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Abstract
Nicotiana species, which share significant
similarities with tomato, potato, eggplant,
and pepper, originated in South America and
subsequently spread to North America, Africa,
and Australia. They are known to produce and
accumulate alkaloids as part of their defense
mechanism against insects and herbivores.
Since their description and classification by
Goodspeed in 1947, research on Nicotiana
species has been ongoing, including investi-
gations on how the genus evolved and its
relationship with other Solanaceae members.
The presence of diploid and polyploid species
in Nicotiana and their large genome sizes
resulted in the generation of multiple
resources aiming at better understanding of
how polyploids formed and evolved over
time. The use of Nicotiana tabacum and
Nicotiana benthamiana as model organisms in
plant research further helped increase the
interest in understanding the molecular mech-
anisms in these species. Here, we review the
literature and summarize what is currently
known about the phylogeny, cytology, and
genetics of Nicotiana species. We also present

the current state of the Nicotiana genomes and
introduce the functional genomics insights
they have provided.

1.1 Introduction

Plant species commonly referred to as “tobacco”
belong to the genus Nicotiana and are members
of the Solanaceae family, with at least 3,000
species described to date, the majority of which
are assigned to the genus Solanum (Knapp et al.
2004a; Olmstead et al. 2008). Some Solanaceae
species are important commercial crops or
ornamental plants, such as potato (S. tuberosum),
tomato (S. lycopersicum), tobacco (N. tabacum),
eggplant (S. melongena), pepper (Capsicum
annuum), and petunia (Petunia � hybrida). The
evolutionary and geographical origin of Solana-
ceae is in South America; however, some species
have been found as far away as Africa and
Australia (Eich 2008). Owing to the close rela-
tionship with Solanaceae, coffee species (e.g.,
arabica coffee [Coffea arabica]), from the Rubi-
aceae family, are also often considered together
with Solanaceae species, as these two families
are both members of the Asterid I clade.

A large number of Solanaceae species belong
to the so-called x = 12 clade (including Solanum
and Nicotiana genera) (Sarkinen et al. 2013) and
share the same diploid (2n = 2x = 24) or tetra-
ploid (2n = 4x = 48) chromosome numbers and
similar chromosome architecture. Similarly, cof-
fee comprises species with either diploid
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(2n = 2x = 22 in C. canephora) or allotetraploid
(2n = 4x = 44 in C. arabica) architectures. Thus,
the Solanaceae and related Coffea genus present
an appealing system to study genome evolution
and polyploidization (Wu et al. 2010).

The genomes of a number of important crop
plants within Solanaceae and Rubiaceae have
recently become available, including S. tubero-
sum (potato) (Xu et al. 2011), S. lycopersicum
(tomato) (Sato et al. 2012), S. pimpinellifolium
(currant tomato) (Sato et al. 2012), S. pennellii
(wild tomato) (Bolger et al. 2014), S. melongena
(eggplant) (Hirakawa et al. 2014), C. annuum
(pepper) (Kim et al. 2014; Qin et al. 2014), N.
benthamiana (Australian tobacco) (Bombarely
et al. 2012; Naim et al. 2012), N. sylvestris and
N. tomentosiformis (Sierro et al. 2013a), N.
tabacum (Edwards et al. 2017; Sierro et al. 2014)
and N. otophora (Sierro et al. 2014), C. cane-
phora (robusta coffee) (Denoeud et al. 2014),
Petunia axillaris and P. inflata (Bombarely et al.
2016), N. attenuata and N. obtusifolia (Xu et al.
2017), N. glauca (Khafizova et al. 2018), and N.
rustica, N. undulata, N. paniculata, and N.
knightiana (Sierro et al. 2018). Genome
sequencing of other species, such as Petunia x
hybrida, C. arabica (Tran et al. 2018), and
numerous Nicotiana species, is currently ongo-
ing. N. attenuata has been intensively studied
and established as a model of a biotic or abiotic
stress (Luu et al. 2015). Sequencing data and
assembled genomes for the abovementioned
Solanaceae species are available at the SOL
Genomics Network (http://solgenomics.net)
(Fernandez-Pozo et al. 2015).

The genus Nicotiana comprises about 78
naturally occurring species (Table 1.1), of which
approximately three-quarters are found in the
Americas and one-quarter are found in Australia
and the South Pacific, with a single species
indigenous to Africa (Chase et al. 2003). The
species are semi-xerophytic in nature, prefer dry
rather than humid heat, and are absent from
tropical zones (Goodspeed 1947). The genus was
last monographed by Goodspeed (Goodspeed
1954). The most recent sectional classification of
the genus, which in part reflected recent

molecular phylogenetic evidence, recognized 13
sections (Table 1.1). N. tabacum is placed in the
monotypic section Nicotiana and its putative
progenitor species are classified in section
Tomentosae (N. tomentosiformis) and in the
monotypic section Sylvestres (N. sylvestris). All
of the Australian, South Pacific, and African
species are classified in section Suaveolentes.
Five sections are believed to be of allotetraploid
origin (Knapp et al. 2004b); thus, hybridization is
indicated to have made an important contribution
to diversification within the genus.

Tobacco (N. tabacum L.) is an allotetraploid
(2n = 4x = 48) that is considered to originate from
a hybridization event between ancestors of N.
sylvestris (S-genome; 2n = 2x = 24) and N.
tomentosiformis (T-genome; 2n = 2x = 24)
(Clarkson et al. 2005; Leitch et al. 2008; Lim et al.
2004; Sierro et al. 2013a, 2014). The hybridization
and polyploidization event is estimated to have
occurred within the last 200,000 years (Clarkson
et al. 2004, 2005). Wild plants of N. tabacum are
considered to be cultivated, and truly wild popu-
lations of the species cannot be unequivocally
confirmed (Lewis and Nicholson 2007). Despite
the scientific significance ofN. tabacum as amodel
plant system and its importance as an agronomic
crop, until recently, the genetic resources available
for genome analysis, genetic mapping, and
molecular marker-assisted selection were rela-
tively limited, at least compared with other eco-
nomically important crops (Davis and Nielsen
1999). Indeed, reference genome sequences for
Nicotiana species have been published only
recently (Bombarely et al. 2012; Edwards et al.
2017; Sierro et al. 2013a, 2014, 2018; Xu et al.
2017). In addition to N. tabacum and N. ben-
thamiana, certain other Nicotiana species are
grown as ornamentals (N. sylvestris, N. alata, and
N. langsdorffii) or for industrial purposes (N. rus-
tica and N. glauca). N. benthamiana (section
Suaveolentes) is amodel plant for studies of plant–
microbe interactions on account of its well-
characterized transient protein expression and its
amenability to virus-induced gene silencing
(VIGS) (Bombarely et al. 2012; Goodin et al.
2008).
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1.2 Phylogenetic Relationships
Within Nicotiana

Phylogenetic relationships within Nicotiana have
been explored using sequence data for four
coding or noncoding chloroplast DNA (cpDNA)
regions (Clarkson et al. 2004) and the internal
transcribed spacer (ITS) region of nuclear ribo-
somal DNA (Chase et al. 2003). Relationships
suggested from the two data sets for diploid taxa
generally show good congruence; however, such
analyses and their interpretation for elucidation
of the evolution of allopolyploid taxa require
extreme caution. The cpDNA trees only allow
the line of maternal inheritance to be traced
(Clarkson et al. 2004). The ITS region is inher-
ited biparentally and is subject to recombination;
therefore, it can provide strong evidence for the
parentage of hybrid taxa, but conversely may be
misleading for elucidating the evolutionary his-
tory of taxa of hybrid origin owing to concerted
evolution. Interestingly, putative allopolyploid
Nicotiana taxa show no evidence for “hybrid”
ITS sequences, even among those taxa thought to
be of recent origin, such as N. tabacum; this is

believed to be a result of rapid gene conversion
to one parental copy (Chase et al. 2003).

Previous phylogenetic reconstructions from
cpDNA sequence data indicate that within the
Solanaceae, Nicotiana is related to the Australian-
endemic genus Symonanthus (tribe Anthocer-
cideae) and diverged approximately 15 million
years ago (Mya) (Clarkson et al. 2004). These
authors hypothesized that Nicotiana originated in
southern South America and subsequently dis-
persed to North America, Africa, and Australia.
The divergence between Nicotiana and Petunia
has been estimated at more than 23 Mya (Wik-
strom et al. 2001). A recent Bayesian molecular
dating analysis of the Solanaceae (Sarkinen et al.
2013) used sequence data for six plastid and
nuclear DNA regions for 40% of the total number
of species in the family with two fossil calibration
points. The sister clades Solanoideae (containing
Solanum, Capsicum, and Physalis) and Nico-
tianoideae (including Nicotiana, Anthocercideae,
and Symonanthus) were estimated to have
diverged about 24 Mya (95% highest posterior
density 23–26 Mya). The two clades formed what
was informally termed the “x = 12 clade” by
Särkinen et al. (2013).

Table 1.1 Sectional classification of Nicotiana proposed by Knapp et al. (2004b)

Section Natural distribution No. species Haploid chromosome no.a

Alatae N. & S. America 8 9, 10

Nicotiana S. America 1 24

Noctiflorae S. America 6 12

Paniculatae S. America 7 12

Petunioides N. & S. America 8 12

Polydicliae N. America 2 24

Repandae N. America 4 24

Rusticae S. America 1 24

Suaveolentes Australia, S. Pacific, Africa 28b 15, 16, 18, 19, 20, 21, 22, 23, 24, 32

Sylvestres S. America 1 12

Tomentosae S. America 5 12

Trigonophyllae N. America 2 12

Undulatae S. America 5 12, 24
aSource Lewis (2011) and Marks and Ladiges (2011)
bIncludes the recently recognized N. fatuhivensis (Marks 2010) and N. monoschizocarpa (Symon and Lepschi 2007)
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In both cpDNA and ITS molecular phyloge-
netic reconstructions, members of section
Tomentosae (N. kawakamii, N. otophora, N.
tomentosa, and N. tomentosiformis) were con-
sistently members of the clade related to the
remainder of the genus (Chase et al. 2003;
Clarkson et al. 2004). In cpDNA phylogenies,
the basal-most clades are consistently retrieved
and generally well supported; thus, they are
considered to be reliable groups. Although most
of the major clades were well supported and
generally corresponded with the sections of
Knapp et al. (2004b), some internal nodes were
only weakly supported, so intersectional rela-
tionships were not completely resolved.

Six independent polyploidy events and at least
three homoploid hybrid events in Nicotiana are
hypothesized (Kovarik et al. 2012). Poly-
ploidization events have been estimated to occur
between less than 0.2 Mya (N. tabacum, N.
rustica, and N. arentsii) and more than 10 Mya
(section Suaveolentes) according to the molecu-
lar clock analyses (Clarkson et al. 2004, 2005;
Leitch et al. 2008). The sections containing
allopolyploids are thought to originate from the
ancestors of distantly related present taxa
according to their placement in cpDNA trees
(Knapp et al. 2004b). For example, the presumed
progenitors of N. tabacum (N. sylvestris and N.
tomentosiformis) are not phylogenetically close
relatives. Sections Tomentosae, Undulatae,
Paniculatae, Trigonophyllae, Petunioides, Ala-
tae, Repandae, Noctiflorae, and Suaveolentes are
all monophyletic, but in some cases with weak
support, in the cpDNA phylogenies of Clarkson
et al. (2004). The members of section Polydicliae
are indicated to share the same maternal parent,
but each existing allopolyploid taxon arose at
different times; therefore, the section is not
monophyletic in cpDNA phylogenies (Clarkson
et al. 2004). Current knowledge of the origins of
allopolyploid species is discussed by Kelly et al.
(2013).

The monophyly of section Suaveolentes is
only weakly or moderately supported, and the
clade shows comparatively low genetic variation
based on cpDNA sequence data compared with
other clades (Clarkson et al. 2004). Evolutionary

relationships in section Suaveolentes are com-
plex, but recent studies provide more detailed
insights into the genetic, morphological, and
karyotypic evolution of the group (Kelly et al.
2013; Marks and Ladiges 2011; Marks et al.
2011). Nuclear and plastid DNA sequence data
suggest that a species from either section Nocti-
florae or section Petunioides, or their hybrid, was
the maternal progenitor, while a species from the
section Sylvestres was the paternal progenitor
(Kelly et al. 2013).

Some of the diploid species (N. glauca, N.
spegazzinii, and N. linearis) have been shown to
be homoploid hybrids based on sequence data for
low-copy nuclear genes (Kelly et al. 2010).

1.3 Cytology and Allopolyploidy
in Nicotiana

The base haploid chromosome number in the
Nicotiana genus is n = 12, which is the haploid
chromosome number in seven of the 13 sections
proposed by Knapp et al. (Knapp et al. 2004b),
as shown in Table 1.1. Aneuploid species occur
in section Alatae (n = 9 or 10) and section
Suaveolentes (n = 16–22). Four sections (Nico-
tiana, Rusticae, Polydicliae, and Repandae)
contain allopolyploid species with n = 24. These
allopolyploids comprise >40% of the total num-
ber of Nicotiana species. Autoploidy is believed
to have been unimportant, at least in the recent
evolution of the genus, and aneuploid and/or
dysploid reduction is thought to have contributed
to the evolution of numerous species in sections
Alatae and Suaveolentes (Reed 1991).

Cytogenetic evolution in Nicotiana is sum-
marized by Reed (1991). The karyotype of
Nicotiana species is useful to resolve species
groupings. Goodspeed (1947) presented
hypotheses for karyotypic evolution in the genus.
A number of meiotic aberrations have been
observed in some diploid and polyploid species,
which may support the suggested hybrid origin
of those taxa. Meiotic behavior in all of the
monosomics (individuals in which one chromo-
some of the normal complement has been
deleted) of N. tabacum, in all of the trisomics
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(individuals that carry three copies of a specific
chromosome) of N. sylvestris, and in >200
interspecific F1 hybrids has been studied and
provides evidence for chromosomal affinities
among the species. Nicotiana exhibits a rela-
tively high degree of interspecific cross-
compatibility. In approximately 90% of the F1
hybrids investigated, the amount of chromosomal
pairing is consistent with the taxonomic affinity
of the parental taxa (Goodspeed 1947).
Allopolyploidy in Nicotiana has been associated
with frequent chromosomal and cytogenetic
alterations, such as intergenomic translocations
(currently known only in N. tabacum (Leitch
et al. 2008; Skalicka et al. 2005)), changes in
copy number, distribution of both simple and
complex repeats, rDNA homogenization, and
loss of loci (e.g., Clarkson et al. 2004, 2005;
Kenton et al. 1993; Lim et al. 2000, 2004, 2007;
Petit et al. 2007). The extent of chromosomal
evolution may be associated with the time of the
polyploidy event (Lim et al. 2007).

Goodspeed (1954) used evidence from mor-
phology, cytology, artificial hybridization
experiments, and distribution to hypothesize on
the progenitors of polyploid species; for exam-
ple, Goodspeed suggested that a member of
section Alatae was one parent of section Suave-
olentes, that N. tabacum was derived from
members of sections Alatae and Tomentosae, and
that N. rustica was derived from the ancestors of
N. undulata and N. paniculata. Meiotic behavior
of interspecific F1 hybrids may also shed light on
the ancestry of allopolyploid taxa; for example,
N. sylvestris and N. otophora (section Tomen-
tosae) F1 hybrids show almost no chromosome
pairing, whereas F1 progeny of N. tabacum with
either N. otophora or N. sylvestris show a high
frequency of multivalents (Goodspeed 1947).

Many crosses between members of section
Suaveolentes and N. tabacum, which share a
common progenitor (the ancestor of N. sylves-
tris), show hybrid lethality. Different mecha-
nisms may be responsible in different crosses.
Genes in both the S- and T-genomes of N.
tabacum are indicated to be responsible for
hybrid lethality in crosses with one member of

section Suaveolentes, N. occidentalis (Tezuka
and Marubashi 2012). Tezuka and Marubashi
(2012) proposed an evolutionary model to
explain the phenomenon of hybrid lethality in
section Suaveolentes.

More than 300 synthetic interspecific hybrids
in Nicotiana have been described (Lewis 2011).
Goodspeed (1947) considered that hybridization
was a major contributor to diversification and
chromosomal evolution in Nicotiana and that
interspecific relationships were complex and
difficult to resolve, as illustrated in his intricate
phyletic diagrams. Phylogenetic analyses of
cpDNA sequence data have provided evidence
for the maternal progenitors of the allopolyploid
taxa (Clarkson et al. 2004; Knapp et al. 2004b).
The ancestor of N. sylvestris is the putative
maternal parent of N. tabacum and is hypothe-
sized to have contributed to multiple allote-
traploid events and the origin of three
allotetraploid sections (Knapp et al. 2004b).

Genomic in situ hybridization (GISH) offered
additional proof of the identity of the progenitors
of N. tabacum (Kenton et al. 1993; Murad et al.
2002) to explore the origin of 15 allopolyploid
Nicotiana species (Chase et al. 2003); to evaluate
genome evolution in the allotetraploid species N.
arentsii, N. rustica, and N. tabacum (Lim et al.
2004); and to examine the integration of
geminiviral-related DNA into the Nicotiana
genome (Lim et al. 2000). GISH was used to
demonstrate that virus-derived sequences of N.
tabacum are closer to those of N. tomentosi-
formis than N. tomentosa (Murad et al. 2002). On
the basis of GISH with total genomic DNA of N.
sylvestris and N. tomentosiformis, Lim et al.
(2000) suggested that gene conversion overall
had played a limited role in the evolution of N.
tabacum.

Fluorescent in situ hybridization (FISH) has
also been used to pinpoint the chromosomes of
N. tabacum (Parokonny and Kenton 1995), for
chromosomal localization of the 5S rDNA
(Kitamura et al. 2005), and to examine the
localization of the Tnt1 retrotransposon in 22
Nicotiana species in conjunction with GISH
(Melayah et al. 2004).
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1.4 Genetic Resources in Nicotiana

1.4.1 Wild and Cultivated Germplasm

Wild Nicotiana species show considerable vari-
ation in growth habit, inflorescence type, and
ecophysiological adaptation. Flower variability is
mainly manifested in the corolla form and color,
stamen insertion, and aestivation (Goodspeed
1947). Wild Nicotiana species offer extensive
phenotypic diversity, cross-compatibility, and
amenity to ploidy manipulation and tissue culture
(Lewis 2011) and thus represent a valuable
resource for genetic improvement of cultivated
tobacco.

Considerable phenotypic variation in agro-
morphological traits and disease resistance exists
among cultivated N. tabacum (e.g., Darvishzadeh
et al. 2013; Elliott et al. 2008), which demon-
strates there is potential for genotypic selection to
improve cultivars. Numerous studies have
detected a higher level of genetic diversity
among wild Nicotiana species or naturalized N.
tabacum genotypes than among cultivated N.
tabacum genotypes (e.g., Ren and Timko 2001;
Yang et al. 2007).

Genetic variability within N. tabacum is
believed to have been affected by several genetic
bottlenecks during its evolution, reflecting the
nature of its origin and breeding practices, but it
remains unknown if more than one hybridization
event occurred and whether subsequent intro-
gression from either progenitor species occurred.
Furthermore, it is speculated that only a minute
portion of the genetic diversity of the diploid
progenitor genomes contributed to that of N.
tabacum (Lewis and Nicholson 2007).

Cultivars of some market classes of cultivated
tobacco, such as cigar, dark fire-cured, and ori-
ental, have remained largely the same. However,
burley and flue-cured cultivars have been sig-
nificantly improved through modern breeding
practices, which considerably narrowed their
germplasm diversity, resulting in limited number
of available crosses between members of differ-
ent classes (Lewis and Nicholson 2007).

In several studies, grouping of N. tabacum
genotypes based on genetic distance is generally

consistent with the main tobacco classes (e.g.,
Darvishzadeh et al. 2013; Davalieva et al. 2010;
Fricano et al. 2012), which suggests that the gene
pool of each class has largely remained isolated
during subsequent selection. The degree of
homogeneity of each class partially corresponds
to differences in the stringency of the breeding
strategy for each class. Fricano et al. (2012)
resolved two heterogeneous clades that contained
most wild accessions and a number of country-
specific cultivars. These clades may be of par-
ticular interest for future breeding programs, as
they represent the highest genetic diversity in the
Nicotiana genus. Grouping of N. tabacum
genotypes based on phenotypic traits or genetic
distance also enables discrimination of groups of
other genetically divergent genotypes.

As with many crops, breeding and selection of
superior genotypes and intensification of culti-
vation have coincided with a decline in genetic
diversity among cultivated N. tabacum geno-
types. Thus, conservation of genetic resources
and their use to improve cultivated genotypes is
of increasing importance. For example, the U.S.
Department of Agriculture Nicotiana Germplasm
Collection (USDA 2016) maintains more than
1,700 tobacco accessions and seeds of more than
200 accessions representing about 60 wild
Nicotiana species (Lewis and Nicholson 2007).
The Tobacco Research Institute of the Chinese
Academy of Agricultural Sciences (TRI 2015)
maintains a collection of more than 5,300
tobacco accessions and claims to maintain the
largest collection of tobacco varieties in the
world.

1.4.2 Cytoplasmic Male Sterile Lines

Cytoplasmic male sterility (CMS) is frequently
encountered in interspecific hybrid progeny
between a wild Nicotiana species and N. taba-
cum (as the pollen donor) after several backcross
generations. It is usually expressed as staminal
sterility. Many modern N. tabacum genotypes in
cultivation carry CMS (Lewis and Nicholson
2007). Lines with restored structural or func-
tional fertility were identified within the CMS
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lines (Reed 1991); however, tobacco leaves
rather than seeds bring the highest production
value.

1.4.3 Cytogenetic Stocks

Aneuploid lines of Nicotiana have been devel-
oped and are useful for breeding and genetic
investigations, but they have not been used to the
same extent as in other polyploid crops, such as
Triticum. As allotetraploids, both N. tabacum
and N. rustica seem to be tolerant to different
forms of aneuploidy. A number of genes have
been localized to individual chromosomes within
the monosomic lines. Trisomic lines have been
developed for N. sylvestris and N. langsdorffii
(Lewis 2011). Nullisomics (in which a specific
chromosome pair from both genomes is deleted)
have been generated, mostly in N. tabacum. The
fact that most nullisomics of N. tabacum are
nonviable or sterile is thought to be because of
the evolution of genomic interdependence sub-
sequent to polyploidization (Reed 1991).

In attempts to transfer foreign genes (e.g., for
tobacco mosaic virus [TMV] resistance) to N.
tabacum from wild species and to localize genes
or molecular markers to specific loci, chromo-
some addition lines can be produced in tobacco
(Lewis 2011). The amenability of N. tabacum to
transformation and tissue culture and the recent
availability of genomic resources and genetic
maps may stimulate interest in genetic engi-
neering technologies for improvement of culti-
vated tobacco.

1.5 Reference Genomes
in Nicotiana

A methyl filtration approach (Whitelaw et al.
2003) was used to address the combined chal-
lenges of the bulky genome size and complexity
of the tobacco genome within the Tobacco
Genome Initiative (TGI). The project aimed to
sequence more than 90% of N. tabacum
hypomethylated gene-rich genomic DNA
sequences. In addition, several bacterial artificial

chromosome (BAC) libraries were constructed to
perform BAC-by-BAC sequencing. More than
1.3 million genome survey sequences and more
than 50,000 expressed sequence tags (EST) were
released to GenBank. The subsequent assembly
produced a highly fragmented genome with the
majority of contigs containing only partial gene
structures. Nevertheless, the TGI data served as a
source of genomic sequences for the design of a
tobacco exon array (Martin et al. 2012) and a
tobacco genetic map (Bindler et al. 2011).

High-quality draft genome sequences have
been published for representative genotypes of
the three main cultivar classes of N. tabacum
(K326, flue-cured; TN90, burley; and Basma
Xanthi, oriental) (Edwards et al. 2017; Sierro
et al. 2014), its progenitor species N. sylvestris
and N. tomentosiformis (Sierro et al. 2013a), N.
benthamiana (Bombarely et al. 2012; Naim et al.
2012), N. attenuata (Xu et al. 2017), and N.
rustica and its progenitor species N. undulata, N.
paniculate, and N. knightiana (Sierro et al.
2018). In addition, Sierro et al. (2013b) con-
structed a physical map of N. tabacum Hicks
Broadleaf using whole-genome profiling tech-
nology. The physical map, which was predicted
to cover the whole tobacco genome, was subse-
quently used for super-scaffolding of the N.
tabacum genome (Sierro et al. 2014).

Bombarely et al. (2012) mapped 56.5 and
58.5% of coding sequences from the tomato and
potato genomes, respectively, to the N. ben-
thamiana genome to demonstrate syntenic rela-
tionships. The genomic ancestry of N.
benthamiana is uncertain, but the progenitors of
the allopolyploid section Suaveolentes might
belong to the lineages represented by section
Sylvestres and either section Noctiflorae or sec-
tion Petunioides (Kelly et al. 2013).

Multiple insertions of cellular transferred
DNA sequences (cT-DNA), derived from
Agrobacterium strains and integrated into the
host nuclear genome, have occurred during the
evolution of Nicotiana. cT-DNAs contain genes
involved in plant growth and the synthesis of
opines important for bacterial growth. A number
of Agrobacterium-derived genes (including mis,
orf13, and rolC) have been detected by
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polymerase chain reaction amplification in the
genomes of various Nicotiana species (see Chen
et al. 2014). Four cT-DNA inserts in the genome
of N. tomentosiformis have been characterized by
deep sequencing. In addition, the cT-DNAs
present in the genomes of N. tabacum Basma
Xanthi and N. otophora have been identified,
with a fifth cT-DNA detected in the latter species
(Chen et al. 2014). The cT-DNA inserted
exclusively in N. otophora contains intact open
reading frames coding for three 6b genes derived
from the original Agrobacterium 6b gene, which
is known to modify plant growth. The pheno-
types observed upon expression of these 6b
genes in N. tabacum under the constitutive
2 � 35S promoter are however different from
those previously described. Indeed, shorter plants
exhibiting modified petiole wings and dark-green
leaves with increased number of veins were
observed upon expression of any of these three
genes. Furthermore, the expression of one of
them led to the additional development of out-
growths at the leaf margins and of modified
flowers. In the capsules of these plants, germi-
nation of the embryos was observed at an early
development stage in the capsules (Chen et al.
2018). Kovacova et al. (2014) showed that the
agrobacterial mis gene has evolved indepen-
dently in the N. glauca, N. tabacum, and
N. tomentosiformis genomes.

1.5.1 Chloroplast Genomes

The complete chloroplast genome of N. tabacum
was sequenced more than 30 years ago (Shi-
nozaki et al. 1986) and comprises 155 kb,
including two identical copies of a 25 kb inver-
ted repeat separated by 86 kb and 18 kb unique
regions.

The whole chloroplast genomes of N. sylves-
tris and N. tomentosiformis have also been
described (Yukawa et al. 2006). The N. sylvestris
chloroplast genome comprises 156 kb and, with
the exception of one gene, is highly similar to the
one of N. tabacum. Only seven sites were poly-
morphic between N. tabacum and N. sylvestris.
The chloroplast genome of N. tomentosiformis is

156 kb long and also shows similar genome
structure to that of N. tabacum, except for five
regions with more than 1,000 single nucleotide
polymorphism (SNP) differences. Overall, the
chloroplast genomes of N. sylvestris and N.
tomentosiformis were 99.99 and 98.54% identi-
cal to that of N. tabacum. The authors concluded
that the detailed comparison clearly supported
the previous finding that N. sylvestris was the
source of the N. tabacum chloroplast genome
(Yukawa et al. 2006).

1.5.2 Mitochondrial Genome

Bland et al. (1985) cloned fragments of known
genes in the mitochondrial genome (mtDNA) of
maize and unidentified genes from N. sylvestris
mtDNA to use as labeled probes for Southern
blot hybridization to explore N. tabacum
mtDNA. The results supported the contention
that N. tabacum mtDNA was inherited from N.
sylvestris and not from N. tomentosiformis.
Conservation in organization and sequence
homology indicates that little evolutionary
divergence in mtDNA between N. tabacum and
N. sylvestris has occurred.

More recently, Sugiyama et al. (2005)
sequenced the complete mtDNA of N. tabacum.
The genome was assumed to conform to a con-
ventional “master circle” model of mitochondrial
genome structure (Sloan 2013) and comprised of
431 kb, including protein-coding, ribosomal
RNA, and transfer RNA genes. The homology of
repeated sequences, the gene organization, and
the intergenic spacer regions differ markedly
from those of other model plants (Arabidopsis
thaliana or Oryza sativa), indicating that the
genome structure has undergone multiple reor-
ganizations during higher plant evolution.

1.6 Reference Genomes
in Solanaceae and Coffea

The genomes of Solanaceae and Coffea species
play an important role in comparative genome
analysis of Nicotiana species. The knowledge
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accumulated over the last decades of research can
be leveraged at genetics, genomics, transcrip-
tomics, and proteomics data analysis.

The genomes of tomato (S. lycopersicum)
(Sato et al. 2012) and potato (S. tuberosum) (Xu
et al. 2011) are recognized as the best-quality
reference genomes for the Solanaceae family,
mostly due to the significant decade-long efforts
by the tomato and potato communities to gen-
erate a huge collection of genomics and genetics
resources. Although tomato and potato are clo-
sely related, the cultivated tomato varieties are
inbred self-pollinating diploids, whereas most
potato cultivars are highly heterozygous self-
incompatible autotetraploids.

Due to high heterozygosity and autote-
traploidy of potato cultivars, a homozygous
doubled-monoploid (DM) potato was con-
structed to facilitate the assembly of its high-
quality genome and transcriptome (Xu et al.
2011). The 727 Mb assembly of the genome with
estimated size of 884 Mb was split over 443
super-scaffolds and contained at least 62% of
repeats. The majority of the assembly (86%) was
anchored to the potato genetic and physical maps
to construct 12 pseudomolecules. Large blocks
of heterochromatin were attributed to pericen-
tromeric regions, and gene-rich euchromatin was
pushed toward the distal chromosome ends. The
combination of ab initio and experimental evi-
dence (proteins and ESTs) predicted 39,031
protein-coding genes in the DM potato.
Approximately 10,000 genes clustered into 1,800
paired syntenic blocks, suggesting the occurrence
of at least two whole-genome duplications in the
potato. Comparison between the DM and
heterozygous potato (RH line) uncovered high
level of structural variations comparable to the
one in maize; however, no specific genes or
regions were identified to be responsible for the
phenomenon of inbreeding depression in the
potato.

The assembled tomato genome contained
760 Mb (84% of 900 Mb) split into only 91
scaffolds linked to the BAC-based physical,
genetic, and introgression line maps (Sato et al.
2012). As in the case of the potato, the tomato
euchromatic gene-rich regions (71 Mb) were

situated at the distal parts of the chromosome
arms, while the heterochromatin was found in the
pericentromeric part. The tomato genome has an
unusually low proportion of retrotransposons and
other complex repeats. The annotation pipeline
predicted 35,000 genes in the tomato and potato,
18,320 of which were orthologous between the
two species. Comparison of the tomato and
potato genomes revealed *9% nucleotide
divergence in euchromatin and *30% in hete-
rochromatin. More than 20% of genomic regions
of the grape have three orthologous regions in the
tomato genome, supporting the hypothesis that
triplication in the tomato occurred *71 Mya
based on Ks of paralogous genes (i.e., a long time
before the divergence of the tomato and potato
[*7 Mya]).

One of the interesting features of the hot
pepper genome (C. annuum cv. CM334) is its
large diploid size of 3.48 Gb (Kim et al. 2014),
compared to less than 1 Gb for tomato or potato
genomes. Kim et al. assembled 88% (3.06 Gb) of
the genome into 37,989 scaffolds (with
N50 = 2.47 Mb) and anchored 86% of the latter
(2.63 Gb) onto 4,562 markers of the combined
C. annuum high-density genetic map (Kim et al.
2014; Yarnes et al. 2013). Transposable elements
occupied 76% (2.34 Gb) of the C. annuum
genome, with long-terminal repeats (LTR) being
the most represented (*70%) with only slight
distribution preference toward the centromeric
regions. Substantial expansion of the Gypsy
family retrotransposons (sevenfold higher than in
tomato) was put forward as the main cause of the
inflated size of C. annuum. Caulimoviridae
retrotransposons was another unusually abundant
repeat family present ninefold higher than in
tomato. The number of protein-coding genes
(34,903) was very close to other Solanaceae,
17,397 of which have an ortholog in the tomato
gene set. However, the expression levels among
different tissues varied significantly, affecting as
many as 46% of orthologous genes. Hot pepper,
tomato, and potato shared 2,139 gene families,
and 756 were specific to C. annuum. Genomics
analysis of two other varieties of C. annuum (Qin
et al. 2014) largely confirmed the observations
and provided further insights into its evolution,
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such as evidence for the whole-genome triplica-
tion. Despite more than 600 chromosomal
translocation events between the pepper and
tomato genomes being uncovered, overall, the
presence of a substantial number (>1,000) of
large syntenic blocks indicated a close evolu-
tionary relationship between the species.

The draft genome of Solanum melongena L.
(eggplant) (Hirakawa et al. 2014) covered
833 Mb (74%) of its estimated 1.1 Gb size, with
586 Mb annotated as repetitive sequences (70%
of 833 Mb). LTR of Copia and Gypsy types
accounted for almost 30% of the repeats. Only
42,035 of 85,446 genes were considered protein-
coding, whereas the rest were described as
“transposable elements.” A total of 4,018 genes
were found to be exclusive to the eggplant.
Finally, Hirawaka et al. (2014) used the obtained
genomics sequences to identify SNP and simple
sequence repeat (SSR) polymorphic markers in
the interspecific F2 population and constructed a
genetic map containing on 574 SNPs and 221
SSRs.

Although the Coffea genus belongs to the
Rubiaceae family, there are a few striking simi-
larities to the Nicotiana genus, making the
inclusion of Coffea species valuable. Some of the
most popular cultivars of coffee belong to the
allotetraploid C. arabica (2n = 4x = 44) species,
which, similar to N. tabacum, emerged through
an interspecific hybridization of two ancestral
Coffea species still available today: C. euge-
nioides (2n = 2x = 22) and C. canephora
(2n = 2x = 22). The latter is also known as C.
robusta and is considered to be easier to produce
yet more bitter coffee. While the genome of C.
arabica is still in progress, the high-quality draft
of C. canephora assembled at 80% of its esti-
mated 710 Mb genome size was reported as
harboring 25,574 protein-coding genes (Denoeud
et al. 2014). A high-density genetic map covered
64% of the draft genome. About half of the
genome was filled with repeats, 85% of which
were LTR retrotransposons. Comparative gen-
ome analysis of C. canephora chromosomes
provided no evidence of triplication since the
origin of eudicots, thus displaying one-to-one
mapping to the grape genome and very little

syntenic divergence to other asterids. Denoeud
et al. (2014) suggested using C. canephora as a
reference species to study the evolution of
asteroid angiosperms.

1.7 Genomic Evolution in Nicotiana

Goodspeed (1954) considered that genic rather
than genomic evolution was of greater impor-
tance in the evolution of the allopolyploid lin-
eages of Nicotiana. However, recent studies have
provided detailed insights into the extent of
genomic evolution that has occurred in N. taba-
cum and other allopolyploid Nicotiana species of
different ages. Allopolyploidy is frequently
linked to functional and structural genomic
changes, and DNA loss or gain often occurs at
the onset of polyploidization (Petit et al. 2007).
Such genomic differentiation or “diploidization,”
which decreases pairing between homoeologous
chromosomes, is documented in Nicotiana
allopolyploid species of different ages and syn-
thetic hybrids.

1.7.1 Chromosomal Rearrangements

The N. tabacum genome has experienced a
variety of chromosomal rearrangements subse-
quent to polyploidization in either wild type or
synthetic species compared with the progenitor
diploid genomes. The rearrangements include up
to nine intergenomic translocations, retrotrans-
poson deletion/proliferation, and transposable
element mobility and loss (Bindler et al. 2011;
Kenton et al. 1993; Kovarik et al. 2012; Lim
et al. 2007; Petit et al. 2010; Skalicka et al. 2005;
Wu et al. 2010). The T-genome of N. tabacum
shows reduced genetic stability compared with
the S-genome (Kovarik et al. 2012). The T-
genome of N. tabacum is shown to have expe-
rienced more rapid chromosomal evolution than
the S-genome, and both genomes are indicated to
have evolved more rapidly than the correspond-
ing genomes of diploid relatives. The more rapid
genomic changes in N. tabacum and other
polyploid species might be attributable to
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chromosome recombination, epigenetic varia-
tion, or higher transposable element activity (Wu
et al. 2010). Matyasek et al. (2011) suggested
that the lack of subtelomeric satellite repeats in
the T-genome of N. tabacum may promote
homoeologous pairing, which in turn might
explain the frequency of intergenomic translo-
cations in the N. tabacum genome. Wild N.
tabacum plants contain reduced copy numbers of
pararetroviral repeat sequences derived from N.
tomentosiformis and of the Tnt1 retrotransposon
compared with the number expected to be
inherited from the progenitors (Gregor et al.
2004; Melayah et al. 2004). Given that most
nullisomics of N. tabacum are nonviable or
sterile, post-polyploidization evolution of inter-
dependence of the progenitor genomes is also
indicated (Lewis 2011). However, both dynamic
and stable inheritance of different repeat
sequences during N. tabacum evolution is
implicated (Skalicka et al. 2005).

1.7.2 Post-polyploidization Changes

Rapid genetic changes in synthetic N. sylves-
tris � N. tomentosiformis hybrids have been
documented, mostly targeted to the paternal T-
genome donated by N. tomentosiformis. Lim
et al. (2004) examined genomic rearrangements
in three recent polyploid species (N. arentsii, N.
rustica, and five cultivars and one wild genotype
of N. tabacum; each allopolyploid originated
<0.2 Mya) and three synthetic F3 progeny
derived from the cross N. sylvestris � N.
tomentosiformis. Intergenomic translocations
were observed in all natural genotypes of N.
tabacum examined but not in N. arentsii or N.
rustica. Skalická et al. (2005) reported that two
repeats related to endogenous viruses and two
classes of N. tomentosiformis-specific noncoding
tandem repeats were deleted in S4 plants gener-
ated from a synthetic allotetraploid S0 plant. All
of the sequences were derived from the T-
genome of N. tomentosiformis. T-genome 35S
rDNA genes underwent rapid homogenization
and were replaced by novel gene variants in the
same S4 population (Skalicka et al. 2003, 2005).

Some of the abovementioned changes are con-
sistent with changes that are believed to have
occurred during the evolution of N. tabacum.
These studies also demonstrate that considerable
genomic variation may arise rapidly from a sin-
gle polyploid individual within only three or four
generations.

1.7.3 Transposable Elements

Transposable elements are mobile DNA elements
that are inserted in different positions in the
genome and generate structural variations upon
insertion, therefore having an important impact
on genetic diversity, gene expression, and gen-
ome structure. Extensive and rapid turnover of
retrotransposons and transcriptional activation
and/or mobilization of transposable elements
may follow interspecific hybridization and poly-
ploidization (Petit et al. 2007, 2010). Sequence-
specific amplification polymorphisms (S-SAP)
have been used to examine retrotransposon
polymorphism and genomic distribution in
Nicotiana species (Melayah et al. 2004; Petit
et al. 2007). Melayah et al. (2004) reported that
Tnt1 copia-type retrotransposons are highly
polymorphic and have evolved rapidly in Nico-
tiana, and the number of Tnt1 insertions differs
widely among Nicotiana species. S-SAP profiles
provide evidence for post-polyploidization
changes in Tnt1 insertions in N. tabacum.
Some 30% of N. tabacum S-SAP bands are
shared with N. tomentosiformis, and 38% are
shared with N. sylvestris. A notable proportion
(28%) of Tnt1 insertions are unique to N. taba-
cum. A large proportion of S-SAP bands (52%
for N. sylvestris and 47% for N. tomentosiformis)
are present in the two progenitor species but not
in N. tabacum. In N. tomentosiformis, Tnt1
insertions are distributed across all chromosomes
but at different densities. N. sylvestris contains a
higher number of Tnt1 insertions, which show a
more homogeneous distribution in the genome.
The number of insertions in N. tabacum is higher
than the numbers in both progenitor species,
although only 67% of the expected number based
on the numbers detected in the progenitor
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species. These insertions are more concentrated
on S-genome chromosomes than on T-genome
chromosomes. Low Tnt1 polymorphism among
N. tabacum lines suggests that Tnt1 content has
stabilized during N. tabacum evolution. Petit
et al. (2007) showed that retrotransposon turn-
over occurs in N. tabacum with removals coun-
terbalanced by new insertions.

Parisod et al. (2012) examined the insertion
polymorphism of seven transposable elements in
the four allopolyploid species of section Repan-
dae that show opposing evolutionary trends in N.
tabacum and its progenitors. Many novel S-SAP
bands were observed for two transposable ele-
ments, but considerable loss of transposable ele-
ments was detected in the four allotetraploid
species of section Repandae relative to the gen-
omes of the diploid progenitor species. In the
process of diploidization of the four allotetraploid
species, the transposable element genome frac-
tions have been significantly restructured.

1.7.4 Repetitive Elements

Nicotiana genomes are notably rich in simple
repeats, three superfamilies of which have been
characterized in Nicotiana species (Matyasek
et al. 2011). Homologous subtelomeric repeats in
the allotetraploid N. arentsii, descended from
progenitors of N. undulata (maternal donor) and
N. wigandioides (paternal donor; both members
of section Undulatae) less than 0.2 Mya, were
analyzed by Matyasek et al. (2011). Interge-
nomic homogenization of the two homologous
satellites has not occurred in N. arentsii. The
authors suggested that the dissimilarity in
sequence and structure of the satellite repeats
protected homoeologous chromosomes from
genomic intergressions.

As reported by Koukalova et al. (2010), the
Nicotiana genomes of more recent allotetraploid
species formed *1 Mya (section Polydicliae)
contain rearranged yet intact progenitor repeat
sequences, while in older allotetraploids (section
Repandae *5 Mya), different satellite repeats
partially or completely replaced the ones of the

corresponding progenitors. The authors proposed
a mechanism that involves removal of progenitor
heterochromatic repeat-containing blocks and
rolling circle replication leading to formation of
new uniform blocks of satellite repeats.

Gill (1991) proposed that during the allote-
traploid formation, incompatibility between
maternal and paternal cytoplasms may become a
source of progenitor genome instability. Lim
et al. (2004) concluded that nuclear–cytoplasmic
interaction was indicated to have influenced
genome evolution only in N. tabacum among the
taxa studied. If this hypothesis is pertinent to N.
tabacum, the N. tomentosiformis-derived repeat
sequences in N. tabacum would continue to be
eliminated well after the polyploidization event
(Lim et al. 2007). Skalická et al. (2005) raised the
possibility that the N. tomentosiformis genome
may simply be inherently less stable than that of
N. sylvestris.

1.7.5 Other Genetic Changes

Homogenization of rDNA is often noted among
allopolyploid Nicotiana species, but the extent of
interlocus homogenization differs among
allopolyploid species and synthetic polyploid
hybrids (Dadejova et al. 2007). Furthermore, 18S
rDNA coding sequences show near-complete
homogenization in the diploid species N. syl-
vestris, N. tomentosiformis, N. otophora, and N.
kawakamii, whereas the ITS1 region shows
greater heterogeneity. Dadejova et al. (2007)
speculated that transcriptionally active rDNA
genic regions are more susceptible to homolo-
gous recombination than those that are tran-
scriptionally silenced and thus remain
unchanged. Matyasek et al. (2012) proposed that
the evolution of rDNA genes is dependent on the
transcriptional activity and the number of copies.
The detection of putative intragenic recombina-
tion in the several low-copy nuclear genes sug-
gests that formation of chimeric regions arising
from different alleles might have been a common
event during Nicotiana evolution (Kelly et al.
2010).
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1.7.6 Genomic Downsizing

“Genomic downsizing” has been a frequent
phenomenon found in Nicotiana ancient and
more recent polyploids (Leitch and Bennett
2004). Changes in genome size in allopolyploid
Nicotiana species were examined by comparing
the genome sizes of nine diploid and nine poly-
ploid species, with the extant species believed to
be descended from the putative progenitors
(Leitch et al. 2008). Genome size was assessed
using flow cytometry and Feulgen microdensit-
ometry. Four polyploids displayed genome
downsizing, whereas five polyploids showed
genome size increases. N. repanda and N. nudi-
caulis share the same progenitor species (ances-
tors of N. sylvestris and N. obtusifolia) yet show
contrasting trends in genome size changes
(*29% increase and *14% decrease, respec-
tively). The amount of genome size divergence
was enhanced with increasing estimated age of
the polyploid.

The progenitor sequences were still detectable
in the downsized polyploids, while the signal
disappears in the older upsized ones (formed
*4.5 Mya). The authors concluded that genome
upsizing is likely linked with replacement of the
progenitor repeat regions with the new satellite
repeats.

Lim et al. (2007) analyzed genome evolution
in Nicotiana allopolyploid by comparing repeat
sequence distribution in selected BAC clones, in
conjunction with FISH and GISH, from four
allopolyploids of contrasting ages: N. nesophila
(formed *4.5 Mya), N. quadrivalvis (*1 Mya),
N. tabacum (<0.2 Mya), and synthetic F1 N.
sylvestris � N. tomentosiformis hybrids. The
authors proposed the term “genome turnover” for
the apparent genome-wide replacement of one
sequence type by another, possibly through
concerted evolution. The authors presented a
hypothetical time-course after polyploidization
of the genomic events occurring in Nicotiana
allopolyploids from the initial “genomic shock,”
followed by sequence mixing, to swap of pro-
genitor DNA with new sets of genomic DNA
repeats and, ultimately, a reduction in chromo-
some number (Lim et al. 2007).

1.8 Functional Genomics and Gene
Mining

1.8.1 Alkaloid Metabolism

The biosynthesis and transport of major tobacco
alkaloids (e.g., nicotine, nornicotine, anabasine,
and anatabine) have been extensively reviewed
elsewhere (Dewey and Xie 2013; Eich 2008).
Nicotine is synthesized in the roots of tobacco
plants and is transported to the leaves. The
majority of genes involved in the nicotine
biosynthesis pathway are sequenced and well
characterized. Nicotine is the principal alkaloid
that accumulates in N. sylvestris, whereas nor-
nicotine is predominant in N. tomentosiformis,
typical for members of section Tomentosae.
Unlike most Nicotiana species, N. sylvestris
accumulates higher quantities of nicotine in the
roots than in the leaves. Transcriptome data
indicate that the marked differences in alkaloid
metabolism in N. sylvestris and N. tomentosi-
formis are due to strong upregulation of a set of
key enzymes in the nicotine biosynthesis path-
way in the roots of N. sylvestris (e.g., aspartate
oxidase, putrescine N-methyltransferase [PMT],
quinolinate synthase, and quinolinic acid phos-
phoribosyl transferase) compared with N.
tomentosiformis (Sierro et al. 2013a).

In the senescing leaf of N. tabacum, nicotine
is accumulated as the main alkaloid, whereas in
N. sylvestris, N. tomentosiformis, and synthetic
N. sylvestris � N. tomentosiformis and N. syl-
vestris � N. otophora amphidiploids, nicotine is
converted to nornicotine. This pathway is medi-
ated by nicotine N-demethylase (CYP82E) genes,
copies of which are present in the genomes of the
progenitor species. Transcriptome data indicate
that the higher accumulation of nornicotine in the
leaf of N. tomentosiformis reflects expression of
three CYP82E genes that enhance nornicotine
production (Sierro et al. 2013a). Mutation of
CYP82E in N. tabacum decreases conversion of
nicotine to nornicotine compared with the wild
type (Chakrabarti et al. 2007).

Gene expression analysis of the tobacco BY-2
cell cultures has identified a set of genes responsi-
ble for alkaloid biosynthesis (Goossens et al. 2003).
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Transcription factors (TF) were screened using a
transient expression assay, leading to identification
of two AP-2 domain TFs that enhance the expres-
sion ofPMT, a key enzyme innicotine biosynthesis
(De Sutter et al. 2005). Häkkinen et al. (2007)
isolated full-length clones for several genes puta-
tively involved in pyridine alkaloid metabolism.
Upon their transformation into tobacco BY-2 cell
and hairy root cultures, overexpression of a GH3-
like enzyme (designated NtNEG1) was shown to
increase nicotine accumulation.

In general, the number of isoforms of genes
implicated in alkaloid biosynthesis present in the
N. tabacum reference genomes corresponds
roughly to the sum of genes inherited from the
progenitor species, N. tomentosiformis and N.
sylvestris (Sierro et al. 2014).

1.8.2 Cadmium Accumulation

An unusual property of Nicotiana species is the
ability to accumulate relatively high concentra-
tions of cadmium and other heavy metals com-
pared with other plants. N. sylvestris and N.
tomentosiformis genomic sequences and tran-
scriptome data for the root, leaf, and flower have
been analyzed to identify genes associated with
heavy metal accumulation and transport (Sierro
et al. 2013a). Certain differences in transcription
were detected in the different organs and between
the two Nicotiana species, and between A.
thaliana and the Nicotiana species. Expression
of osmotin- and thaumatin-like proteins in both
leaf tissue and trichomes is induced by cadmium
treatment (Harada et al. 2010).

1.8.3 Disease Resistance and Viral
Infection

Many of the disease resistance genes currently
present in N. tabacum germplasm were intro-
gressed from wild Nicotiana species (Battey and
Ivanov 2014). These genes often consist of a
single locus (e.g., TMV resistance derived from
N. glutinosa (Lewis et al. 2005) and tomato
spotted wilt virus resistance inherited from N.

alata (Moon and Nicholson 2007)), but often
additional genetic material from the donor
Nicotiana species is also introgressed with the
resistance gene (Battey and Ivanov 2014).

TMV resistance was introduced into N. taba-
cum in the 1930s as a single dominant locus
through interspecific hybridization with N. gluti-
nosa. The locus harbors the N gene, which
encodes a TIR-NBS-LRR protein, triggering a
hypersensitive response involving formation of a
necrotic lesion (Holmes 1938). It was cloned
(Whitham et al. 1994) and subsequently suc-
cessfully transformed (Lewis et al. 2007).
Adoption of flue-cured cultivars carrying the
N gene was low because of unfavorable “linkage
drag effects” (Lewis et al. 2005). Among the three
N. tabacum cultivars with genome sequences,
only TN90 is TMV resistant and includes a
putative N. glutinosa-derived genomic segment
containing the N gene (Sierro et al. 2014).

N. tabacum are vulnerable to infections by
potyviruses, such as potato virus Y (PVY),
tobacco vein mottling virus, and tobacco etch
virus. Unlike N. tabacum and N. sylvestris, N.
tomentosiformis is resistant to PVY. Next-
generation sequencing has been used to charac-
terize the recessive PVY resistance gene in a
recombinant inbred line population of N. taba-
cum (Julio et al. 2014). A correlation between
susceptibility and expression of a eukaryotic
translation initiation factor 4E (eIF4E) was con-
firmed. The eIF4E gene was mapped on linkage
group 21 and was inherited from the progenitor
of N. sylvestris. Missense mutations in the eIF4E
gene conferred resistance of N. tabacum lines to
PVY infection. PVY resistance is associated with
deletion of a chromosomal segment containing
the eIF4E gene, which is corroborated by the
genome sequence of the PVY-resistant N. taba-
cum TN90 (Sierro et al. 2014), although identi-
fication of other PVY-resistant accessions with a
functional eIF4E gene indicates that additional
sources of resistance may exist (Julio et al.
2014).

N. benthamiana serves as a model system to
study plant–pathogen interactions, in large part
because of its susceptibility to a wide spectrum
of bacteria and viruses (Goodin et al. 2008).
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The unique virus susceptibility of N. benthami-
ana is at least partly attributed to an SNP in an
RNA-dependent RNA polymerase gene
(NbRdRP1m) (Yang et al. 2004). Senthil et al.
(2005) used microarrays derived from S.
tuberosum ESTs to monitor gene expression to
shed light on the mechanism of N. benthamiana
infection with a variety of viruses. In addition,
progress is being made on the development of
VIGS cDNA libraries for N. benthamiana
(Goodin et al. 2008).

Bombarely et al. (2012) detected orthologs for
more than 20 immunity-associated genes puta-
tively transferred into the N. benthamiana gen-
ome from other species. Due to the allotetraploid
nature of N. benthamiana, with a couple of
exceptions, each gene was represented by at least
two homoeologous sequences in its genome
sequence.

1.9 Conclusion

Among Nicotiana species, N. tabacum and N.
benthamiana have been extensively used as
model systems for plant biology. The availability
of a growing number of genomic resources for
the genus contributed significantly to under-
standing the Nicotiana biology and evolution.
Tobacco plants thus continue to play a significant
role in plant research. Furthermore, N. tabacum
remains an important agricultural crop for which
these resources are opening new avenues (e.g., in
numerous biotechnological applications for the
production of valuable compounds for the
pharma or cosmetic industries). With the release
of additional resources and, consequently, the
increased understanding of the specificities of
each clade and species, other members of the
Nicotiana genus will eventually also develop into
efficient biological systems for the production of
these compounds.
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