of various LTR retrotransposons was found in this subgenome than in 

the N. sylvestris-derived subgenome, which itself also revealed evidence for recent bursts of repeat 

amplification (Renny-Byfield et al., 2011). Differences in transposable element populations between 

N. tomentosiformis and N. sylvestris could thus potentially explain preferential targeting the T-

subgenome in synthetic hybrids of the Tabacum group. Restructuring at insertion loci may also reflect 

the subgenome’s propensity for recombination, which may be influenced by, for example, differences 

in subgenome asymmetrical DNA methylation (Kraitshtein et al., 2010; Senerchia et al., 2015). 

Interactions with the second merged subgenome may thus also play a role, explaining that the N. 

undulata-derived subgenome shows higher destabilization when merged with the N. wigandioides-

derived subgenome (as in the Arentsii group) than when it is merged with the N. paniculata-derived 

subgenome (as in the Rustica group). 

Discrepancies in patterns of subgenome divergence between natural allopolyploids and their 

corresponding synthetic allopolyploids were also observed for other repeats, indicating that genomic 

changes over extended generations during evolution may cause new patterns to emerge that are not 

apparent in early generations. For example, N. sylvestris 35S rDNA units are maintained in Th37 and 

F1 synthetic hybrids, and mostly lost in N. tabacum (Skalicka et al., 2003; Kovarik et al., 2004). 

Similarly, Nicotiana arentsii and N. rustica show 35S rDNA homogenization towards N. undulata-

derived units, but additive rDNA profiles in their synthetic hybrids. In addition, Nicotiana 

allopolyploid species of section Polydicliae show DNA changes that are not detectable in 

resynthesized allopolyploids at S5 generation (Anssour et al., 2009). The extent of major genomic 

changes observed in Nicotiana allopolyploids, perhaps associated with long-term diploidization 

processes, is thought to correlate with the age of Nicotiana allopolyploid species (Lim et al., 2007).  

 

The genome shock intensity influences transposable element mobilization 

Interspecific hybridization is thought to generate a genome shock that has been associated with 

the mobilization of transposable elements (McClintock, 1984). As suggested previously (Michalak, 

2009; Parisod et al., 2012), the qualitative and/or quantitative imbalance between parental 

transposable element loads could result in conflicting interactions between subgenomic element 

populations and in inefficient epigenetic repression of transposable elements. It is thus expected that 
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greater imbalance leads to stronger genome shock intensity, as previously proposed by Lim et al. 

(2004). The comparative analysis of the same transposable elements in N. arentsii, N. rustica and N. 

tabacum offers an excellent test for this hypothesis, especially as we observed here that the global 

transposable element load shared between diploids declined with an increasing genetic distances 

between the diploids.  

To refine this analysis, and take into account element-specific trajectories, we evaluated the 

correlation between the proportion of new or missing loci in the three allopolyploids, and the 

proportion of loci that are not shared between parental diploids for each element, representing a proxy 

for quantitative transposable element load imbalance. The proportion of new loci, i.e. putative 

mobilization of transposable elements in allopolyploids, correlates significantly with the extent of 

each transposable element load imbalance, confirming the hypothesis of an influence of the genome 

shock intensity on transposable element activation. In turn, this is also correlated with the 

phylogenetic distance between the parents. In contrast, the extent of parental locus loss does not 

correlate with transposable element imbalance in the parents, despite a weak correlation with the 

degree of phylogenetic divergence between the parents. This suggests that mechanisms involved in 

genome restructuring influencing locus losses (e.g. recombination/deletion) are substantially different 

processes to those associated by repeat amplification. 

Due to their ubiquity, repetitive nature, transposition ability and epigenetic sensivitity, 

transposable elements are suspected to be key players in genome evolution, especially associated with 

hybridization and polyploidization. Although qualitative differences between parental transposable 

element populations have not been assessed here, our results highlight transposable element 

quantitative imbalance among progenitors as an important factor for transposable element evolution in 

allopolyploids, and largely support the genome shock hypothesis of McClintock (1984). Further 

investigations including post-S0 generations of reciprocal Nicotiana synthetic hybrids are needed to 

decipher the biological processes involved to the initial genome shock (such as the meiosis step), to 

estimate the kinetics of genomic changes over generations, and to further evaluate the importance of 

transposable elements in genome evolution in polyploid speciation.  
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Figure Legends  

Fig. 1 Neighbor-net diagrams of phylogenetic relationships between natural and synthetic Nicotiana 

allotretraploids (a) N. arentsii, (b) N. rustica, (c) N. tabacum, and their corresponding diploid 

progenitors, based on combined sequence-specific amplification polymorphism (SSAP) profiles 

obtained for six transposable elements (TEs). (d) Species tree cladogram showing relationships 

between natural diploid and allotetraploid species, as described in Leitch et al. (2008). The genome 

size of each species (in pg) has been taken from RBG Kew (data.kew.org/cvalues). Accessions of 

natural and synthetic hybrids are coded as in Tables 2 and 3.  

 

Fig. 2 Evaluation of transposable element (TE)–associated diversity in Nicotiana parental accessions. 

(a) Species tree cladogram showing relationships between natural diploid and allotetraploid species, 

as described in Leitch et al. (2008). (b) Distribution of TE insertions and (c) Shannon index genetic 

diversity revealed by TE insertions in diploid progenitors. Graphs present means ± SE obtained from 

the different accessions of each species (see Supporting Information Table S2 for details). 

Transposable elements are color-coded according to the key on the right: SYL, N. sylvestris; UND, N. 

undulata; WIG, N. wigandioides; PAN, N. paniculata; TOM, N. tomentosiformis. SYL and TOM are 

the N. tabacum progenitors, PAN and UND are the N. rustica progenitors and UND and WIG are the 

N. arentsii progenitors, as described in Fig. 1(d). SSAP, sequence-specific amplification 

polymorphism. 

  

Fig. 3 Additive, new and missing sequence-specific amplification polymorphism (SSAP) loci in 

natural and synthetic Nicotiana hybrids. The graph presents mean locus percentages (± SE) obtained 

with the combined transposable element (TE) set for the different natural accessions of N. arentsii 

(ARE), N. rustica (RUS) or N. tabacum (TAB), or for the different synthetic hybrids crosses (for 

nomenclature, see Table 3). Sample sizes are indicated above the panel.  
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Fig. 4 Distribution of additive, new and missing sequence-specific amplification polymorphism 

(SSAP) loci in natural and synthetics Nicotiana hybrids. (a) Additive loci, (b) missing parental loci, 

(c) new loci. Each symbol represents the mean percentage of loci for a given transposable element 

(TE), calculated from all individuals representing each hybrid set. The overall distribution of loci is 

illustrated by boxplots, with grey boxes delimited by the upper and the lower quartiles and displaying 

the median (thick black horizontal line). The whiskers (dashed vertical lines) extend to the most 

extreme values. Transposable element symbols and color codes are indicated on the panel on the 

right. Significantly different proportions assessed by Tukey tests are shown by different letters on the 

left of the symbols. *, No statistical tests possible (number of accessions/lines < 3). ARE, N. arentsii; 

RUS, N. rustica; TAB, N. tabacum; for nomenclature of synthetic hybrids, see Table 3. 

 

Fig. 5 Parental origin of missing loci in synthetic and natural Nicotiana hybrids. (a) Mean global 

percentage (± SE) of parental missing loci for the six transposable elements (TEs). Hybrids 

represented by only one accession are labelled *. (b) Distribution of mean percentages of maternal 

and paternal missing loci for each TE family. The overall distribution of missing parental loci is 

illustrated by boxplots, with grey boxes delimited by the upper and the lower quartiles and displaying 

the median (thick black horizontal line). The whiskers (dashed vertical lines) extend to the most 

extreme values. Transposable element symbols and color codes are indicated in the key on the right. 

ML-mat, loci of maternal origin; ML-pat, loci of paternal origin. ARE, N. arentsii; RUS, N. rustica; 

TAB, N. tabacum; for nomenclature of synthetic hybrids, see Table 3.  

 

Fig. 6 Association of the transposable element (TE)-related divergence between progenitor species 

and TE-associated restructuring in the three recent natural Nicotiana allotetraploids. General linear 

mixed model associating proportions of non-shared loci between progenitors with (a) the proportion 

of new loci, (b) the proportion of missing parental loci. ARE, N. arentsii; RUS, N. rustica; TAB, N. 

tabacum. For better clarity, individual TE families within each species were not coded.  

 

Supporting Information Fig. S1: Neighbor-net diagrams obtained from SSAP profiles of each 

transposable element family. 
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Supporting Information Table S1: SSAP matrices produced in this work for each transposable 

element and assessment of missing loci shared across hybrids. 

 

 

Supporting Information Table S2: Recorded SSAP loci and diversity calculated for each transposable 

element. 

 

 

Supporting Information Table S3: SSAP locus frequencies and fate in hybrids.  

 

 

Supporting Information Notes S1: R Script used to calculate SSAP loci frequencies in Nicotiana 

allopolyploids 

 

Table 1 Transposable elements investigated in the present study. 

 

Name Type Characteristics References

Au SINEa ancient, shared among eudicots and monocots (Witte et al., 2001; Yasui et al., 2001) 

TS SINEa recently amplified in N. tabacum, putatively active (Yoshioka et al., 1993; Wenke et al., 2011) 

Ns1 Stowaway MITEb only sequence data available (Bureau & Wessler, 1994) 

Tnt1 copia LTR-RTc limited amplification in response to allopolyploidy (Petit et al., 2007; Petit et al., 2010) 

Tnt2 copia LTR-RTc recently amplified in N. tabacum, putatively active (Petit et al., 2007) 

TRIMd LTR-RTc ancient, shared among eudicots and monocots, 

putatively inactive 

(Witte et al., 2001; Yasui et al., 2001) 

 

aShort interspersed nuclear element; bminiature inverted-repeat transposable element; cLTR 

retrotransposon; dterminal-repeat retrotransposon in miniature. 
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Table 2 Nicotiana accessions investigated in the present study. 

Section  Ploidy Species (Acronym) Reference Code Source 

Tomentosae 2n N. tomentosiformis (TOM) Nee et al. 51771 tom1 New York Botanic Garden, New York (US)a,b 

 2n N. tomentosiformis (TOM) ITG647 tom2 Imperial Brands, Bergerac (F)c 

 2n N. tomentosiformis (TOM) TW142 tom3 USDA (US)d 

 2n N. tomentosiformis (TOM) ITG645 tom4 Imperial Brands, Bergerac (F)c 

 2n N. tomentosiformis (TOM) ITG646 tom5 Imperial Brands, Bergerac (F)c 

 2n N. tomentosiformis (TOM) Nic479/84 tom6 IPK, Gatersleben (D)e 

Sylvestres 4n N. sylvestris (SYL) B39 (4n) syl1 provided by A. Kovarik, Institute of Biophysics, Brno 

(CZ) 

 2n N. sylvestris (SYL) TW136 syl2 USDA (US)d 

 2n N. sylvestris (SYL)  TW137 syl3 USDA (US)d 

 2n N. sylvestris (SYL) TW138 syl4 USDA (US)d 

 2n N. sylvestris (SYL) Ducrettet syl5 “Only the lonely”, Ducrettet horticultural seeds g 

 2n N. sylvestris (SYL) ITG626 syl6 Imperial Brands, Bergerac (F)c 

 2n N. sylvestris (SYL) A04750326 syl7 Nijmegen Botanical Garden (NL)h,i 

 2n N. sylvestris (SYL) 934750319 syl8 Nijmegen Botanical Garden (NL)h 

Paniculatae 2n N. paniculata (PAN) TW99 pan1 USDA (US)d 

 2n N. paniculata (PAN) ITG496 pan2 Imperial Brands, Bergerac (F)c 

 2n N. paniculata (PAN) Nic435/84 pan3 IPK, Gatersleben (D)e 

 2n N. paniculata (PAN) A34750324 pan4 Nijmegen Botanical Garden (NL)h 

Undulatae 2n N. undulata (UND) TW145 und1 USDA (US)d 

 2n N. undulata (UND) ITG628 und2 Imperial Brands, Bergerac (F)c 

 2n N. undulata (UND) TW147 (PI306637) und3 USDA (US)d 

 2n N. undulata (UND) Nee et al. 51816 und4 New York Botanic Garden, New York (US)a 

 2n N. wigandioides (WIG) Nee et al. 51764 wig New York Botanical Gardens, New York (US)a  
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ahttp://www.nybg.org; bobtained from J. J. Clarkson, Royal Botanic Garden, Kew (UK); 
chttp://www.imperialbrandsscience.com/en/our-science/plant-science.html; dhttp://www.ars-grin.gov/; 
ehttp://gbis.ipk-gatersleben.de; fobtained from S. Knapp (Natural History Museum, London, UK); 
ghttp://www.ducrettet.com; hhttp://www.bgard.science.ru.nl/zapp/search/index/search/; iprovided by Dr P Maliga, 

Rutgers University, NJ, USA. 

 4n N. arentsii (ARE) TW12 are USDA (US)d

Genuinae 4n N. tabacum (TAB)  Alipes (ITG383) tab1 Imperial Brands, Bergerac (F)c 

Tabacum 4n N. tabacum (TAB) Calycina (ITG388) tab2 Imperial Brands, Bergerac (F)c 

 4n N. tabacum (TAB) Chinensis (ITG389) tab3 Imperial Brands, Bergerac (F)c 

 4n N. tabacum (TAB) Fructicosa (ITG981) tab4 Imperial Brands, Bergerac (F)c 

 4n N. tabacum (TAB) Lacerata (ITG982) tab5 Imperial Brands, Bergerac (F)c 

 4n N. tabacum (TAB) Petiolaris (ITG985) tab6 Imperial Brands, Bergerac (F)c 

 4n N. tabacum (TAB) Purpurea B (ITG986) tab7 Imperial Brands, Bergerac (F)c 

 4n N. tabacum (TAB) Ambalema (ITG384) tab8 Imperial Brands, Bergerac (F)c 

 4n N. tabacum (TAB) Bolivie tab9 Feral tobacco collected in Boliviaf 

 4n N. tabacum (TAB) Chulumani tab10 Feral tobacco collected in Boliviaf 

Rusticae 4n N. rustica (RUS) Pavonii (Nic640/75)  rus1 IPK, Gatersleben (D)e 

 4n N. rustica (RUS) Texana (Nic613/77)  rus2 IPK, Gatersleben (D)e  

 4n N. rustica (RUS) Texana F (ITG507)  rus3 Imperial Brands, Bergerac (F)c 

 4n N. rustica (RUS) Asiatica (Nic616/47)  rus4 IPK, Gatersleben (D)e  

 4n N. rustica (RUS) Brasilia (Nic59/78)  rus5 IPK, Gatersleben (D)e 

 4n N. rustica (RUS) Brasilia g (ITG481)  rus6 Imperial Brands, Bergerac (F)c 

 4n N. rustica (RUS) Major Alef (Nic55/75) rus7 IPK, Gatersleben (D)e 

 4n N. rustica (RUS) Cordata (Nic604/76) rus8 IPK, Gatersleben (D)e 

 4n N. rustica (RUS) Cerinthoides (ITG482) rus9 Imperial Brands, Bergerac (F)c 

 4n N. rustica (RUS) Souffii Gabes (ITG504) rus10 Imperial Brands, Bergerac (F)c 

 4n N. rustica (RUS) Zlag 221 (ITG510) rus11 Imperial Brands, Bergerac (F)c 
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Table 3 Nicotiana synthetic hybrids investigated in the present study.  

aS4 progeny described in Skalicka et al. (2003, 2005), Kovarik et al. (2004), Lim et al. (2004) and Petit et al. 

(2010); bhttp://www.ars-grin.gov/  

Cross (maternal x paternal) Cross Name Code Nature Source 

N. sylvestris x N. tomentosiformis  ST-Th-S4 Th1 

Th3 

Th8 

Th9 

4n S4 progeny from Th37a USDA (US) b; Burk, 1973 

 ST-H-F1 H1 

H15 

H39 

2n F1 hybrids between N. sylvestris TW137 (syl3) 

and N. tomentosiformis ITG645 (tom4) 

This study 

 ST-H-S0 H15-2 

H15-32 

H15-70 

4n S0 hybrids obtained from the H15 F1 hybrid This study 

 ST-D-S0 D1 to D10

 

Ten 4n S0 hybrids from a cross between doubled 

N. tomentosiformis issued from TW142 (tom3) 

and doubled B39 N. sylvestris (syl1) 

This study 

 

N. undulata x N. wigandioides UW-F1 UW 2n F1 hybrid between N. undulata TW145 (und1) 

and N. wigandioides Nee et al. 51764 (wig) 

Dadejova et al, 2007 

N. undulata x N. paniculata  

 

UP-F1 UP1 

UP2 

2n F1 hybrids between N. undulata TW145 (und1) 

and N. paniculata TW99 (pan1) 

Dadejova et al, 2007 

N. paniculata x N. undulata  PU-F1 PU1 

 

2n F1 hybrid between N. paniculata TW99 (pan1) 

and N. undulata TW145 (und1) 

Dadejova et al, 2007 

 

 

PU-S0 PU1-1 

PU1-2 

4n S0 hybrids derived from PU1 hybrid  This study 
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Table 4 Distribution of sequence-specific amplification polymorphism (SSAP) loci from the different 

transposable elements (TEs) among the progenitor diploid taxa of the Tabacum, Rustica and Arentsii 

groups (SYL, Nicotiana sylvestris; UND, N. undulata; WIG, N. wigandioides; PAN, N. paniculata; TOM, N. 

tomentosiformis). 

 

 

TE TOTa MAT-totb PAT-totb MAT/PATc MAT-sped PAT-sped MAT-spe vs. PAT-spe  

(Chi-Square)e 

ARENTSII group progenitors  ( MAT = UND ; PAT = WIG ) 

Au 59.00 38.25 36.00 15.25 (25.8%) 23.00 (59.7%) 20.75 (57.6%) NS 

TS 103.00 47.25 76.00 20.25 (19.7%) 27.00 (57.1%) 55.75 (73.4%) MAT < PAT : 18.61*** 

Ns1 99.00 51.75 71.00 23.75 (24.0%) 28.00 (54.1%) 47.25 (66.5%) MAT < PAT : 8.85*** 

Tnt1 36.25 15.25 26.00 5.00 (13.8 %) 10.25 (67.2%) 21.00 (80.8%) MAT < PAT : 6.08** 

Tnt2 27.50 10.75 21.00 4.25 (15.5%) 6.50 (60.5%) 16.75 (79.8%) MAT <PAT : 7.36** 

TRIM 52.75 31.75 40.00 19.00 (36.0%) 12.75 (40.2%) 21.00 (52.5%) NS 

Total 377.50 195.00 270.00 87.50 (23.2%) 107.50 (55.1%) 182.50 (67.6%) MAT < PAT : 38.28*** 

RUSTICA group progenitors  ( MAT = PAN ; PAT = UND ) 

Au 58.94 31.00 38.25 10.31 (17.5%) 20.69 (66.7%) 27.94 (73.0%) NS 

TS 53.25 11.00 47.25 5.00 (9.4%) 6.00 (54.5%) 42.25 (89.4%) MAT < PAT : 51.50*** 

Ns1 82.00 43.25 51.75 13.00 (15.9%) 30.25 (69.9%) 38.75 (74.9%) NS 

Tnt1 33.50 21.00 15.25 2.75 (8.2%) 18.25 (86.9%) 12.5 (82.0%) NS 

Tnt2 18.69 12.25 10.75 4.31 (23.1%) 7.94 (64.8%) 6.44 (59.9%) NS 

TRIM 47.00 27.75 31.75 12.5 (26.6%) 15.25 (55.0%) 19.25 (60.6%) NS 

Total 293.38 146.25 195.00 47.88 (16.3%) 98.38 (67.3%) 147.13 (75.5%) MAT < PAT : 18.57 *** 

TABACUM group progenitors  ( MAT = SYL ; PAT = TOM ) 
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Au 65.08 39.75 33.66 8.33 (12.8%) 31.42 (79.0%) 25.33 (75.3%) NS 

TS 68.42 31.75 45.00 8.33 (12.2%) 23.42 (73.8%) 36.67 (81.5%) MAT > PAT : 4.99** 

Ns1 70.80 45.01 36.67 10.88 (15.4%) 34.13 (75.8%) 25.79 (70.3%) NS 

Tnt1 68.64 48.37 28.33 8.06 (11.7%) 40.31 (83.3%) 20.27 (71.5%) MAT > PAT  : 11.97 ** 

Tnt2 82.97 63.51 22.84 3.38 (4.1%) 60.13 (94.7%) 19.46 (85.2%) MAT > PAT  : 39.54*** 

TRIM 61.58 38.75 34.16 11.33 (18.4%) 27.42 (70.8%) 22.83 (66.8%) NS 

Total 417.49 267.14 200.66 50.31 (12.1%) 216.81 (81.2%) 150.35 (74.9%) MAT > PAT: 23.34*** 

 

aTotal cumulated probabilities (Shared and parental-specific) for SSAP bands presence in both parental accessions 

(TOT= « MAT/PAT »+ « MAT-spe » + « PAT-spe »). 

bTotal pondered SSAP bands number for paternal (PAT) or maternal (MAT) parental taxa. 

cPondered SSAP bands number shared between parental taxa. Percentages were calculated for each TE relative to 

the TOT column. 

dPondered SSAP bands number restricted to maternal (MAT) or paternal (PAT) taxa. Percentages were calculated for 

each TE relative to either MAT-tot or PAT-tot columns. 

eComparison of parental-specific SSAP bands numbers (Yate’s one-sided chi-square tests). NS, non significant; X>Y, 

significantly higher proportion of SSAP bands specific to X as compared to Y-specific bands; ***, significant at 

α=0.005; **, significant at α=0.05.  
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