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Nicotiana benthamiana is widely used as a model plant for
dicotyledonous angiosperms. In fact, the strains used in
research are highly susceptible to a wide range of viruses.
Accordingly, these strains are subject to plant pathology and
plant-microbe interactions. In terms of plant-plant inter-
actions, N. benthamiana is one of the plants that exhibit
grafting affinity with plants from different families. Thus,
N. benthamiana is a good model for plant biology and has
been the subject of genome sequencing analyses for many
years. However, N. benthamiana has a complex allopolyploid
genome, and its previous reference genome is fragmented
into 141,000 scaffolds. As a result, molecular genetic anal-
ysis is difficult to perform. To improve this effort, de novo
whole-genome assembly was performed in N. benthamiana
with Hifi reads, and 1,668 contigs were generated with a
total length of 3.1 Gb. The 21 longest scaffolds, regarded
as pseudomolecules, contained a 2.8-Gb sequence, occu-
pying 95.6% of the assembled genome. A total of 57,583
high-confidence gene sequences were predicted. Based on a
comparison of the genome structures between N. benthami-
ana and N. tabacum, N. benthamiana was found to have
more complex chromosomal rearrangements, reflecting the
age of interspecific hybridization. To verify the accuracy of
the annotations, the cell wall modification genes involved
in grafting were analyzed, which revealed not only the pre-
viously indeterminate untranslated region, intron and open
reading frame sequences but also the genomic locations of
their family genes. Owing to improved genome assembly
and annotation, N. benthamiana would increasingly be more
widely accessible.

Keywords: Cell wall enzymes @ Genome assembly e Nicotiana
benthamiana e Nicotiana tabacum e Polyploidy
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Introduction

Nicotiana benthamiana is one of the most widely used exper-
imental models in plant biology, especially the interaction
between different living organisms (Bombarely et al. 2012, Bally
et al. 2018). Nicotiana benthamiana has been employed in
plant pathology studies owing to its susceptibility to diverse
plant diseases, particularly viral diseases. Nicotiana benthami-
ana has a 72-bp insertion, including a termination codon, in
its RNA-dependent RNA polymerase (RdRP) gene (Rdr1), caus-
ing premature termination of the open reading frame (ORF)
of the gene (Yang et al. 2004). Nicotiana benthamiana plants
transformed with the RdRP gene of Medicago truncatula dis-
played resistance to the tobacco mosaic virus of the genus,
Tobamovirus, indicating that defects in the Rdr1 gene may be
a factor in the high RNA virus susceptibility of N. benthami-
ana (Yang et al. 2004). Nicotiana benthamiana is also a popular
platform for recombinant protein production. In fact, non-
infectious virus-like particles have been used for the manufac-
ture of COVID-19 vaccines (van Herpen et al. 2010, Bally et al.
2018, Mamedov et al. 2021). Our previous studies revealed
that interfamily grafting, which is usually considered difficult
to establish, can be achieved with N. benthamiana (Notaguchi
et al. 2020, Kurotani and Notaguchi 2021). In these studies, the
high activity of cell wall modification enzymes was suggested
through transcriptome and functional analyses. A molecular
genetic study revealed that the upregulation of Glycosyl hydro-
lase 9B3 (GH9B3) encoding 3-1,4-glucanase in N. benthamiana
after grafting with intra- and interfamily partners was impor-
tant to achieve cell-cell adhesion at the graft boundary. Tran-
scriptome analysis revealed that other cell wall modification
enzymes, such as 3-1,3-glucanase, xyloglucan hydrolase and
expansin, were also upregulated during grafting in N. benthami-
ana. These observations revealed a characteristic feature of N.
benthamiana. A similar characteristic was found in Petunia,
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the closest genus of Nicotiana in Solanaceae (Kurotani et al.
2022). These plants may partially conserve similar cell wall mod-
ifications. Thus, N. benthamiana can serve as a model for various
cellular events in plants, which includes not only the recog-
nition and defense mechanisms of plant viruses, bacteria and
other foreign invaders but also individual recognition, damage
response and wound repair mechanisms at the cellular level in
plants.

The Solanaceae family is widely distributed throughout the
temperate and tropical continents. This family includes many
of the most important agricultural species in the world, such
as potato, tomato, eggplant, petunia and tobacco. Several
specific groups have been defined in the genus, Nicotiana.
Suaveolentes, the section to which N. benthamiana belongs, is
mainly found in Australia. The Nicotiana genus has been repeat-
edly interbred, and the progeny of the paternal species of the
Suaveolentes section has been demonstrated to belong to the
Sylvestres section (Knapp et al. 2004, Bally et al. 2018). On the
other hand, the maternal lineage might be the ancestor of the
Noctiflorae section; however, the details are less clear. Nico-
tiana tabacum, the most widely cultivated common tobacco
species, is included in the Nicotiana section. The paternal lin-
eage of the Nicotiana section is considered to be of the Sylvestres
section, while the maternal lineage is attributed to the Tomen-
tosae section (Schiavinato et al. 2020). The establishment of
Suaveolentes section including N. benthamiana by hybridiza-
tion was estimated to have occurred approximately 10 million
years ago (MyA) (Bally et al. 2018) and is thus older than the
200,000 years for N. tabacum (Leitch et al. 2008). The basic hap-
loid chromosome number of the genus, Nicotiana, is n =12.
As N. tabacum is an allotetraploid, it has n =2x = 24 (Leitch
et al. 2008). In contrast, N. benthamiana is thought to have a
complex ancient allopolyploid genome consisting of 19 chro-
mosomes (Wheeler 1945, Narayan 1987). For allotetraploid,
two homeologs derived from each of the two subgenomes per
gene were expected to be found. However, N. benthamiana
appears to have evolved through many hybridizations amongits
polyploid ancestors. Furthermore, some genomic regions and
chromosomes are most likely to be lost.

The use of N. benthamiana is becoming increasingly active,
with two research consortia independently publishing assem-
bled draft genome sequences (Bombarely et al. 2012, Naim
et al. 2012). One published the N. benthamiana genome and
transcriptome sequencing consortium (benthgenome) assem-
bly (v0.5), and the other published the Sol Genomics assembly
(v1.01). Both draft genome assemblies were constructed using
lllumina-based sequencing with only minor differences. The
quality of the genome assemblies, as measured by the bench-
marking universal single-copy orthologs (BUSCO) score, which
predicts the percentage of completely and accurately assem-
bled coding genes, was very similar for both, with 95-96% and
>90% of the genes annotated. However, owing to the com-
plex allopolyploid structure of the genome, only finely divided
scaffolds have been decoded (141,000 scaffolds), and the chro-
mosome level has not been reached. The linkage status between

Table 1 Statistics of the assembled N. benthaminana genome and CDS
sequences, Nbe.v1.

Genome (Nbe.v1) Gene
Pseudo-
All molecules HC, CDS

Number of sequences 1,668 21 57,583
Total length (bp) 2,926,135,461  2,798,934,012 61,180,166
Average length (bp) 1,754,278 133,282,572 1,062
Maximum length (bp) 184,452,736 184,452,736 14,934
Minimum length (bp) 1,000 66,383,842 150
N50 length (bp) 141,754,421 141,754,421 1,407
Gaps (%) 0.004 0.004 0.000
GC% 38.1 37.9 42.7
BUSCOs (%) v3, obd10

Complete 99.6 99.6 95.9

Complete single-copy 339 34.1 435

Complete duplicated 65.7 65.5 52.4

Fragmented 0.1 0.1 13

Missing 0.3 0.3 2.8

genes is unknown, or sequence information on the regulatory
regions of gene expression is lacking, which has been a barrier
to genetic analysis.

In this study, we aimed to complement sequence informa-
tion close to the chromosomal level. The obtained sequence
information was validated via a comparison with the sequence
information of other Solanaceae species for which genomic
information is available. We performed phylogenetic analyses
of several genes that were suggested to be responsible for the
high grafting ability of N. benthamiana.

Results

Sequencing and assembly

A total length of 48.9 Gb of sequence data was obtained from
the paired-end (PE) library (Supplementary Table S1). The dis-
tribution of distinct k-mers (k = 17) revealed a single peak at
multiplicities of 13, indicating high homozygosity of the ‘lab
strain’ genome (Supplementary Fig. S1). Based on the iden-
tified peal, the estimated genome size of the ‘lab strain’ was
3,120.2 Mb.

A total length of 150.1 Gb of Hifi reads was generated from
the seven SMRT cells. The read coverage of the lab strain
genome was 48.1x. Hifiasm assembly generated 1,525 primary
and 3,342 associate haplotigs (Supplementary Table S2). The
total length of the primary contigs was 2,926.0 Mb, with an
N50 length of 42.5 Mb. The primary contig sequences were then
scaffolded with Omni-C reads using 3D-DNA. The number of
sequences was 1,668, which was slightly higher than that of
the Hifiasm primary sequence. The N50 length was 141.8 Mb,
3.3-fold longer than that of the Hifiasm primary sequences.
The resulting assembled sequences were designated as Nbe.v1
(Table 1, Supplementary Table S2).

The assembled genome covered 93.8% of the N. ben-
thamiana genome, as estimated by Jellyfish (3,120.2 Mb).
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Fig. 1 The N. benthamiana genome. (A) The distribution of retrotransposons and genes in 21 scaffolds. Circles indicate the concentration of
Ty3-gypsy (yellow) and Ty1-copia (blue), gene content (orange) and G+C% (light blue) from inner to outer. (B) Coverage of regions of high
homology with N. sylvestris and N. tomentosiformis on N. benthamiana and N. tabacum. Circles indicate the coverage of N. sylvestris (blue) and N.
tomentosiformis (red) from inner to outer. The center of the image represents the linkage of SSRs. Blue and red lines indicate SSRs on N. sylvestris and
N. tomentosiformis, respectively. S010-5210 represent the 21 longest scaffolds of N. benthamiana, and Nt1-Nt24 represent the 24 chromosomes

of N. tabacum.

The assembly quality of Nbe.v1 was assessed by mapping the
sequences to 1,375 BUSCOs (Table 1). The percentage of iden-
tified complete BUSCOs was 99.6%, indicating the high quality
of the assembled genome. The percentages of complete single
copies and duplications were 33.9% and 65.7%, respectively. The
relatively high number of duplicates reflects the allopolyploid
genome structure of N. benthamiana.

Of the 1,668 assembled sequences, the length of the 21
longest scaffolds ranged from 66.4 to 184.5 Mb. The 21 longest
scaffolds were regarded as pseudomolecules, which reflected
the chromosomes of N. benthamiana (Supplementary Table
$3). However, as the chromosome number of N. benthami-
ana was reported as 19 (Kourelis et al. 2018), sequences of a
few chromosomes were considered to be separated into two
or three pseudomolecule sequences. The total length of the
21 pseudomolecules was 2,798.9 Mb, occupying 95.6% of the
assembled genome (Table 1).

Gene prediction and annotation

A total of 1.4 Gb Iso-Seq sequences were obtained from vari-
ous organs under different treatments (Supplementary Table
S1). The sequences were then clustered and collapsed, and
a total of 84,934 confident-complete gene sequences, which
revealed ORF regions on the sequences, were identified with a
total length of 101.1 Mb by ANGEL (Supplementary Table S4).
Meanwhile, 84,754 genes with a total length of 75.5 Mb were
predicted on Nbe.v1 by BRAKER2. The sets of genes predicted
by ANGEL and BRAKER2 were then merged, and the resulting
84,570 sequences with a total length of 75.5 Mb were designated
as predicted genes of Nbe.v1.

The 84,570 sequences were then classified as high-
confidence (HC), low-confidence (LC) or transposable

element (TE) sequences based on the evidence level. The num-
bers of predicted gene sequences classified as HC, LC and TE
were 57,583, 18,116 and 8,871, respectively (Table 1, Supple-
mentary Table S4). The percentage of complete BUSCOs in HC
was 95.9%, whereas those in LC and TE were 0.0% and 1.9%,
respectively, suggesting that most of the protein-coding gene
sequences were classified as HC.

The distribution of retrotransposons and genes in 21 long
scaffolds was confirmed (Fig. 1A). The Tyl-copia and Ty3-
gypsy groups were evenly distributed throughout the entire
area in both scaffolds; however, the gene distribution tended
to be markedly denser closer to the ends. In addition,
telomere repeat sequence searches confirmed the presence
of the 5’ terminal regions of Nbe.v1.s00010, Nbe.v1.s00020,
Nbe.v1.500060, Nbe.v1.s00130 and Nbe.v1.s00160 and the 3’
end of Nbe.v1.500030. This newly assembled N. benthamiana
genome, referred to as Nbe.v1, and the constructed anno-
tation data can be accessed at NbenBase (https://nbentha
miana.jp).

Linkage and synteny analysis of N. benthamiana
and N. tabacum

For comparison of the N. benthamiana and N. tabacum
genomes, the coverage of regions of high homology with
Nicotiana sylvestris and Nicotiana tomentosiformis was exam-
ined (Fig. 1B). The ancestral species of N. sylvestris is the
common parent of N. benthamiana and N. tabacum, whereas
the ancestral species of N. tomentosiformis is the other par-
ent of N. tabacum. As previously reported, chromosomes
derived from N. sylvestris and N. tomentosiformis were rela-
tively clear in N. tabacum. In contrast, in N. benthamiana,
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N. sylvestris—derived sequences were almost equally distributed
in all scaffolds (Fig. 1B).

Subsequently, simple sequence repeat (SSR) markers iden-
tified in N. tabacum (Tong et al. 2016) were searched in the
genome of N. benthamiana to derive chromosomal correspon-
dence. Using the BLAT program (Kent 2002) and in silico PCR
with the N. tabacum SSR primer set as queries, 4,622 and 40,717
SSRs were detected in the N. benthamiana and N. tabacum
genomes, respectively. Of these SSRs, 131 SSRs, identified as
unique to both N. benthamiana and N. tabacum, were plotted
on the N. benthamiana scaffold (Fig. 1B, Supplementary Fig.
$2 and Table S5). Of the 131 unique SSRs, 63 were derived from
the ancestral species of N. sylvestris. Of the 24 chromosomes in
N. tabacum, Nt1, Nt3, Nt5, Nt6, Nt7, Nt8, Nt10, Nt11, Nt16,
Nt18 and Nt20 were considered to be predominantly derived
from the ancestral species of N. sylvestris; Nt2, Nt4, Nt9, Nt12,
Nt13, Nt14, Nt15, Nt19, Nt21, Nt23 and Nt24 from the ancestral
species of N. tomentosiformis and Nt17 and Nt23 from mix-
tures of the two parental species (Sierro et al. 2014, Edwards
et al. 2017). In contrast to N. tabacum in which the chromo-
somes derived from the two ancestral species were relatively
clearly distinguishable, in N. benthamiana, SSRs derived from
the ancestral species of N. sylvestris were scattered across most
scaffolds (Supplementary Fig. S2).

Synteny analysis was performed between N. benthamiana
and N. tabacum (Supplementary Figs. S3, S4). Nicotiana
tabacum is considered a hybrid of the ancestral species of N.
sylvestris and N. tomentosiformis with chromosomes derived
from each. Nt4 has a high coverage of sequences derived from
the ancestor of N. tomentosiformis, and Nt6 is derived from the
ancestor of N. sylvestris. Synteny between these chromosomes
has been previously reported (Sierro et al. 2014, Edwards et al.
2017). In this study, synteny analysis of N. benthamiana and
N. tabacum genome sequences revealed that two N. benthami-
ana scaffolds, Nbe.v1.500120 and Nbe.v1.s00150, had synteny
with two N. tabacum chromosomes, Nt4 and Nt6 (Supple-
mentary Fig. S3B). Similarly, Nbe.v1.s00130 and Nbe.v1.s00140
displayed synteny with both Nt12 and Nt16 (Supplementary
Fig. S3C). Collinear blocks were detected between N. ben-
thamiana and N. tabacum in all chromosomes (Supplementary
Fig. S4). These results indicate the retention of two sets of
genomic sequences in alloploid species; however, sequences
derived from the Sylvestres section, the common ancestral
progenitor of N. benthamiana and N. tabacum, were found
to be quite scattered and distributed in the N. benthamiana
chromosomes.

Comparative analysis of N. benthamiana and other
Solanaceae family gene sequences

To explore the evolution of the gene family in the Solanaceae
family and Arabidopsis thaliana, orthologous clustering using
the N. benthamiana annotation constructed in this study and
the five published gene annotations (269,901 total genes)
was performed, and 27,624 orthologous groups were defined
(Fig. 2A). Most orthogroups (11,526) were common to all

species, and the second most common category was the
orthogroups present in five species of Solanaceae (3,221
orthogroups). The species tree inferred by Knapp et al. (2004)
indicated that N. tabacum and N. sylvestris had the closest rela-
tionship, followed by N. benthamiana. Both N. benthamiana and
N. tabacum have an ancestral species of N. sylvestris as a hybrid
parent; however, hybridization of N. benthamiana might have
occurred earlier than N. tabacum, consistent with the results of
this analysis (Fig. 2B). In addition, analyses of age distributions
built from the distribution of silent divergence rate (dS) among
N. benthamiana, N. tabacum, Solanum lycopersicum and A.
thaliana. The dS between N. benthamiana and N. tabacum was
estimated to be about 0.1-0.2, indicating that the divergence
occurred at about 3-7 MyA (Supplementary Fig. S5).

Rdr1 and related gene homoeologs in N.
benthamiana

As defects in the Rdr1 gene have been demonstrated to
be one of the reasons for the high susceptibility of N. ben-
thamiana to RNA viruses, we confirmed the sequence of the
Rdr1 gene in the sequence determined in this study. Con-
sequently, the Rdr1 gene is divided into two annotations,
Nbe.v1.s00180g20180 and Nbe.v1.s00180g20190, due to trunca-
tion of its ORF by insertion of 72 nucleotides, as revealed in
a previous study (Yang et al. 2004, Supplementary Fig. S6).
No other sequences homologous to Rdr1 at the DNA sequence
level were found in the genome, and the closest match at
the amino acid level, Nbe.v1.s00150g34350, was annotated with
RARP2 (LOC107773126) in N. tabacum. Nbe.v1.s00150g34350
and Nbe.v1.s00720g70840, although on separate chromosomes,
are very close at the DNA level, with 97% identity, suggest-
ing that these two genes are homoeologs inherited from the
ancestors of N. benthamiana, and are considered to be inde-
pendent of Rdr1. The next closest gene at the amino acid level
was Nbe.v1.500010g38270, which encodes SDE1/SGS2, one of
the two RdRPs found in N. benthamiana in previous reports
(Yang et al. 2004), and annotated in the Sol Genomics assembly
(Niben1.01) as Niben101Scf12609g010170.1. Nbe.v1.s00010g38270
is 97% identical at the DNA level to Nbe.v1.s00100g30920, and
both are considered homoeologs.

Genome sequence analysis of genes of interest in
interfamily grafting of N. benthamiana

Previously, we identified GH9B3 (Niben101Scf01184g16001 in
Niben1.01, which corresponds to Nbe.rv1.s00150g18250 in
Nbe.v1), which plays an important role in the establishment
of interfamily grafting in N. benthamiana (Notaguchi et al.
2020). The coding sequence (CDS) and translated amino acid
sequences of GHIB3 were identical in Niben1.01 and Nbe.v1.
Fortunately, the 2-kb base sequence upstream of the transcrip-
tion start site did not contain ‘N’ in Niben1.01 (Supplementary
Fig. S7A). In our previous report (Notaguchi et al. 2020), 189
genes were identified that showed a pattern of increased expres-
sion from 1 to 7d after grafting in N. benthamiana similar to
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Fig. 2 Comparative and phylogenetic analyses with other plant species at the gene level. (A) Upset plot comparing the shared orthogroup among
N. benthamiana (Nbe.v1), N. sylvestris (Nisy), N. tabacum (Nta), P. axillaris (Peax), S. lycopersicum (Soly) and A. thaliana (Arth). (B) A phylogenetic
tree constructed among the six plant species. The tree was constructed with the STAG method using OrthoFinder v2.5.4. The values indicate the
branch lengths. The scale bar represents the number of differences between the sequences.

GH9B3. We further focused on other cell wall modification
enzyme genes in this study. No sequencing deficiencies in the
CDS of xyloglucan endotransglucosylase/hydrolase 28 (XTH28;
Niben1015¢f00984g04002 and Nbe.v1.s00100g19910) were found
in Niben1.01; however, the N regions were described within the
third intron and 2.2 kb upstream of the start codon. Our analy-
sis revealed 83 bases of unknown sequences in the introns, and
an extra 17 bases of sequences were described in the upstream
region due to misassembly in the N regions (Supplementary
Fig. S7A). In Expansin B3 (EXPB3; Niben101Scf04102g03015 and
Nbe.v1.500190g01690), only the sequence of the transcription
region was described in Niben1.01, and the promoter region
was completely unknown; in Nbe.v1, the sequence up to the

adjacent gene was revealed (Supplementary Fig. S7A). In
Niben1.01, seven of the 189 genes also contained unidentified
bases in the CDS. In the transcribed region, including introns,
the N regions were present in 38 genes. Furthermore, there were
50 genes with undetermined 2-kb promoter regions (Supple-
mentary Table S6).

Another gene of interest, Niben101Scf14799g01012, was the
closest match to AT4G16260 (Glycosyl hydrolase superfamily
protein) in the full-length tblastx search against A. thaliana
genes. AT4G16260 is a member of the [3-1,3-glucanase family
and is homologous to BG1 (AT3G57270), BG2 (AT3G57260) and
BG3 (AT3G57240). The genomic sequence of Niben101Scf14799g
070172 was identical to that of Nbe.v1.s00020g73490 obtained in
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this analysis. However, the predicted CDS sequence in Nbe.v1
was 225 bases (75 amino acids) longer than the annotation
in Niben1.01 (Supplementary Fig. S7A). A comparison of the
actual mapped regions of the RNA-sequencing (RNA-seq) reads
shown with the genomics browser suggested that Nbe.v1 anno-
tation was more suitable (Supplementary Fig. S7B).

Phylogenetic analysis of homologous genes

The above-mentioned four genes form large gene families in
a variety of plants, whereas in N. benthamiana, these genes
constitute more complex families. Notably, phylogenetic anal-
ysis of the Niben1.01 gene annotation and Nbe.v1 annotation
by amino acid sequence revealed a minor difference between
the sequences of the two annotations, with correspondence
for most genes. Owing to the large genetic distance between
A. thaliana and N. benthamiana, it was difficult to clearly show
the orthologs of these families (Supplementary Figs. S8-S11).
In the phylogenetic tree of [3-1,3-glucanase, the clade con-
taining A. thaliana BG1-BG3 and AT4G16260 showed largely
separated branches between A. thaliana and N. benthamiana.
Therefore, the homologs of the genes between these plants
did not clearly correspond to each other (Fig. 3A). Using the
CDS of each of the 19 (-1,3-glucanase genes in the Nbe.v1
annotation as a query, we performed a homology search in
tBlastx against the ARAPORT 11 gene model and found that the
top hit for 16 genes was AT4G16260. These genes were clus-
tered on the four scaffolds of Nbe.v1 (Fig. 3B). In contrast,
genes homologous to BG1, BG2 and BG3, as well as other -
1,3-glucanase genes, were found to correspond to one gene
in each of the three scaffolds in Nbe.v1 (Fig. 3B). No genes
homologous to BG4 and BG5 were detected in the Nbe.v1.
RNA-seq analysis performed in our previous study was mapped
against the genome sequence determined in this study using
new annotation information. Furthermore, post-grafting gene
expression in N. benthamiana was confirmed for these (3-1,3-
glucanase genes. Among N. benthamiana (-1,3-glucanase genes,
Nbe.v1.500020g13490 and Nbe.v1.s00020g16140 were found to be
significantly upregulated in both interfamily grafted and self-
grafted plants, and Nbe.v1.500180g24240, Nbe.v1.s00180g24260
and Nbe.v1.s00020g02080 were slightly upregulated. However,
the other genes were scarcely expressed and showed no fluctu-
ation (Fig. 3C). Nbe.v1.5s00020g13490 and Nbe.v1.s00020g16140,
two significantly expressed genes, were located close together
in the same Nbe.v1.s00020 scaffold (Fig. 3B).

Discussion

Nicotiana benthamiana is one of the most widely distributed
experimental plants. The history of N. benthamiana was finely
reviewed by, in which the origin and derivatives were surveyed
literally and genetically. Nicotiana benthamiana was first col-
lected >170 years ago; however, there are scant records of its
collection from the wild . The survey by revealed the paucity of
publicly available genetic resources for N. benthamiana. One to
five accessions were recorded in the United States Department

of Agriculture—Agricultural Research Service National Plant
Germplasm System, the Botanical Garden of Nijmegen (Nether-
lands), the Institut fur Pflanzengenetik und Kulturpflanzen-
forschung Gatersleben (Germany) and the Australian Plant
Genetic Resource Information Service. Nevertheless, there is
no proof of the provenance of N. benthamiana distributed in
the research community. In the study, an amplified fragment
length polymorphism analysis was performed for 11 accessions
to determine the diversity of varieties, which revealed that the
accessions used by the plant research community today might
only be assingle or collection of closely related accessions. Hence,
the accession of N. benthamiana sequenced in this study was
originally from the University of California, Davis, and might
be one of the distributed laboratory accessions. The reported
features of Rdr1 in N. benthamiana (Yang et al. 2004) were also
identified in our analysis. Loss of function of the Rdr1 gene of N.
benthamiana due to the insertion of 72 bases in the ORF is con-
sidered to be responsible for its high RNA virus susceptibility.
This 72-base insertion was identified in the Nbe.v1 N. benthami-
ana genome reference (Supplementary Fig. S6). Furthermore,
we confirmed that no other homoeologs corresponding to
Rdr1 were present in N. benthamiana. Based on the previous
analysis of N. benthamiana genes involved in the RNA inter-
ference pathway, approximately half were estimated to have
a pair of identical and functional homoeologs, approximately
one-fourth were estimated to have a pair of non-functional
homoeologs and the remaining one-fourth were estimated to
have lost their respective homoeologs (Nakasugi et al. 2014,
Bally et al. 2018). For Rdr1 in N. benthamiana, the complete loss
of homeologs implies that the phenotype of high susceptibil-
ity to the RNA virus was acquired by base insertion into one
gene.

In a previous study, we showed that N. benthamiana could
establish interfamily grafting and identified 189 genes whose
expression was upregulated in this process (Notaguchi et al.
2020). In the N. benthamiana draft sequence (Bombarely et al.
2012), seven of the 189 genes contained nucleotides not yet
determined in the CDS, and 38 genes contained unknown
nucleotides in the transcribed regions, including introns. Addi-
tionally, 50 genes in the promoter region up to 2 kb upstream
of the transcription start point were found to have unknown
sequences (Supplementary Table S6). These unidentified
sequences included not only single nucleotides but also many
sequences of more than several hundred nucleotides. Particu-
larly in the promoter region, it is difficult to distinguish between
a single undetermined nucleotide and a long undetermined
region. The uncertain sequence information was an obstacle
to the retrieval of promoter sequence information to construct
reporter lines for the expression analysis of these genes; how-
ever, with the sequence information analyzed in this study, all
unidentified regions in the upregulated genes after interfamily
grafting were resolved.

Genome sequencing resulted in 1,668 scaffolds, including
21 large scaffolds corresponding to the size of the chromo-
some. Not all scaffolds had gene-dense regions at both ends,
and telomeric repeats were detected only in some scaffolds,
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indicating that they did not cover the entire region as com-
plete chromosomes (Supplementary Fig. S3). Full construc-
tion of chromosome information using FISH is the subject of
future studies. Nicotiana benthamiana affiliated with a section
Suaveolentes is likely to be one of the oldest Nicotiana allopoly-
ploids. It was estimated that the section Suaveolentes origi-
nated >10 MyA through a cross between a section Noctiflorae
and another section Sylvestres (Knapp et al. 2004, Bally et al.
2018). Another study dated the hybridization event at 6 MyA
(Clarkson et al. 2017). In this study, diversion between N. ben-
thamiana and N. tabacum was estimated to be 3—7 MyA. Nico-
tiana tabacum is also an allopolyploid that genome was pre-
viously analyzed. The emergence of N. tabacum was estimated
to have occurred approximately 200,000 years ago (Leitch et al.
2008), and its origin was clearly estimated. A detailed syn-
teny analysis with its ancestral progenitors, N. sylvestris (section
Sylvestres) and N. tomentosiformis (section Tomentosa), success-
fully revealed the origin of each chromosome clearly (Sierro et al.
2014, Edwards et al. 2017). The genome analysis of a section
Noctiflorae, another progenitor of N. benthamiana involved, has
not yet progressed. Therefore, it was not possible to define
the origin of the chromosomes of N. benthamiana based on
the chromosome sequences of the ancestral species. An alter-
native comparison with N. tabacum showed that the genomic
regions derived from the Sylvestres section seem to be scattered
in many chromosomes. The timing of emergence for N. ben-
thamiana was a long time ago and that for N. tabacum was
recent. Moreover, their progenies were more closed in N. ben-
thamiana than those in N. tabacum. These could explain the
more complex mixture of progenies’ chromosomes in the N.
benthamiana genome compared to the N. tabacum genome.
Although N. benthamiana is an alloploid plant harboring two
parent gene copies in most cases, Clustered Regularly Inter-
spaced Short Palindromic Repeats technology, which can target
multiple loci using corresponding guide RNAs (Zetsche et al.
2017), will allow us to knock out target genes to investigate
the function of genes of interest. Completion of genome con-
struction at the chromosome level will further enhance genetic
studies in N. benthamiana.

Materials and Methods

Plant materials

The N. benthamiana lab strain, derived from the plant research laboratories
of the University of California, Davis, was used for whole-genome sequenc-
ing. Nicotiana benthamiana seeds were surface-sterilized with 5% (w/v) bleach
for 5 min, washed three times with sterile water, incubated at 4°C for 3d and
planted on a medium containing half-strength Murashige and Skoog medium,
0.5% (m/v) sucrose and 1% agar. The pH was adjusted to 5.8 with 1M KOH.
Seedlings were grown at 27°C and 100 pmol m~2 s~ of illumination under con-
tinuous light conditions for N. benthamiana. On day 7 after germination, the
plants were replanted in a 1:1 mixture of medium and vermiculite. The true
leaves were then collected from plants grown for 4 weeks, and genomic DNA
was extracted. RNAs for Iso-Seq analysis were also collected from the mature
leaves, immature leaves, petioles, stems, stem tips and roots of N. benthamiana
plants at 4 weeks and flowers at 2 months. The treated sites at 2h, 3d and 5d

after N. benthamiana grafting and 3 and 5 d after stem wound treatment were
also used.

Genome and transcriptome sequencing

PE reads were obtained to estimate genome size and heterozygosity. Genomic
DNA was extracted from young leaves using a genomic DNA extraction col-
umn (Favorgen Biotech Corp., Ping-Tung, Taiwan). The library was constructed
using a Swift 2S° Turbo Flexible DNA Library kit (Cambridge Bioscience, Cam-
bridge, UK) with an expected insert size of 350 bp. Library sequencing was
performed using a DNBSEQ-G400RS system (MGl Tech, Shenzhen, China) with
aread length of 150 nt (Supplementary Table S1).

DNAs for long-read sequences were extracted using a Genomic-tips Kit
(QIAGEN, Germantown, MD, USA). A library was prepared using the SMRT-
bell Express Template Prep Kit 1.0 (Pacific Bioscience, Menlo Park, CA, USA).
Size selection of the library was performed using BluePippin (Sage Science, Bev-
erly, MA, USA) to remove DNA fragments <15kb in length. The library was
sequenced using a Sequel Il system (Pacific Bioscience) with seven SMRT cells.
An Omni-C library was created using the Dovetail Omni-C® Library Preparation
Kit (Dovetail Genomics, CA, USA) for chromosome-level scaffolding. Sequenc-
ing of the Omni-C library was performed using a DNBSEQ-G400RS system
(MGl Tech, Shenzhen, China) with a read length of 150 nt. An Iso-Seq library
was constructed using RNAs derived from 12 samples. Iso-Seq Express Tem-
plate Preparation (Pacific Bioscience) was used for library construction with tag
barcodes to identify the samples.

Genome assembly

Genome size and heterogeneity were estimated by k-mer frequency analysis
using Jellyfish (Margais and Kingsford 2011). The Hifi reads sequenced by Sequel
Il were assembled using Hifiasm v0.13. with default parameters (Cheng et al.
2021). The primary contigs were then scaffolded with Omni-C reads using 3D-
DNA (Dudchenko et al. 2017). The contact map of the assembled sequences
was generated using Juicebox (Durand et al. 2016).

Assembly quality was assessed using the embryophyta_odb10 dataset by
BUSCO v5.1.0 (Simdo et al. 2015). Repetitive sequences in the assembled
genome were identified using RepeatMasker 4.0.7 (http://www.repeatmasker.
org/) for known repetitive sequences registered in Repbase (https://www.
girinst.org/repbase/) and de novo repetitive sequences defined by RepeatMod-
eler 1.0.11 (http://www.repeatmasker.org/RepeatModeler).

Gene prediction and annotation

The Iso-Seq reads were clustered using the Iso-Seq 3 pipeline implemented
in SMRT Link (https://www.pacb.com/support/software-downloads/) and
mapped onto the assembled genome sequences using Minmap2 (Li 2018).
The obtained isoform sequences were then collapsed into non-redundant
isoform sequences using Cupcake ToFU (https://github.com/Magdoll/cDNA_
Cupcake). The ORFs on the collapsed sequences were predicted using ANGEL
(https://github.com/PacificBiosciences/ ANGEL).

In parallel, de novo gene prediction was performed using BRAKER 2 v2.1.5
on the soft-masked genome sequences generated using RepeatMasker. The Iso-
Seq collapsed filtered sequences were used as training sets. The gene sequences
predicted by ANGEL and BRAKER2 were then merged based on the results of
similarity searches against UniProtKB (https://www.uniprot.org) by DIAMOND
v2.0.5 with a more sensitive option (Buchfink et al. 2015) and the results of
mapping gene sequences onto the assembled genome. The following conditions
were used for the selection of the merged sequences: (1) when gene sequences
predicted by ANGEL and BRAKER?2 hit against the same reference sequences
in UniPortKB, sequences with longer hit lengths were selected; () when gene
sequences predicted by ANGEL and BRKAER2 did not hit against UniProtKB
but mapped the same region on the assembled genome, a longer sequence was
selected and (Ill) when either of the gene sequences predicted by ANGEL and
BRAKER2 mapped onto the assembled genome, the sequence was selected.
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The merged gene sequences were conducted to the following multiple sim-
ilarity searches: (I) TBLASTN or BLASTP searches against the collapsed filtered
Iso-Seq sequences obtained in this study, peptide sequences of N. benthami-
ana (v1.01) (Bombarely et al. 2012) and N. tabacum (Nitab4.5) (Edwards et al.
2017) with similarity > 75% and E-value <1e-20; () BLASTP searched against
peptide sequences of A. thaliana (Araport 11) (Cheng et al. 2017) with simi-
larity >25% and E-value <1e-20; (Ill) similarity searches against UniportKB by
DIAMOND with a more sensitive option with similarity >25%, E-value <1e-20
and (IV) EggNOG search with E-value <1e-20 (Huerta-Cepas et al. 2018). The
genes that met the above-mentioned conditions were classified into HC genes.
The genes were classified into transposable elements (TEs) with keywords of
TEs. The remaining genes were classified into LC genes. The HC genes were
considered as intrinsic genes.

Synteny and orthogroup analyses with other
Solanaceae

Genome sequence comparisons were performed using D-Genies (Cabanettes
and Klopp 2018). The predicted gene sequences were clustered using the
OrthoFinder v2.5 (Emms and Kelly 2019) with those of N. tabacum (Nitab4.5),
N. sylvestris (The National Center for Biotechnology Information accession:
GCF_000393655.1) (Sierro et al. 2013), Petunia axillaris (v1.6.2) (Bombarely
et al. 2016), S. lycopersicum (ITAG4.0) (The Tomato Genome Consortium 2012)
and A. thaliana (Araport 11) (Cheng et al. 2017). Phylogenetic relationships
among them were inferred by the Species Tree Inference from All Genes (STAG)
method (Emms and Kelly 2018) using OrthoFinder. The phylogenetic tree was
constructed by MEGA 7.0.14 (Kumar et al. 1994).

Quantitative analysis of the transcriptome

Grafted or intact plants were harvested at the respective time points. Approx-
imately 10-15 mm of graft junctions or stem tissues were sampled. Each bio-
logical replicate comprised pooled tissues from 10 plants. Complementary
DNA libraries were prepared using an lllumina TruSeq Stranded Total RNA kit
with Ribo-Zero Plant or the Breath Adapter Directional sequencing method
(Townsley et al. 2015, Ichihashi et al. 2018) and sequenced for an 86-bp sin-
gle end with an Illumina NextSeq 500 platform (lllumina, San Diego, CA, USA).
Gene expression levels (transcripts per million) were estimated using StringTie
version 2.2.0 (Pertea et al. 2015). Details of the RNA preparation and data
preprocessing are described in a previous report (Notaguchi et al. 2020).

Supplementary Data

Supplementary data are available at PCP online.
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