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The genome and GeneBank genomics of 
allotetraploid Nicotiana tabacum provide 
insights into genome evolution and complex 
trait regulation
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Xingwei Zhang1, Ying Tong1, Yuan Li1, Caihong Jiang1, Liuying Wen1, 
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Yuanying Wang1, Guoyou Ye    7,8, Lingzhao Fang    9, Yong Chen    10  , 
Lirui Cheng    1   & Aiguo Yang    1 

Nicotiana tabacum is an allotetraploid hybrid of Nicotiana sylvestris and 
Nicotiana tomentosiformis and a model organism in genetics. However, 
features of subgenome evolution, expression coordination, genetic 
diversity and complex traits regulation of N. tabacum remain unresolved. 
Here we present chromosome-scale assemblies for all three species, 
and genotype and phenotypic data for 5,196 N. tabacum germplasms. 
Chromosome rearrangements and epigenetic modifications are associated 
with genome evolution and expression coordination following pol
yploidization. Two subgenomes and genes biased toward one subgenome 
contributed unevenly to complex trait variation. Using 178 marker–trait 
associations, a reference genotype-to-phenotype map was built for 
39 morphological, developmental and disease resistance traits, and a 
novel gene regulating leaf width was validated. Signatures of positive 
and polygenic selection during the process of selective breeding were 
detected. Our study provides insights into genome evolution, complex 
traits regulation in allotetraploid N. tabacum and the use of GeneBank-scale 
resources for advancing genetic and genomic research.

Nicotiana tabacum (common tobacco, 2n = 4x = 48) is an interspe-
cific hybrid of two progenitors, Nicotiana sylvestris (2n = 2x = 24) and 
Nicotiana tomentosiformis (2n = 2x = 24), that merged approximately 
0.2 million years ago1–3. Such whole-genome duplications are typical of 
all land plants and are thought to have made adaptive contributions in 
times of global catastrophe. Although the most common fate of poly-
ploids appears to be fractionation and eventual reversion to the diploid 
state, our understanding of genome evolution following whole-genome 

duplication remains incomplete. Various mechanisms, such as homoe-
ologous chromosome exchange4–6, reactivation of transposable ele-
ments (TEs)7 and DNA methylation repatterning8,9, have been reported, 
yet findings from different studies are often controversial4–9. In the case 
of N. tabacum, obtaining a complete assembly for N. tabacum and its 
progenitor constitutes a substantial challenge because of difficulties 
in resolving highly repetitive repeat regions and in computationally 
disentangling homoeologous sequences with high similarity from 
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comparisons showed that these three genome assemblies represented 
10.51%, 6.59% and 24.75% increases in the assembled genome size and 
77.02-fold, 2,383.67-fold and 2,064.62-fold increases in the contig N50 
size, respectively, compared with those of the latest assemblies (Sup-
plementary Table 2 and Supplementary Note)1,3,16.

A total of 80,433, 40,290 and 37,862 protein-coding genes were 
annotated in the N. tabacum, N. sylvestris and N. tomentosiformis 
genomes, respectively (Supplementary Table 3), of which 95.36%, 
98.82% and 99.23%, respectively, could be functionally annotated (Sup-
plementary Table 4 and Supplementary Note). A total of 3,349,090,085, 
1,782,416,235 and 1,823,429,503-bp repeat elements were identified, 
accounting for 82.75%, 74.92% and 81.26% of the assembled N. tabacum, 
N. sylvestris and N. tomentosiformis genomes, respectively (Supplemen-
tary Table 5). As mentioned above, the T subgenome contains more 
repetitive sequences than the S subgenome, and these sequences are 
enriched on chromosome (chr.) 2, chr. 17 and chr. 21 (Supplementary 
Figs. 1 and 4). Further analysis revealed a significantly greater pro-
portion of retrotransposons than DNA transposons in these regions 
(Supplementary Fig. 4). Similar to other plants, long terminal repeat 
retrotransposons (LTRs) (66.21–70.18%) were the predominant ret-
rotransposons, with Gypsy (41.78–43.40%) being the most abundant 
(Supplementary Table 5) for these genomes. For N. tabacum, 14 cen-
tromeres were pinpointed by combining signals from CENH3 chromatin 
immunoprecipitation sequencing (ChIP-seq) in our study and previous 
reports19–21 as well as de novo centromere prediction based on tandem 
repeat monomers using quarTeT22. Except for chr. 16, chr. 18 and chr. 22, 
where evidence from the three analyses was controversial, candidate 
centromeric regions were identified for all the remaining chromosomes 
(Fig. 1e, Supplementary Fig. 5 and Supplementary Table 6).

The genome of N. tabacum was in large blocks of synteny to the 
genomes of the ancestral species (Fig. 1f and Supplementary Fig. 6). 
The majority of the blocks were collinear, except for 1,420 inversions, 
539 duplications and 725 deletions (size >1 Mb) (Supplementary 
Fig. 6 and Supplementary Table 7). In total, 56.99% and 43.01% of the 
genome was partitioned to N. sylvestris (S) and N. tomentosiformis (T), 
respectively, with 11 chromosome rearrangement events pinpointed at 
approximately 1-kb resolution (Supplementary Table 8). For example, 
homoeologous chromosome exchange between N. sylvestris chr. 18 and 
N. tomentosiformis chr. 9 generated chr. 9 and chr. 18 for N. tabacum 
(Fig. 1f,g). This suggested that chromosomal rearrangements produced 
changes in genome structure, which likely stabilized chromosome 
pairing during meiosis. Further comparative genomic analysis between 
our assemblies and previously reported assemblies revealed that all 
of these homoeologous exchange events were conserved, suggesting 
that they likely resulted from polyploidization rather than intraspecies 
variation (Supplementary Note). Based on a genome survey of multiple 
individuals, the genome sizes of N. sylvestris, N. tomentosiformis and N. 
tabacum were 2.32 ± 0.07, 2.14 ± 0.04 and 4.31 ± 0.07 Gb, respectively. 
Given this, the genome of the allotetraploid N. tabacum likely decreased 
by approximately 3.45%, which is consistent with the previously pub-
lished decrease of 3.7% (refs. 1,3). Nearly all segments (98%) present 
in the N. sylvestris genome were found in the N. tabacum genome, 
while the repetitive regions located on chr. 2, chr. 17 and chr. 21 of the 
N. tomentosiformis genome were absent (Fig. 1f and Supplementary 
Fig. 6). Together with previously reported biased downsizing toward 
repetitive sequences from the T genome using 454 sequencing data23, 
these results revealed that genetic changes occur more rapidly in the 
T subgenome than in the S subgenome and that genome downsizing 
is strongly biased toward the T genome at these repetitive regions. 
Estimation of the LTR insertion time via the Kimura distance method24 
revealed that approximately 7.56% of the LTRs were inserted after the 
two subgenomes merged 0.2 million years ago (Fig. 1h). Although dat-
ing the exact times of polyploidization and LTR insertion make heavy 
assumptions that are challenging to evaluate, this result suggests that 
polyploidization likely did not stimulate extensive reactivation of LTRs.

two progenitor species1–3. As a result, the impact of these previously 
reported processes on the genome and transcriptome of N. tabacum 
remains poorly understood. Nearly all commercial tobaccos belong 
to the species N. tabacum, with more than 7,000 varieties cataloged 
in the Plant Germplasm system of the United States Department of 
Agricluture and China. They are commonly classified as flue-cured 
(for cigarettes), sun-cured (for pipe smoking), burley (blends for pipe 
smoking), cigar (for cigars) or oriental (blends) based on agricultural 
practices10. They have distinctive characteristics in terms of plant 
architecture, leaf morphology and metabolic traits, which differ sig-
nificantly from those of their ancestors. Previous studies have revealed 
several quantitative trait loci (QTLs) associated with nicotine content, 
leaf shape, plant height and disease resistance traits11–16. However, the 
genetic differentiation among major types of N. tabacum and how vari-
ations from two subgenomes contribute to the remarkable phenotypic 
diversity are unclear. A deeper understanding of these questions could 
provide insights into the evolution and adaptation of polyploids, as well 
as the genetic regulation of economically important traits in polyploid 
species, such as wheat, cotton and Brassica napus.

Recent advances in sequencing have enabled cost-effective assem-
bly and GeneBank-scale sequencing of crops with large and complex 
genomes17,18. Here we present a complete chromosome-level assem-
bly of the allotetraploid N. tabacum genome along with its ancestral 
genomes, genotype and phenotype data for an entire N. tabacum 
GeneBank with 5,196 germplasms. Through comparative genomic, 
transcriptomic and epigenomic analysis as well as genome-wide asso-
ciation analyses, we revealed biased genome downsizing toward the 
T subgenome, epigenetic modifications associated with subgenome 
expression divergence and an uneven contribution of the two subge-
nomes to complex trait variation. Our findings, together with released 
data and seed stocks, will likely accelerate aspects of tobacco research 
that were previously hindered by the complexity of the polyploid 
genome, with benefits in plant genomic and genetic research.

Results
Genome evolution highlighted by chromosome-scale 
assemblies
Based on k-mer analysis with Illumina short reads and flow cytometry 
analysis, the genomes of N. tabacum, N. sylvestris and N. tomentosi-
formis3 were estimated to be approximately 4.38, 2.38 and 2.24 Gb, 
respectively (Fig. 1a and Supplementary Figs. 1 and 2). To overcome 
the challenge of assembling a large polyploid genome, we generated 
52X Illumina short reads, 123.35X PacBio Sequel II reads, 124.93X 10X 
Genomic linked reads and 120.12X Hi-C reads from N. tabacum L. var. 
ZY300 and adopted a hybrid assembly approach (Methods). The 
final assembly included 4.17 Gb (Fig. 1b) of sequences with a contig 
N50 of 27.17 Mb, and 96.98% of the sequences were anchored to 24 
pseudo-chromosomes (Supplementary Fig. 1a,d and Supplementary 
Table 1). An almost complete telomere-to-telomere assembly of the 
N. sylvestris genome with three gaps was obtained with 36X PacBio 
Revio reads, 180.59X Hi-C reads and 42X Illumina short reads. The final 
assembly contained a 2.38-Gb sequence with a contig N50 of 190 Mb 
(Fig. 1c, Supplementary Fig. 1b,e and Supplementary Table 1). By con-
trast, assembly of the N. tomentosiformis genome was complicated by 
repetitive regions. With 40X PacBio Revio reads, 80X ONT reads, 138X 
Hi-C reads and 50X Illumina short reads, our assembly still included 
five complex regions, amounting to approximately 500 Mb, with 
abnormal Hi-C signals (Supplementary Fig. 1f). Detailed investiga-
tions revealed that these regions were characterized by a high level 
of repeats and a high density of TEs (Fig. 1d). Because these regions 
were assembled with ONT and HiFi reads by the Hifiasm assembler and 
genome coverage was even after Illumina and HiFi reads were mapped 
to the assembled genome (Supplementary Fig. 3), we retained these 
regions in the final assembly of 2.24 Gb of sequences with a contig 
N50 of 170.53 Mb (Fig. 1d) and five gaps. Detailed evaluations and 
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Subgenome expression divergence and epigenetic 
modification
To determine gene expression and DNA methylation evolution in 
N. tabacum, we generated RNA sequencing (RNA-seq) and bisulfate 
sequencing (bisulfate-seq) data for the two ancestors and N. taba-
cum (Methods, Supplementary Note and Supplementary Table 9). 
The overall expression of N. tabacum genes was similar to that of their 
ancestors (mean fold change = 0.01 for the S versus S subgenome and 
0.04 for the T versus T subgenome) (Supplementary Fig. 7), with only 
2,025 and 2,040 genes differentially expressed between the S and 
S subgenomes and between the T and T subgenomes, respectively 
(log2(fold change) > 2, false discovery rate < 0.05) (Fig. 2a,b and Sup-
plementary Table 10). Notably, when gene expression was upregulated 
in the allotetraploid N. tabacum, we found significantly decreased 
CHG methylation levels and vice versa, suggesting that changes in 
gene expression following polyploidization are associated with epi-
genetic modifications. For example, among the 2,025 genes differ-
entially expressed between the S and S subgenomes (Fig. 2a), 1,302 
were upregulated in the S subgenome (red dots in Fig. 2a). Both CG 
and CHG methylation levels were lower in the S subgenome (Fig. 2c), 
indicating that polyploidization likely increased gene expression by 

reducing methylation levels. A similar epigenetic modification pattern 
was observed for genes downregulated in the S subgenome (Fig. 2d), 
upregulated in the T subgenome (Fig. 2e) and downregulated in the 
T subgenome (Fig. 2f). Next, we compared the expression of 28,143 
unique homoeologous gene pairs (originating from speciation and 
brought back in the same genome by allopolyploidization) between the 
two subgenomes and homologous gene pairs (derived from different 
parental species but related by ancestry) between the two ancestors to 
evaluate homoeologous and homologous gene expression patterns. 
Although no evidence for overall homoeologous gene expression bias 
(HEB) was found (median log2(fold change) = 0.05 for N. sylvestris ver-
sus N. tomentosiformis homologous gene pairs and 0.01 for the S versus 
T subgenome homoeologous gene pairs) (Supplementary Fig. 7), 5,753 
homoeologous gene pairs were differentially expressed between the 
two N. tabacum subgenomes (log2(fold change) > 2, false discovery 
rate < 0.05) (Supplementary Table 11). The majority (4,073, 70.70%) 
were inherited from ancestors as a parental legacy, while the remaining 
1,680 (29.30%) pairs were likely triggered by polyploidization (Fig. 2g). 
In addition, 2,284 gene pairs were differentially expressed between 
the two ancestors but not between the two subgenomes of N. tabacum 
(Fig. 2g (set 4) and Fig. 2h (set 8)), indicating that polyploidization not 

15 Ma 0.2 0.2 

Ma

N. sylvestris
(2n = 24, 2.38 Gb) 

N. tomentosiformis
(2n = 24, 2.24 Gb)

N. tabacum
(2n = 48, 4.38 Gb)  

Pr
ed

ic
te

d 
TR

C
EN

H
3

Chr. 4

0 1 2 3 4 5 6

0

0.2

0.4

0.6

Insertion time (Ma)

D
en

si
ty

All
S genome
T genome

N. sylvestris

N. tabacum

N. tomentosiformis 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

1

2

3

4

5 6 7 8 10 11 16 18 20 22

9 12 13 14 15 17 19 23 2421

a

1
3

56

7
8

10
11

16 18
20

22

0
40
80
120
160200

0
408012016020004080120

106 

0408012
016
0

20
004080120160

04080
120
160

200
0

40
80
120
160

0
40

80

120
160
0

40
80

120 16
0

0 40 80 12
0

16
0

0 408012
0

16
0
040

80
120
160

c

d

21
22

7

8

15
20

16

6

10
11

18
3

17

9
13

2 4 12
15

24

23
19

14

0
40
80
0
40
80

1201602002400
40801201600

408012016020004080120160
2000408012

0
16

00408012
016
00408012

016
0

04080120160200
0

40
80

120
160

0
40
80
120

160

0
40
80
120
160

0
40
80
120

160
200

0
40

80
120

160
0

40
80

120
0

40
80

120 0
40
80

120

0 40 80 12
0

0 40 80 12
0

0 40 80 12
0

0 40
80

0
40

80
120

0
40
80
120
160

0
40
80
120

b

f

g

e

h

2

49
12

13
14

15
17

19 21
23

24

0
40
80

12016020024028032004080120160
2000408012

00408012
004080120

0
40
80
0

40
80
120

0
40
80
120

160

200
240
0

40
80

120
160 0 40 80 12

0
16

0
20

0
24

0
28

0

040
80

120
160
0
40
80

18

9

9

18i
ii
iii
iv
v

i
ii

iii

i
ii

iii

N. sylvestris

N. tabacum

N. tomentosiformis 

Fig. 1 | High-quality assembly and comparative genomic analysis of the 
N. tabacum, N. sylvestris and N. tomentosiformis genomes. a, Schematic 
illustration of the origin of N. tabacum and phenotype diversity among two diploid 
progenitors, N. sylvestris and N. tomentosiformis, and one of the allotetraploid N. 
tabacum samples. Scale bars, 20 cm (whole plant), 20 cm (leaf) and 1 cm (flower). 
b–d, Genomic features of N. tabacum (b), N. sylvestris (c) and N. tomentosiformis 
(d). The following tracks from the outermost and innermost regions were 
identified: gene density (i), TE density (ii), GC content (iii), and sequence  
coverage obtained by mapping Illumina short reads from N. sylvestris (iv) and  

N. tomentosiformis (v) to N. tabacum. Synteny blocks between the two 
subgenomes are represented by colored linkers across the center of the plot.  
e, Locations of the centromeric regions on chr. 4. The red and blue lines indicate 
two replicates of CENH3 ChIP-seq signals. TR indicates the density of typical 
centromeric repeats obtained from CENH3 ChIP-seq in previous studies. The 
predicted centromeric regions are based on tandem repeat monomers. f, Genome 
alignment between N. tabacum and N. sylvestris as well as between N. tabacum L. 
var. ZY300 and N. tomentosiformis. g, Example of a homoeologous chromosome 
exchange event. h, Estimated insertion time for an LTR. Ma, million years ago.
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N. tabacum S subgenomes (a) and between the N. tomentosiformis and N. 
tabacum T subgenomes (b). c–f, CG, CHG and CHH methylation differences 
among ancestral genomes and the corresponding N. tabacum subgenome for 
genes upregulated (c) or downregulated (d) in the S subgenome and upregulated 
(e) or downregulated (f) in the T subgenome. Sample size is 1,302 (c), 723 (d), 
1,236 (e) and 804 (f). P values from left to right are 1.98 × 10−17, 2.20 × 10−72, 
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changes. The overlap between Ssub up and Tsub up indicates that a pair of 
homoeologous genes were both upregulated in the N. tabacum subgenome, 
while the overlap between Ssub down and Tsub up indicates that one gene from 
the S subgenome was downregulated but its homolog was upregulated in the 
T subgenome. j, Boxplot illustrating that homoeologous gene expression is 
strongly biased toward the S subgenome by simultaneously upregulating genes 
in the S subgenome and suppressing their homoeologs in the T subgenome. 
The sample size is 33 and P values are 2.21 × 10−2 and 1.52 × 10−5 from left to right. 
k,l, Comparison of CHG methylation levels between the ancestor genome and 
corresponding subgenomes for homoeologous genes strongly biased toward the 
S (k) and T (l) genomes. In the boxplots, the center line is the median, box limits 
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only leads to gene expression divergence but also equalizes differences. 
Notably, there were 66 homoeologous gene pairs (Fig. 2i (sets 9 and 
10) and Supplementary Table 12) for which one of the homoeologous 
genes was upregulated or downregulated, and the counterpart from 
the other subgenome was changed to the opposite direction (Fig. 2j–l). 
For example, 33 genes were significantly upregulated between the S 
and S subgenomes (P = 2.21 × 10−2, log2(fold change) > 2; Fig. 2i,j (set 
9)), while their homoeologous genes were significantly downregulated 
between the T and T subgenomes (P = 1.52 × 10−5). Meanwhile, the CHG 
methylation level significantly decreased (P = 2.91 × 10−24) in the S sub-
genome and increased in the T subgenome (P = 2.56 × 10−10) (Fig. 2j–l). 
This indicates that gene expression for these homoeologous pairs was 
biased toward one subgenome by simultaneously upregulating expres-
sion in one subgenome and suppressing another subgenome, which 
was likely mediated by epigenetic modifications at contrasting direc-
tions. Gene Ontology enrichment analysis revealed that homoeologous 
genes biased toward the S subgenome and T subgenome were enriched 
in defense response, flowering development, cell communication, 
signaling transduction, and so on (Supplementary Fig. 8).

Genetic diversity of a global collection of 5,196 lines
To understand the global distribution of genetic variation and differ-
entiation among major tobacco types (Fig. 3a,b, Supplementary Fig. 9 
and Supplementary Table 13), we genotyped an entire GeneBank col-
lection hosted at the Chinese Academy of Agriculture Sciences using a 
genotype-by-sequencing approach (Methods, Supplementary Table 14 
and Supplementary Note). This includes 2,582 sun-cured tobacco, 
2,152 flue-cured tobacco, 223 burley tobacco, 126 cigar tobacco and 
113 oriental tobacco germplasms, giving to 5,196 germplasms in total.

Using 95,308 single-nucleotide polymorphisms (SNPs) covering 
98% of the genomic bins at 1-Mb resolution (Fig. 3c), we found that geo-
graphic origin at the continental scale was the most important correlate 
of genetic structure and that genetic structure did not always match the 
conventional types defined on the basis of agronomical practices. For 
example, the first principal component separated flue-cured tobacco 
from sun-cured tobacco to a large extent. However, the majority of 
samples located on the left-hand side of Fig. 3d were of flue-cured 
tobacco originating from North America or derived materials belong-
ing to the North American lineage, while plants located on the opposite 
side were sun-cured tobacco landraces collected in China (Fig. 3d,e). 
In addition, a latitudinal cline was observed along the second principal 
component. Sun-cured tobacco landraces from northern China with a 
substantially shorter life cycle, colder growth temperature and longer 
day length were located in the upper right corner (Fig. 3d), while plants 
sampled in southern China with opposite climate signatures clustered 
at the bottom of Fig. 3d. According to historical records, burley tobacco 
originated from a single mutated variety, known as White Burley, char-
acterized by a chlorophyll deficiency phenotype controlled by double 
homozygous recessive alleles at the Yellow burley 1 (YB1) and Yellow 
burley 2 (YB2) loci25. Consistent with this, burley tobacco samples were 
clustered together near the North American group and showed the 
highest pairwise identity-by-state (IBS) value (median = 0.88) (Fig. 3f). 
Cigar and oriental tobacco samples were scattered among sun-cured 
and flue-cured tobacco samples, indicating a likely history of mixed 
breeding (Fig. 3d,e).

Pairwise IBS values for the five tobacco types ranged from 0.75 
to 0.88, suggesting that the gene pool used to develop each type of 
tobacco was very narrow. However, the distribution of IBS values for 
flue-cured, sun-cured and cigar tobacco was multimodal, indicating 
that the co-occurrence of divergent gene pools was likely caused by 
introgression from imported materials. Despite the marked pheno-
typic differentiation in plant morphology, flowering and metabolic 
traits (Fig. 3b and Supplementary Fig. 9), genome-wide differentiation 
among the five types and three genetic groups was low, with pairwise 
population differentiation coefficient (FST) values ranging from 0.04 to 

0.23 (Fig. 3g,h) and no selective sweeps were detected. This was likely 
due to the short and special selective breeding history of less than a 
few hundred years, which aimed to balance quality among many leaf 
characteristics.

Subgenome divergence and regulation of complex traits
With the availability of genome-wide markers and phenotypic measure-
ments for more than 5,000 lines, we applied the genome-wide associa-
tion study (GWAS) approach to generate a comprehensive catalog of 
the allelic variation underlying differences in 43 traits (Figs. 3a and 4a) 
with intermediate to high heritability (h2 = 0.15–0.82) (Supplementary 
Tables 15 and 16). A total of 178 significant marker‒trait associations 
were identified for 39 traits (Fig. 4b and Supplementary Fig. 10), and 
several high-potential associations were detected (Fig. 5 and Supple-
mentary Note). P values and additive effects for the QTLs are summa-
rized in Supplementary Table 17. Although linkage disequilibrium (LD) 
is too extensive to directly pinpoint the candidate genes underlying 
each association peak (LD decay to 0.2 within 500 kb, givens eight genes 
on average) (Supplementary Fig. 11), we found a few genes previously 
identified as QTLs11–16 or annotated as potential candidates near eight 
peaks (dashed lines in Fig. 4b). In addition, we conducted a literature 
review11–16 to determine the relative position of previously reported 
QTLs (Supplementary Table 18) in the ZY300 genome assembly and 
discovered that 95% of the QTLs detected in our study were novel. Taken 
together, these marker‒trait associations constitute a comprehensive 
genotype-to-phenotype map (Fig. 4d and Supplementary Table 19), 
providing a roadmap for future genetic studies in this species.

For several traits, such as flowering time (FT) and resistance to 
black shank (RBSH), we detected QTLs from two homoeologous chro-
mosomes, whereas only one QTL from one subgenome was detected 
for the remaining traits (Fig. 4 and Supplementary Note). Therefore, we 
explored subgenome divergence in the regulation of 28 continuously 
distributed complex traits (Fig. 4e) by partitioning phenotypic variance 
into two subgenomes by fitting a joint mixed model with two random 
effects, each estimated from markers in the corresponding subgenome. 
Except for RBSH, the T subgenome explained disproportionately more 
of the variation in all the remaining disease resistance traits (median 
ratio of variance explained by Ssub/Tsub = 0.55) (Fig. 4e). Moreover, 
the S genome made a greater contribution to budding time, RBSH and 
leaf number, with the ratios of variance explained by the Ssub/Tsub 
genome being 1.55, 1.48 and 1.37 (Fig. 4e), respectively. To explore the 
role of 3,964 homoeologous gene pairs (Fig. 2g), whose HEB was either 
triggered or equalized by polyploidization, in complex trait variation, 
we partitioned phenotypic variance into genomic regions harboring 
these genes and the remaining part of the genome (non-HEB). Although 
there were only 2,649 (2.78%) markers near the 5-kb regions of these 
genes, they made disproportionately larger contributions to the varia-
tion in resistance to powdery mildew (ratio = 6.08), FT (ratio = 1.52) and 
so on (Fig. 4f). These analyses highlight the unequal contributions of 
the two subgenomes to complex trait variation and provide potential 
evidence for the role of HEB in the variation of complex traits.

Arf9 is associated with leaf width variation
Strong agronomical interest in leaf usage resulted in an excess of 
diversity in leaf morphology (Fig. 4a). Here we detected 65 QTLs for 
12 leaf morphology traits (Supplementary Table 17), including leaf 
width (LW), leaf length, vein diameter, leaf stem angle, leaf vein angle, 
leaf auricle, leaf thickness, leaf shape, leaf tip, leaf color, leaf serration 
and leaf flatness (LF). Overall, the correlations among these traits were 
relatively low (median Spearman correlation = 0.05) (Supplementary 
Fig. 12). However, three QTLs were simultaneously associated with 
LW and LF (Figs. 4b and 5a). One of these QTLs (chr. 23:148211202) is 
located at the end of chr. 23. Allele T at this locus increased the LW 
by 1.11 ± 0.18 (P = 1.66 × 10−9) and increased the LF by 0.2 ± 0.02 units 
(P = 1.58 × 10−18) (Supplementary Fig. 13). Like the peak described in 
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the previous section, the LD in this region was too extensive to directly 
pinpoint candidates (Fig. 5b), and we attempted to fine-map this QTL 
by generating a population of near-isogenic lines (NILs) (Methods). 

Based on the pattern of recombination and phenotype measurements 
for recombinant genotypes from BC4F2 and BC4F4 (Fig. 5c and Supple-
mentary Tables 20–22), the QTL was fine-mapped to a 134-kb region 
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Fig. 4 | Association results for 43 plant morphological, physiological, 
metabolic and disease resistance traits, and the contributions of the 
subgenome and HEB to complex trait variation. a, Phenotypic diversity of plant 
architecture, leaf morphology and flowering morphology and color among five 
selected plants. The vertical dashed gray lines highlight the genomic positions 
of potential candidate genes. b, Manhattan plots of results from 43 GWAS scans. 
The red horizontal dashed lines indicate the Bonferroni-corrected genome-wide 
significance thresholds. The vertical dashed gray lines highlight the genomic 
positions of 16 SNPs associated with more than two traits. c, Heatmap illustrating 

the P values of 16 SNPs detected for more than two traits. Each cell represents 
−log10(P) of a particular SNP (x axis) associated with a specific trait (y axis on 
the right). d, The reference genotype-to-phenotype map includes marker–trait 
associations detected in our study (orange), in previous reports (blue) and in 
both (green). Previously reported QTLs spanning more than 10 Mb and QTLs 
without probe sequences are not included here. e, Unequal contribution 
from two subgenomes to complex trait variation. f, The contribution of 
homoeologous genes whose expression bias (HEB) was either triggered or 
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between two markers, chr. 23:147231844 and chr. 23:147366149 (Fig. 5c). 
There were only two SNPs between the two parents (Fig. 5d) and one 
gene, NtZY23G02972, in this region. NtZY23G02972 is a homolog of 
Arabidopsis thaliana Auxin Response Factor 9 (Arf9), which widely 
exists in a number of crop species but has not been functionally char-
acterized. In N. tabacum var. XHJ, the LW of the NtZY23G02972 CRISPR–
Cas9 knockout line increased by 6 cm (P = 2.74 × 10−3) (Fig. 5e–g and 
Supplementary Fig. 14), suggesting that the nonfunctional allele of 
NtZY23G02972 was associated with wider leaves. Previously, the struc-
ture of a homologous protein, ARF5, was characterized in A. thaliana, 
and ARF DNA-binding domains are known to form a homodimer to 
promote cooperative DNA binding, which is critical for in vivo ARF5 
function26. Here we found that the second SNP on chr. 23:147311246, 
located in the eighth exon of NtZY23G02972, altered the translated 
amino acid sequence from alanine (Ala258) to proline (Pro258), and the 
first SNP was located in the first exon of Arf9, altering the amino acid 
sequence from glutamic acid (Glu26) to glycine (Gly26). This second 
SNP was located inside the functional domain, forming a homodimer 
(Fig. 5h), while the first SNP was at the proximal end of the protein, 
which is less likely to have an impact on protein activity. Taken together, 
it is highly likely that a causal variant at chr. 23:147311246 affects the 
formation of homodimers by changing the amino acid sequence from 
alanine (Ala258) to proline (Pro258) and alters the LW. In A. thaliana, 

Arf9 is highly expressed in roots, and the transfer DNA insertion line 
does not exhibit an obvious auxin-related growth phenotype, possibly 
because of functional redundancy with other ARFs. Our results revealed 
a previously unrecognised role for N. tabacum Arf9 in regulating leaf 
development and identified a likely causal candidate for the role of 
Arf9 in leaf shape determination.

Signatures of positive selection and polygenic selection
When the germplasms were classified as landraces, introduced vari-
eties (varieties developed from abroad) and local Chinese varieties 
(abbreviated as varieties hereafter) developed over a period of several 
hundred years, seven traits—LW, leaf length, FT, budding time, reduc-
ing sugar, total sugar and RBSH—continuously increased or decreased 
during the process of breeding (Fig. 6a–h). In total, 46.42% of the QTLs 
(highlighted using black or red stars in Fig. 6i) showed an increase in 
allele frequency during the process of breeding. However, none of the 
alleles reached fixation (frequency >0.95) and only 17.00% of the QTLs 
had allele frequencies >0.8, indicating that there is great potential for 
future genetic improvement. Simulation analysis revealed that the 
frequency of 42.86% of the randomly selected alleles increased because 
of stochasticity, suggesting that these QTLs may not be under strong 
positive selection (Supplementary Note). However, three QTLs (10.71%) 
displayed lower allele frequencies in landraces than in introduced 
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varieties, followed by present-day varieties (red stars in Fig. 6i). For 
example, one QTL located at chr. 23:148211202 is associated with LW 
variation. The T allele at this locus increased the LW by 1.11 cm (Fig. 6j) 
(P = 1.67 × 10−9), and the frequency of the T allele continuously increased 
from 0.15 (landraces) to 0.38 (introduced varieties) and then to 0.47 
(varieties) (Fig. 6j), suggesting that this allele is under positive selection.

In addition, polygenic scores were calculated using alleles with −
log10(P) > 2.5 and −log10(P) < 2.5 using a mixed model with two random 
effects, representing the aggregated effects of minor-effect alleles 
and polygenic genetic background. Overall, these minor-effect alleles 

(0.26–0.29% of all SNPs) disproportionately accounted for a larger 
fraction (23.12–98.37%, median = 33.69%) (Fig. 6k) of the kinship herit-
ability, suggesting an important contribution from the minor-effect 
alleles to the variation in these traits. In four of the eight cases, they 
explained more variance than did the remaining SNPs. Taking RS as 
an example, although no significant association was detected at the 
genome-wide significance threshold, the aggregated effects of 229 
(0.23%) alleles with −log10(P) > 2.5 (Fig. 6l) explained 43.75% of the 
phenotypic variation and 95.56% of the kinship heritability (Fig. 6l,m). 
This was approximately five times greater than that for the SNPs with 
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box limits are the first and third quartiles and whiskers are the minimum and 
maximum. Two-sided t-tests were performed to generate the significances. 
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2.20 × 10−15 and 1.30 × 10−12 (h). i, Frequency shifts of 28 QTLs associated with 

the variation in eight traits. j, Frequency shifts of the QTL associated with LW. 
k, The proportion of variance explained (PVE) by the alleles with −log10(P) 
below or above 2.5 and all the alleles was estimated in a linear mixed model. l, 
Manhattan plot for the RS association analysis. Red horizontal dashed lines 
indicate the Bonferroni-corrected genome-wide significance thresholds. m, 
Scatterplot between predicted RS values based on 229 alleles with −log10(P) > 2.5 
and measured alleles. n, Frequency shifts of the 229 alleles with −log10(P) > 2.5 
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−log10(P) < 2.5, as estimated by fitting a mixed linear model with two 
random effects. In total, 37.55% (86) of the alleles showed an increase 
in allele frequency from the landraces to the introduced varieties or 
varieties (Fig. 6n). Although the magnitude of the frequency increases 
was small (mean = 0.07) (Fig. 6n), they increased the level of reducing 
sugars from 8.07% to 14.71% from landraces to varieties (Fig. 6o), dem-
onstrating the power of polygenic adaptation in response to artificial 
selection. Overall, these results demonstrate the power of leveraging 
GeneBank genomics for dissecting the genetic basis of complex trait 
variation and evolution during the process of selective breeding and 
provide a blueprint for future crop improvement.

Discussion
Subgenome gene expression dominance has been reported for several 
recent allopolyploids, such as strawberry27, peanut28, monkeyflower8 
and synthetic B. napus29. However, some allopolyploids exhibit even 
subgenome expression, including Capsella bursa-pastoris30,31, Trifo-
lium repens32, Arabidopsis kamachatica33, Arabidopsis suecica27 and 
Brachypodium hybridum34. Our comparative genome and epigenomic 
analysis provided substantial evidence of chromosome rearrangement 
and subgenome gene expression divergence likely driven by epigenetic 
modifications for N. tabacum (Supplementary Note). We observed 
subgenome divergence in the genetic regulation of many complex traits 
and a fraction of the observed divergence could be attributed to genes 
biased toward one subgenome. Because subgenome divergence con-
tributes to complex trait variation, artificial selection on traits whose 
regulation is biased toward one subgenome could drive subgenome 
transcriptomic and epigenomic divergence (Supplementary Note). 
We constructed a comprehensive genotype-to-phenotype map of this 
model plant species and demonstrated the power of this roadmap in 
plant functional genetics by fine-mapping one of the detected QTLs 
to a novel gene, Arf9, that regulates LW. Homologs of Arf9 are widely 
present in a number of field crops, such as maize, rice and wheat, but 
have not been functionally characterized. It is worthwhile to evaluate 
the function and potential of Arf9 in major crop molecular genetic 
research and breeding applications.

In summary, we presented chromosome-scale assemblies of N. 
tabacum, N. sylvestris and N. tomentosiformis, revealed genome rear-
rangements and subgenome transcriptomic and epigenomic diver-
gence, and detected global genetic and phenotypic polymorphisms by 
sequencing and phenotyping an entire GeneBank collection of 5,196 
N. tabacum germplasm resources. Our study provides insights into 
subgenome evolution and the genetic regulation of complex traits in 
polyploid species. The genome assemblies, extensive genotype and 
phenotypic datasets, marker‒trait associations, and candidate genes 
presented in this study will serve as a community resource for accel-
erating future comparative genomics, plant functional genomics and 
crop improvement research.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41588-025-02126-0.
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Methods
Plant materials, DNA extraction and sequencing
Total genomic DNA was collected and extracted from fresh leaves of N. 
tabacum L. var. ZY300 using the CTAB method35. For PacBio long-read 
sequencing, 20-kb insertion SMARTbell libraries were constructed and 
sequenced on the PacBio Sequel II platform (Pacific Biosciences). For 
10X Genomics sequencing, 1 ng of genomic DNA with a long sequence 
length (approximately 50 kb) was partitioned by a microfluidic chip 
on the Chromium platform, and 16-bp barcodes were introduced into 
droplets. For Illumina short-read sequencing, paired-end libraries with 
insert sizes of 350 bp were constructed and sequenced on the HiSeq 
PE150 platform. For Hi-C sequencing, DpnII-digested and cross-linked 
DNA was labeled with biotin and proximity-ligated to form chimeric 
junctions. Biotin-labeled samples were captured and sheared into 
350-bp fragments. After terminal repair, A addition, joint connec-
tion and library construction, Illumina sequencing was performed on 
the HiSeq PE150 platform. For Bionano sequencing, high-molecular 
weight DNA with a fragment distribution >150 kb was isolated using 
Bionano sample preparation kits (Bionano Genomics). Genomic DNA 
was labeled using Direct Label Enzyme (DLE-1) and stained following 
Bionano protocols. Then, the labeled DNA was loaded into a nanochan-
nel (Saphyr Chip, Bionano Genomics) and imaged using the Saphyr 
system (Bionano Genomics) following the Saphyr System User Guide.

Low-quality paired reads (reads with ≥10% unidentified nucleo-
tides (N); >10 nucleotides aligned to the adapter, >20% bases having a 
phred quality score <5 and putative polymerase chain reaction (PCR) 
duplicates generated during the library construction process), which 
resulted mainly from base-calling duplicates and adapter contamina-
tion, were removed. In total, these steps yielded 1.79 Tb of high-quality 
data for chromosome-scale scaffold analysis.

Estimation of genome size using k-mer and flow cytometry 
analysis
Jellyfish v.2.1.4 (ref. 36) was used to count the depth distribution of 
k-mer = 17–31. The spectrum of k-mer was subsequently fitted into 
findGSE37 (v.1.94r) to estimate the genome size and heterozygosity. Flow 
cytometry analysis was performed according to a modified procedure 
reported in ref. 38. Tomato (R1: diploid, 900 M; R2: tetraploid, 1.8 G; 
R5: octoploid, 3.6 G) was used as an internal standard. Fifty milligrams 
of fresh leaf of N. tabacum (R6) and the standard were placed on ice in 
sterile 35- × 10-mm plastic Petri dishes. The tissues were chopped into 
pieces of about 1 mm, and soaked in a solution containing 50 mM KCl, 
10 mM MgSO4 7H2O, 3 mM dithiothreitol, 5 mM Hepes and 0.25% Triton 
X-100 at pH 8.0. Suspended nuclei were filtered with 30-μm nylon mesh. 
Propidium iodide (50 μg ml−1) and DNase-free RNase (50 μg ml−1) were 
used for staining. After filtration, samples were incubated for 30 min at 
37 °C before being analyzed by a BD FACScalibur flow cytometer. The 
mean fluorescence intensity of the sample (Is) and the standards (Ick) 
was measured, and the genome size (F) was estimated according to 
the formula F = Is/Ick × n, where n is the genome size of the standards.

Genome assembly, scaffolding and evaluations
For initial genome assembly of N. tabacum, PacBio long-read data were 
self-corrected to generate preassembled reads and assembled by the 
overlap-layout consensus algorithm39 using Falcon40 (v.1.0) with the fol-
lowing parameters ‘overlap_filtering_setting = --max_diff 500--max_cov 
500--min_cov 3--n_core 24--bestn 10’. The assembled contigs were 
further polished with Illumina short reads using the Pilon pipeline41 
(v.1.22) with default parameters. The polished contigs were anchored 
by 10X linked reads using fragScaff42 (v.140324) with ‘-maxCore 200 -fs1 
-m 3000 -q 30 -E 30000 -o 60000 -fs2 -C 5 -fs3 -j 1 -u 3’. For initial genome 
assembly of the N. sylvestris and N. tomentosiformis, a hybrid assembly 
approach combing HiFi reads from PacBio Revio, ONT ultralong-read 
data and Hi-C data were performed using hifiasm43 assembler. Hi-C 
data were used to further improve the quality of the assemblies with 

HiC-Pro software44 (v.2.10.0). Placement and orientation errors exhib-
iting obvious discrete chromatin interaction patterns were adjusted 
manually using Juicebox45 (v.1.11.08) to generate a final assembly. 
Pseudo-chromosomes for N. tabacum were named by mapping simple 
sequence repeats markers from a widely used linkage map46 to unify 
the physical map and linkage map. Pseudo-chromosomes for N. syl-
vestris and N. tomentosiformis were named after their corresponding 
homologous chromosomes in the N. tabacum genome. The quality of 
the assembly was assessed in three ways. First, we mapped the Illumina 
short reads back to the assembled genome using Burrows–Wheeler 
aligner, Bwa47 (v.0.7.17), mapping rates were summarized using SAM-
tools48 (v.1.9) and number of SNPs were called using BCFtools49 (v.1.17-
50-ga8249495). Second, Universal Single-Copy Orthologues (BUSCO, 
v.3.0.2) analysis50 was performed with the Solanales database (https://
busco-data.ezlab.org/v5/data/lineages/solanales_odb10.2020-08-
05.tar.gz). Last, k-mer completeness and base pair correctness were 
evaluated using Merqury51 (v.1.4.1). The genome assembly has been 
uploaded to the National center for Biotechnology Information (NCBI) 
and a reviewer link was made for the revision (https://dataview.ncbi.
nlm.nih.gov/object/PRJNA940510?reviewer=dt823s4k3l6te0vgf8g0j1
71un). The raw sequencing data, together with the genome assemblies 
are available as described in the ‘Data availability’ section.

Repeat and gene annotation
Extensive de novo TE Annotator (EDTA v.1.9.3)52, a pipeline combining 
homology-based and de novo prediction methods using LTRharvest53, 
LTR FINDER53, LTR retriever54, TIR-learner55, Helitron Scanner56 and 
Repeat Modeler57, was used to annotate TEs, estimate TE insertion 
time and generate a species-specific library for gene annotation. 
Structural annotation of genes was conducted through a combina-
tion of homology-based, transcriptome-based and ab initio-based 
methods. For homolog prediction, protein sequences of plants, 
including N. tabacum (https://solgenomics.net/ftp/genomes/Nico-
tiana_tabacum/edwards_et_al_2017/annotation/), Solanum tuberosum 
(GCF_000226075.1), Solanum lycopersicum (GCF_000188115.4), Coffea 
canephora (PRJEB4211_v1), Gossypium hirsutum (GCF_000987745.1), A. 
thaliana (GCA_000001735.1) and Vitis vinifera (http://jul2018-plants.
ensembl.org/Vitis_vinifera/Info/Index), were used as queries to 
search against the ZY300 genome using GeneWise (v.2.4.1)58. For 
transcriptome-based gene prediction, trimmed RNA-seq reads from 
stems, roots, leaves, anthers, flowers and axillary buds were de novo 
assembled using Trinity (v.2.1.1)59. To further improve the annota-
tion, RNA-seq reads from different tissues were aligned to the ZY300 
genome using TopHat (v.2.0.11) with default parameters to identify 
exons and splice junctions. The alignment was used as input for Cuf-
flinks (v.2.2.1)60 for transcript assembly with default parameters. For ab 
initio prediction, we used Augustus61, GlimmerHMM62, SNAP63, GeneID 
(v.1.4)64 and Genscan65 to predict gene structure. Finally, all predictions 
of gene models generated from these approaches were integrated 
into a consensus gene set using EVidenceModeler (v.1.1.170)66. After 
prediction, PASA67 was used to update isoforms to gene models and 
to produce a final gff3 file with three rounds of iteration.

For functional annotation, predicted protein-coding genes 
were aligned to multiple public databases, including NR, Swiss-Prot, 
TrEMBL75, COG and KOG, using NCBI BLAST+ v.2.2.31 (ref. 68). Motifs 
and domains were annotated using InterProScan (release 5.32-71.0)69. 
Gene Ontology terms and Kyoto Encyclopedia of Genes and Genomes 
pathways of predicted sequences were assigned by InterProScan and 
KEGG Automatic Annotation Server69,70, respectively.

Subgenome partitioning and synteny analysis
Illumina short-read sequences from N. sylvestris (accession ID: 
ERR274529) and N. tomentosiformis (accession ID: ERR274543) were 
downloaded from the NCBI SRA database using SRA toolkit and aligned 
to the ZY300 reference genome using bwa-mem47. SAMtools48 was 
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used to count the number of reads mapped to the ZY300 genome from 
each of the two ancestral genomes, and the average read depth in 1-Mb 
windows was calculated using a customized R script. First, a preliminary 
ancestral origin assignment was made using the window-averaged 
read ratio. Second, for windows containing breakpoints, manual cura-
tion was performed in Integrative Genomics Viewer71 to pinpoint the 
exact location. WGDI72 was used to detect synteny blocks based on 
collinear genes, and the R package circlize73 was used to illustrate 
blocks between subgenomes after merging large synteny blocks. The 
partitioned genome was further curated by performing genome align-
ment between N. tabacum and its ancestral genome using minimap2 
(v.2.26r1175)74.

Chromatin immunoprecipitation, sequencing and 
bioinformatic analysis to pinpoint centromeric region
The chromatin immunoprecipitation experiment was conducted fol-
lowing the protocol described in ref. 75. Briefly, ~3.0 g of leaves was 
collected from N. tabacum and fixed with 1% formaldehyde in 1× PBS 
buffer. After incubation on ice for 10 min under a vacuum, 2.5 ml of 
2 M glycine was added for 5 min to terminate the cross-linking. The 
tissue was then washed four times with sterile water, dried and imme-
diately frozen in liquid nitrogen. Nuclei were purified with Honda 
buffer (0.44 M sucrose, 1.25% Ficoll, 2.5% Dextran T40, 20 mM Hepes 
KOH pH 7.4, 0.5% Triton X-100, 10 mM MgCl2, 2 complete tablets per 
100 ml), and subsequently resuspended in 600 μl of RIPA buffer (10% 
PBS 10X, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 5 mM dithi-
othreitol). DNA was released from the nuclei and fragmented using 
sonication at 4 °C for 5 min (30 s on and 30 s off) twice. After sonication, 
a 50-μl sample was used as DNA input. Then 900 μl of dilution buffer 
(16.7 mM Tris–HCl pH 8, 1.2 mM EDTA, 1.1% Triton X-100, 167 mM NaCl) 
was added to the remaining sample, which was incubated with 50 μl of 
Pierce Protein G Magnetic Beads (Thermo Fisher Scientific) that were 
immunoprecipitated with anti-CENH3 antibody (Abcam: ab72001). 
Immunoprecipitation was conducted at 4 °C for 4 h. Thereafter, the 
magnetic beads were washed with high-salt buffer (500 mM NaCl, 
0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris–HCl pH 8), low-salt 
buffer (150 mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM 
Tris–HCl pH 8) and TE buffer (10 mM Tris–HCl pH 8, 1 mM EDTA) twice 
for 5 min each time. The chromatin immunoprecipitation complex was 
then eluted from the beads with elution buffer (1% SDS, 0.1 M NaHCO3). 
Reverse cross-linking was done by boiling the beads at 65 °C for 12 h in 
the presence of 10% SDS followed by proteinase K treatment at 50 °C for 
1 h. DNA was extracted using phenol–chloroform and precipitated by 
ethanol. The air-dried DNA was dissolved in 20 μl of PCR-grade water 
(Roche) for sequencing library construction using NEXTFLEX ChIP-Seq 
Library Prep Kit (PerkinElmer) and sequenced by the Nova seq 6000 
Illumina platform by Novogene. Three replicates were performed and 
sequenced to approximately 10X.

Raw reads were first trimmed using fastp76 with default parameters 
and subsequently aligned to the ZY300 reference genome using Bwa47; 
SAMtoools48 and Sambamba77 were used to filter multimapped reads 
and eliminate PCR duplicates. Coverage information was then obtained 
using deepTools78. In addition, we searched for typical N. tabacum 
centromeres repeats obtained from CENH3 ChIP-seq in previous stud-
ies in the assembled genome19–21 and performed de novo centromere 
prediction based on tandem repeat monomers using quarTeT22.

Comparative transcriptome and epigenome analysis
Fresh leaves at the five-leaf stage were sampled for the two progenitors 
and N. tabacum. Three replicates for each plant were sent to Novo-
gene for RNA-seq and bisulfate-seq. Raw RNA-seq data reads were first 
trimmed using fastp76 with the default parameters and subsequently 
aligned to the ZY300 reference genome using HISAT2 (ref. 79). The 
expression level was quantified as read counts using StringTie80. To 
compare gene expression between N. tabacum and the two ancestral 

species, we partitioned the read count to the S and T subgenomes 
and constructed corresponding specific normalization factors to 
account for library size variation81. Scaled count matrices for each 
subgenome were further processed using a multifactor design to 
account for confounding factors (~subgenome+ replicates). To com-
pare homologous gene expression between subgenomes, and between 
ancestors, expression analysis was then further restricted to 28,143 
1:1 unique homologous gene pairs. We combined the read counts of 
homologous gene pairs from N. sylvestris and N. tomentosiformis into 
a single count matrix, and normalized confounding factors using a 
multifactor design (~ancestor). Wilcox test was used to calculate P 
values for all the comparisons.

Raw bisulfate-seq data reads were first trimmed using fastp76 with 
default parameters and subsequently aligned to the ZY300 reference 
genome using Bismark82. CG, CHG and CHH methylation information 
was extracted using the BISMARK_METHYLATION_EXTRACTOR func-
tion implemented in Bismark82. The methylation level of each cytosine 
was calculated as the number of methylated cytosine reads divided 
by read depth. Sites covered by fewer than three mapped reads were 
filtered. To evaluate gene methylation levels, we computed the mean 
methylation level across all cytosine sites in the gene body and its 
adjacent 2-kb regions using methylKit83.

Genotyping by sequencing, read mapping and variant calling
DNA extraction was performed using CTAB methods35. After qual-
ity control using Nanodrop and Qubit, DNA samples were digested 
with NlaIII + MseI, barcoded and purified using AMPure XP beads. 
Quality-controlled libraries were pooled and sequenced on the Illumina 
NovaSeq platform. Raw reads were trimmed using fastp76 following 
the default parameters and subsequently aligned to the ZY300 refer-
ence genome using Bwa47; SAMtoools48 mpileup was used for variant 
calling. The called SNPs were initially filtered for read depth, call rate 
and minor allele frequency (MAF) with vcftools84 on the basis of an 
average read depth >2 and MAF > 0.03, individual missing rate <0.5 
and site missing rate <0.5. The filtered genotypes were then imputed 
using Beagle85 with default parameters. The imputed SNPs were further 
filtered for MAF > 0.03, and 95,308 SNPs remained for downstream 
analysis. Detailed information on the number of sequenced reads, 
mapping quality, genome coverage and sequencing coverage are sum-
marized in Supplementary Fig. 16. To assess the genotype quality, we 
genotyped 42 individuals using whole-genome resequencing. SNP 
calling accuracy and imputation accuracy were estimated by compar-
ing genotypes called from whole-genome resequencing with those 
obtained from genotype-by-sequencing before and after imputa-
tion. The mean accuracy of SNP calling was 0.958 (median = 0.976) 
before imputation, indicating high confidence in SNP calling using 
genotype-by-sequencing data. After imputation, the averaged accuracy 
was 0.941 (median = 0.976), and accuracy across a wide range of MAF 
was high (Supplementary Fig. 16), suggesting imputation by Beagle 
should not bias the accuracy of our results.

Analysis of population differentiation and genetic similarity
To further assess the relatedness between individuals, principal com-
ponent analysis was performed using the IBS genetic distance matrix 
calculated in PLINK (v.1.90)86 and the princomp function in the R base 
package. After grouping samples, VCFtools (v.0.1.16)84 was used to 
calculate FST among major tobacco types and genetic clusters.

Collection of the germplasm and phenotyping
Systematic collection of the germplasm was started in the early 1950s, 
where landraces were collected from farmers across China. The major-
ity of these germplasms were sun-cured tobacco types, which are 
well-adapted to the local environments across China. All collected 
germplasm resources are preserved in the GeneBank of Tobacco hosted 
at the Tobacco Research Institute, Chinese Academy of Agriculture 
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Sciences. Since then, an exchange of germplasm has been constantly 
performed with countries all over the world and imported materials 
have been crossed with landraces to introduce desired traits into local 
varieties. Detailed information on the origin and metadata of each 
sample are available in Supplementary Table 23.

In 2007, we began to phenotype the entire GeneBank hosted 
at the Tobacco Research Institute, Chinese Academy of Agriculture 
Sciences for 43 traits. Each year, around 500 plants were selected 
and planted in Qingdao, China (120.45° E, 36.38° N) under a rand-
omized complete block design with two replicates. In each trial, one 
replication of each line includes two rows, each with ten replicates of 
the same genotype. Each row is 10 m in length with a row spacing of 
1.2 m and a plant distance of 0.5 m. Each year, 500 lines were selected  
from the Germplasm bank for phenotyping and reviving old seeds. 
Because of disease and disruption by wild animals, the number of 
logged phenotypes from each year has varied between 412 and 440 
since 2007. Owing to the unexpected COVID interruption, no pheno-
types were obtained in 2019 and 2020. Each year, we excluded lines 
with severe disease or that were destroyed by animals, resulting in 
412–440 lines with measured phenotypes from each year and 5,370 
lines in total.

Detailed descriptions of trait measurements were mentioned 
in previous studies12,13,87. Briefly, traits related to flowering time were 
obtained by individually counting the days to budding and flowering. 
Plant architecture traits were manually measured for each plant using 
a ruler and angle ruler. Two mature middle leaves from each plant were 
harvested and measured for leaf morphological traits and metabolic 
traits. All phenotypes were measured immediately before the first 
flower blooms and averaged in each replicated row. For each year, aver-
aged measurements among ten replicates were adjusted using a linear 
model, fitting blocks and rows as fixed effects, to calibrate the spatial 
variation, generating the phenotype records logged in the National 
Germplasm Database. For GWAS, we calibrated the yearly environmen-
tal effects for continuously distributed traits using a linear model fitting 
year as a fixed effect and extracted residuals as phenotypes (residuals 
are available in Supplementary Table 23)

Genome-wide association analysis
GWAS was conducted using a linear mixed model implemented in the 
mlma module of GCTA88. A subsequent conditional analysis imple-
mented in the cojo module of GCTA88 was performed to screen for 
independent association signals. Because LD was extensive in this pop-
ulation, assuming that all tested markers were statistically independent 
and deriving a Bonferroni-corrected significance threshold would have 
been too conservative. Therefore, we estimated the effective number of 
independent markers (Me)89 and derived a less-conservative threshold 
following 0.05/Me (1.0 × 10−5 equivalent to −log10(P) = 5).

Polygenic selection analysis and genomic prediction
We predicted the aggregated effects of all the SNPs with a −log10(P) > 2.5 
using the following model.

Y = Xβ + Zu + e (1)

where Y is a column vector of length n containing phenotype measure-
ments. X is a matrix of n rows and one column of 1, representing the 
population mean. u is a random effect vector of the polygenic effects 
(polygenic scores) representing the aggregated effects of all the SNPs 
for n individuals. Z is the corresponding design matrix obtained from 
Cholesky decomposition of the kinship matrix G, estimated on the 
basis of the markers with a −log10(P) > 2.5 using the A.mat function in 
the R package rrBLUP90. The Z matrix satisfies ZZ′ = G; therefore, u ~ N 
(0,Iσ2g). e is the residual variance with e ~ N (0, Iσ2e). The proportion of 
variance explained by these SNPs was estimated as σ2g/(σ2g + σ2e). Model 
fit was assessed in the R package rrBLUP90.

Fine-mapping and experimental validation of candidate genes
A population of NILs was developed by marker-assisted backcrossing 
using Samsun (P1, T/T at chr. 23:148211202) as the wide-leaved donor 
parent and K326 (P2, C/C at chr. 23:148211202) as the narrow-leaved 
recurrent parent. First, a total of 1,694 BC4F2 individuals from the 
K326 × Samsun population were genotyped using five markers from 
chr. 23:145182211 and chr. 23:149453746 (Supplementary Table 20), 
selected recombinants were then self-pollinated to create BC4F3 lines 
for further evaluation. This narrowed the QTL to a region between chr. 
23:147119955 and chr. 23:147360000. An additional 3,017 BC4F3 indi-
viduals derived from the population were further screened using seven 
SNP markers in this narrow region (Supplementary Table 20), and the 
BC4F4 lines of recombinants were phenotyped for further fine-mapping. 
Two small guide RNAs (Fig. 5e, synthesis by Beijing Genomics Institute) 
were designed to target the candidate gene NtZY23T02972 based on 
the assembled ZY300 genome. The vectors were constructed and 
transformed into the receptor N. tabacum L var. XHJ. The genotype 
of gene-edited lines was identified by PCR amplification and Sanger 
sequencing. For fine-mapping, LW was recorded by measuring at least 
15 plants per line during flowering in Sanya (108.56° E, 18.09° N), China. 
For transgenic experiments, phenotypes of knockout lines and the 
wild-type were investigated in Sanya (108.56° E, 18.09° N), China. Each 
experiment had two replicates with at least five independent plants per 
replicate. The mean LW of at least five plants per replicate was used for 
further analyses.

A coreset of seeds is publicly available for the community
To make these resources accessible to a wide range of researchers, we 
selected 310 accessions to cover the majority of the genetic and pheno-
typic diversity (Supplementary Fig. 15 and Supplementary Table 24), and 
have made their seeds available for the research community (see https://
www.cgris.net/search and https://yanjunzan.github.io/Resources/ for 
detailed ordering information, commercial use is strictly prohibited). 
Our intention is for this collection to remain actively curated as ever 
more genomic data are produced and a wide range of phenotypic data 
are generated not only by us, but also by the community.

Statistical analysis
Details on all statistical analyses used in this paper, including the statis-
tical tests used, the number of replicates and precision measures, are 
indicated in the corresponding section and figure legends. Statistical 
analysis of replicate data was performed using appropriate strategies 
in R (v.4.4.1).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The genome assemblies of Nicotiana sylvestris, Nicotiana tomentosi-
formis and Nicotiana tabacum were deposited to European Nucle-
otide Archive (https://www.ebi.ac.uk/ena/browser/home) with 
accession codes PRJEB85697, PRJEB85577 and PRJEB85578, respec-
tively. All raw sequences were uploaded to NCBI with accession codes 
PRJNA940510, PRJNA936601, PRJNA1074506, PRJNA1074481 and 
PRJNA1074687. Genome annotations are available via Figshare at 
https://doi.org/10.6084/m9.figshare.25139579.v1 (ref. 91), https://
doi.org/10.6084/m9.figshare.25139468.v1 (ref. 92) and https://doi.
org/10.6084/m9.figshare.25139474.v1 (ref. 93). All phenotype meas-
urements and metadata are included in the Supplementary Tables.

Code availability
Analysis codes are available via GitHub at https://github.com/
yanjunzan/N_tabacum_Genome_paper and via Zenodo at https://doi.
org/10.5281/zenodo.14807329 (ref. 94).
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