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Nicotiana species has been revealed. In addition, other pro-
gress on chloroplast, mitochondrial, and NCBI-registered 
projects on Nicotiana are discussed. The challenges and 
prospects for genomic, genetic and application research are 
addressed. Hence, this review provides important resources 
and guidance for current and future research and applica-
tion in Nicotiana.
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The distribution and taxonomy of the genus Nicotiana

Species within the genus Nicotiana are annuals or perenni-
als with tubular or trumpet-shaped flowers. Named after the 
sixteenth century French diplomat Jean Nicot, Nicotiana is 
the fifth largest genus of the Solanaceae family. The Solan-
aceae include important crops such as Solanum tuberosum 
(potato) and Solanum lycopersicum (tomato). An early tax-
onomy of the genus Nicotiana used morphological, cyto-
logical, bio-geographical and crossing data to investigate 
60 species (Goodspeed 1954). This taxonomy was revised 
in 2004 (Knapp et  al. 2004) to incorporate phylogenetic 
information from both chloroplast and nuclear DNAs, and 
to conform to the rules laid out in the Code of Botanical 
Nomenclature (Greuter 2000). Under the new classifica-
tion, the genus Nicotiana was described as containing over 
75 species for which the phylogenetic relationships are 
well documented. Some 75 % of the species are native to 
America and ~25 % to Australia (Chase et al. 2003; Clark-
son et  al. 2004). The genus Nicotiana is of scientific and 
economic importance (Ow et al. 1986). N. benthamiana, a 
species native to Australia, is used extensively as a model to 
study plant–pathogen interactions. N. tabacum L. (common 
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tobacco) and N. rustica L, two species native to America, 
are cultivated worldwide by the tobacco industry. Several 
other species, such as N. alata and N. sylvestris, are grown 
as ornamentals.

Genome evolution

Species in the genus Nicotiana have a basic haploid chro-
mosome number of n  =  12, although some species vary 
from this norm (e.g., N. alata with n = 9). Some 40 % of 
Nicotiana species are allopolyploids, all of which have 
been generated independently in six polyploidy events 
that occurred between ~10 million years ago (mya) and 
~0.2 mya (Clarkson et al. 2004; Leitch et al. 2008). Some 
allopolyploids, such as species in Nicotiana section Sua-
veolentes, were formed >10  mya while others such as N. 
tabacum were formed in the last 200,000 years. The taxo-
nomic relationship between the diploid genome donors that 
make up various allopolyploids varies widely, with some 
being closely related and others belonging to distantly 
related taxonomic sections (Clarkson et  al. 2004; Leitch 
et al. 2008). These features make Nicotiana genomes ideal 
models to study the genome evolution of polyploids.

In most angiosperms, there is a trend for genomes to 
downsize following polyploidization (Leitch and Bennett 
2004). Studies in maize, Arabidopsis, wheat, and Tragopo-
gon have shown that gene content also changes after poly-
ploidy formation, with frequent loss of some of the genes 
that were duplicated by the polyploidization (Ilic et  al. 
2003; Leitch and Bennett 2004; Freeling 2009; Buggs et al. 
2012; Feldman et al. 2012). Usually, genes from one of the 
two progenitor species are more commonly lost than from 
the other (Edger and Pires 2009; Feldman et al. 2012), and 
this bias is also accompanied by a preferential retention of 
genes that encode proteins involved in multi-protein com-
plexes that are dosage sensitive (Edger and Pires 2009). 
In Nicotiana, the allotetraploid N. tabacum genome size 
is estimated to be ~4.5 Gb, while its diploid ancestors N. 
sylvestris and N. tomentosiformis have genome sizes of 
~2.7 and ~2.4 Gb, respectively (Leitch et al. 2008; Sierro 
et al. 2013). N. tabacum was estimated to have lost between 
3.7 and 8  % of the repetitive DNA from its progenitors’ 
since polyploidization (Leitch et  al. 2008; Renny-Byfield 
et al. 2011; Sierro et al. 2014). Analysis of repeated DNA 
sequences in synthetic N. tabacum, generated by hybridi-
zation of the diploid species N. sylvestris (female) with N. 
tomentosiformis (male), revealed that the paternal, tomen-
tosiformis (T) genome, was being rapidly eliminated (Ska-
lická et  al. 2005; Renny-Byfield et  al. 2012; Sierro et  al. 
2014). This preferential elimination of the T genome also 
occurred in natural N. tabacum (Renny-Byfield et al. 2011). 
Whole genomic sequence comparison showed that the 

genome of N. sylvestris and N. tomentosiformis contributes 
53 and 47 %, respectively, for that of N. tabacum, which 
indicates a larger biased genome reduction in T genome 
(Sierro et al. 2014). Surprisingly, none of the recent whole 
genome sequencing studies investigated gene loss or biased 
gene loss from the tetraploids, so this deserves a high prior-
ity once full genome assemblies are generated. By contrast, 
the maternal sylvestris (S) genome, underwent dynamic 
sequence amplification and/or homogenization in natural 
N. tabacum compared with that in the ancestral S genome 
(Leitch et  al. 2008; Renny-Byfield et  al. 2011). All natu-
ral N. tabacum showed translocation between the S and T 
genome which was considered to restore the fertility and 
reduce negative effects of the maternal cytoplasm on an 
alien paternal genome (Lim et al. 2004).

Studies on many plant species have revealed biased or 
differential homoeologous gene expression in polyploids 
(Chen and Ni 2006). In allotetraploid Gossypium (cotton), 
~70 % of homoeologs were found to have biased expressed 
compared with those in the progenitor A and D genomes 
(Flagel et  al. 2008; Chaudhary et  al. 2009). In hexaploid 
wheat, Triticum aestivum, most genes investigated (79 out 
of 90) were expressed from all three ancestor genomes, 
while a few genes (11 out of 90) were silenced in one of 
these three genomes (Mochida et  al. 2004). Recent full 
genome expression studies revealed that most homoeolo-
gous genes exhibit asymmetric expression in hexaploid 
wheat (Pfeifer et al. 2014). In tetraploid N. tabacum, com-
parison of transcriptomic expression in leaves revealed 
that only ~33  % of transcripts (968 homoeologous gene 
clusters) were parental genome distinguishable. However, 
expression was detected at only one of the homoeologous 
copies for ~90 % of those genes, while ~15 % of the genes 
that had both copies still expressed showed subfunction-
alization (Bombarely et  al. 2012a). It is interesting that 
such a rapid loss or change in homoeologous gene copy 
expression is observed in N. tabacum. It should be noted, 
however, that earlier studies of single genes in Nicotiana 
indicated that most show additive expression of parental 
homoeologous genes (Matassi et  al. 1991; Kronenberger 
et al. 1993; Riechers and Timko 1999; Schenke et al. 2003), 
so the apparent disparity between these results and those 
of Bombarely and coworkers (Bombarely et  al. 2012a) 
deserves further investigation.

In N. repandae, a polyploidy formed ~4.5 mya, the trans-
posable element (TE) insertion sites are mostly different 
from those present in its diploid progenitor species, indicat-
ing that TEs played a major role in the differentiation of 
this genome that has occurred during post-polyploid evolu-
tion (Parisod et al. 2012). Other repetitive sequences, such 
as satellite repeats, were also found to be quite dynamic 
(Koukalova et al. 2010). Some polyploids exhibit genome 
size increases relative to their diploid ancestors, likely an 
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outcome of TE amplification. Although polyploidy has not 
been seen to be a cause of TE activation or amplification 
in plants, the general processes of genome size increase in 
angiosperms are so frequent that any lineage can exhibit 
these changes in very short time frame regardless of its 
ploidy history (Ewing and Green 1998; Estep et al. 2013). 
The increases or decreases in genome size do not correlate 
with the age of the polyploidization event. Among nine 
measured genome sizes of polyploid species of Nicotiana, 
four showed downsized genomes while five had increased 
genome sizes compared to the summed sizes of their pro-
posed genome progenitors (Leitch et al. 2008). For exam-
ple, polyploid N. repanda showed an increased genome 
size of ~28.6 % while polyploid N. nudicaulis exhibited a 
genome size decreased by ~14.3 %, even though these two 
species have the same two progenitors (N. sylvestris and 
N. obtusifolia) (Leitch et al. 2008). Recent next-generation 
sequence data analysis revealed that three out of four inves-
tigated allopolyploids showed increased genome sizes rela-
tive to the sum of the two diploid progenitors that they all 
shared (Renny-Byfield et al. 2013).

In the genus Nicotiana, N. tabacum, N. rustica and N. 
benthamiana are the best-studied species. The first two 
are cultivated for the production of tobacco and hence 
are of agricultural importance. They are easily transform-
able; therefore, they represent important research models 
for the characterization of gene function (Senthil-Kumar 
and Mysore 2011). Both N. tabacum and N. rustica are 
allotetraploid species (2n  =  48) with approximately the 
same genome sizes and dates of origin but with different 
parental genomes (Goodspeed 1954; Leitch et  al. 2008). 
N. tabacum originated from a hybridization event between 
diploid ancestor species N. sylvestris (2n  =  24) and N. 
tomentosiformis (2n  =  24) as the maternal and paternal 
parents, respectively. Recent whole genome sequence 
analysis revealed that the genome composition of these two 
ancestors evolved quite differently after their divergence 
~15  mya. N. tomentosiformis has many more TEs of the 
Copia-type. Furthermore, N. tomentosiformis has less gene-
rich DNA (425  Mb) than N. sylvestris (625  Mb) (Sierro 
et al. 2013), indicating fewer insertions of TEs into gene-
containing regions in N. sylvestris. The genome of N. rus-
tica is derived from the paternal U genome of N. undulata 
(2n = 24) and the maternal P genome of a species belong-
ing to Nicotiana section Paniculatae (2n = 24) (Goodspeed 
1954; Chase et  al. 2003; Clarkson et  al. 2004; Lim et  al. 
2004; Yukawa et al. 2006; Leitch et al. 2008). N. benthami-
ana is an important model for research on plant–pathogen 
interactions. This species is also allotetraploid (2n  =  38; 
1C  =  3.5  Gb) and arose >10  mya from a hybridization 
event between species belonging to N. Sect. Sylvestres 
(2n = 24) and N. Sect. Noctiflorae (2n = 24) (Goodspeed 
1954; Goodin et al. 2008; Leitch et al. 2008). The genome 

characteristics and available web links for the sequences of 
different Nicotiana species are provided in Table 1.

Nicotiana genome sequence resources

Nicotiana species represent economically important crops 
as well as model systems for plant research; therefore, both 
the tobacco industry and academic researchers have had a 
long-standing interest in understanding the structure and 
function of the tobacco genome. The first tobacco genome 
sequencing project was initiated in 2003 by the Tobacco 
Genome Initiative (TGI) with the goal of sequencing the 
open reading frames of N. tabacum L. cultivar Hicks Broad-
leaf. The project was completed in 2007 and the sequences 
are available from the National Center for Biotechnology 
Information (NCBI) GenBank (links given in Table  1). 
Around 689  Mb of genomic sequence was produced by 
Sanger sequencing and assembled into 81,959 contigs with 
an average length of 1.2 kb and 871,255 singletons with an 
average length of 688 bp. However, the obtained sequences 
covered only a small portion of the tobacco genome, partly 
because the sequencing technology (methylation filtration) 
that was employed enriched for genes, and only for the por-
tions of genes that are under methylated relative to TEs.

With advances in next-generation sequencing (NGS) 
technologies, great progress has been made recently in 
decoding the entire tobacco genome. Seven complete 
genome sequences from Nicotiana were released between 
2012 and 2014. These sequences are derived from three 
diploids (N. otophora, N. sylvestris and N. tomentosiformis) 
and four allotetraploids (N. benthamiana plus three culti-
vars of N. tabacum: TN90, K326, and Basma Xanthi (BX)) 
(Bombarely et al. 2012b, 2013, 2014).

The N. benthamiana genome was sequenced using 
an Illumina HiSeq-2000 platform. A draft assembly was 
released in 2012 for online analysis and downloading (Sol 
Genomics Network: http://solgenomics.net, Table  1). The 
draft genome assembly, generated from a 63-fold depth 
of sequence data, consisted of 141,000 scaffolds, totaling 
~2.9 Gb of an estimated total genome size of 3.5 Gb, with 
a scaffold N50 length of 89 kb. Approximately 90 % of the 
available ~16,000 unigenes of Nicotiana in the Sol Genom-
ics Network can be mapped to the assembly (Bombarely 
et al. 2012b). However, there was no gene prediction in the 
draft genome when it was released. A later RNA-sequenc-
ing study helped fill in this gap and revealed that there were 
~119,000 unigenes present in N. benthamiana (accessible 
at http://www.benthgenome.com) (Nakasugi et al. 2013).

Full genome sequencing of three diploids, N. sylvestris, 
N. tomentosiformis, and N. otophora, was accomplished 
recently and the data are available to the public at GenBank 
(links given in Table 1). The whole genome sequences of 

http://solgenomics.net
http://www.benthgenome.com
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N. sylvestris and N. tomentosiformis were released in 2013, 
about a half year after the release of the N. benthamiana 
genome. Genome sequences at 94× and 146× coverage 
were used for the genome assembly, and the N50 lengths of 
scaffolds were 79 and 82 kb, covering 82.9 and 71.6 % of 
the genome, in N. sylvestris and N. tomentosiformis, respec-
tively. Most DNA sequences (72–75 %) in both species are 
repeat elements. An RNA-sequencing study revealed that 
there were around 44,000–53,000 transcripts in the diploids 
(Sierro et al. 2013). About 2.5 Gb of assembled sequences 
of N. otophora from 66x sequence data, yielding an N50 
contig length of 11 kb, were released in 2014 (Sierro et al. 
2014).

Most recently, the full genome sequences of three agri-
culturally important N. tabacum cultivars were released 
(Sierro et  al. 2014). Currently, these genomes are only 
assembled at the contig level. The genome sizes were esti-
mated to be 4.4  Gb for N. tabacum TN90, 4.6  Gb for N. 
tabacum K326, and 4.6  Gb for N. tabacum BX. About 
3.7  Gb of assembled sequences are available for each 
variety at GenBank (links available in Table  1). Genome 
sequences at 38x, 49x and 29x coverage were used for the 
contig assembly, and the N50 lengths of the contigs were 
39.4, 24.7, and 21.7 kb, covering ~81, ~84, and ~73 % of 
the genomes of N. tabacum TN90, K326, and BX, respec-
tively. Transcriptome analysis of nine tissues of N. taba-
cum identified 134,694–188,510 transcripts and the gene 
number was estimated to be >93,000 in each cultivar. Gene 
ontology analysis predicted roles for >50,000 potential pro-
teins (Sierro et al. 2014).

The complete mitochondrial and chloroplast genome 
sequences have been available for quite a while for several 
Nicotiana species (Table  2). The mitochondrial genome 
(mtDNA) of N. tabacum is 430,597  bp. It encodes 36 
proteins, 3 ribosomal RNAs and 21 tRNAs (Sugiyama 
et  al. 2005). The chloroplast genome of N. tabacum is 
155,943 bp. A comparison of the chloroplast sequences of 

N. sylvestris, N. tomentosiformis and N. tabacum revealed 
that N. sylvestris was the maternal genome donor to N. tab-
acum (Yukawa et al. 2006).

In addition to genome assemblies, more than 8.8 × 109 
genomic and transcriptomic sequence reads from Nicotiana 
species, including N. benthamiana, N. tabacum, N. sylves-
tris, N. tomentosiformis and N. attenuata, were generated 
on NGS platforms and were deposited in the Short Read 
Archive (SRA) at NCBI (Supplemental File 1). NCBI also 
contains 430,842 EST records as of April 2nd 2014, most 
generated from N. tabacum (77.8  %) and the remainder 
from N. sylvestris and N. tomentosiformis (Table  2). We 
know that many more transcriptome reads will be added to 
current data sets because many ongoing projects were reg-
istered with NCBI (http://www.ncbi.nlm.nih.gov/bioproject
/?term=nicotiana).

Nicotiana genetics

Genetic marker discovery is considered a first step for many 
genomic applications. Genetic markers have been used 
in the construction of genetic maps, for varietal genotyp-
ing, genome comparisons, gene mapping, quantitative trait 
locus (QTL) analysis and marker-assisted breeding (Davey 
et  al. 2011; Bennetzen et  al. 2012; Mauro-Herrera et  al. 
2013). In the era of cost-efficient sequencing, genetic maps 
and markers remain important tools to validate sequence 
assemblies (Bennetzen et al. 2012). Currently, all of the de 
novo-assembled tobacco genomes mentioned above lack 
comprehensive validation by detailed genetic mapping, so 
this step in genome assembly assessment and enrichment 
deserves a high priority.

Significant progress has been made in the development 
of genetic markers and genetic map construction in tobacco 
over the past 2–3 years. Two sets of simple sequence repeat 
(SSR) markers, 5,119 named PT markers and 4,886 named 

Table 2   Other available Nicotiana sequence resources

a  The summary was calculated at NCBI on April 2nd 2014

Specie name Platform NCBI accession no. or data set Sequence size

Synthetic N. tabacum Illumina Genome Analyzer IIx SRX096296 2.7 Gb

N. sylvestris Illumina Genome Analyzer IIx SRX096295 1.5 Gb

N. tomentosiformis Illumina Genome Analyzer IIx SRX096294 1.6 Gb

N. tabacum mitochondrial Sanger sequencing BA000042 430,597 bp (complete genome)

N. tabacum chloroplast Sanger sequencing Z00044 155,943 bp (complete genome)

N. sylvestris chloroplast Sanger sequencing AB237912 155,941 bp (complete genome)

N. tomentosiformis chloroplast Sanger sequencing AB240139 155,745 bp (complete genome)

N. tabacum EST – 430,842 records at NCBIa –

N. benthamiana EST – 56,180 records at NCBIb –

N. sylvestris EST – 8,583 records at NCBIb –

http://www.ncbi.nlm.nih.gov/bioproject/?term=nicotiana
http://www.ncbi.nlm.nih.gov/bioproject/?term=nicotiana
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TM or TME markers, were developed from the tobacco 
genomic DNA or EST sequences by Bindler et al. and by 
Tong and coworkers, respectively (Bindler et al. 2011; Tong 
et al. 2012b). For the genomic markers, Tong et al. mainly 
focused on tri-nucleotide SSR repeats, while Bindler and 
colleagues used dinucleotide SSR repeats for marker devel-
opment. Hence, there was little overlap between the two 
sets of SSRs (Tong et  al. 2012b). Although the PT mark-
ers were developed from genomic sequences and veri-
fied experimentally, there was no predicted PCR product 
found when use of these primers was computer simu-
lated on tobacco EST templates (Tong et al. 2012b). This 
result is probably caused by a lack of sufficient depth in 
EST sequences that would provide matches to the genomic 
sequences during a computational search.

There are currently two genetic maps available for cul-
tivated tetraploid tobacco (N. tabacum L.) and another two 
maps for wild diploid Nicotiana species. Both diploid maps 
yielded 12 linkage groups and spanned ~1,000 cM. The N. 
tomentosiformis map was constructed with a mixture of 489 
SSR and cleaved amplified polymorphic sequence (CAPS) 
markers, while the N. acuminata (closely related to N. syl-
vestris) map contained a mixture of 308 SSR and CAPS 
markers (Wu et  al. 2010). The average distance between 
adjacent markers was in the range of 2.2–3.4  cM, so the 
maps were relatively low density for this ~2.4 Gb genome. 
The first genetic map for tetraploid tobacco, published 
in 2011, was generated with an F2 mapping population 
derived from a cross between N. tabacum cv. Hicks Broad-
leaf and cv. Red Russian. This map consisted of 2,318 SSR 
markers, 282 of which had previously been included in a 
preliminary map (Bindler et  al. 2007). The more detailed 
map yielded 24 linkage groups and covered 3,270 cM (Bin-
dler et  al. 2011). The length of individual linkage groups 
in this high-density map varied from 86 to 199  cM, and 
the average genetic distance between adjacent markers 
was 1.4  cM. However, despite the high marker density, 
some gaps, one of which spanned ~16 cM, remained in the 
map. A second genetic map of tetraploid tobacco was con-
structed from a cross between two tobacco varieties, Hon-
ghua Dajinyuan and Hicks Broadleaf. This map comprised 
611 SSR marker loci (590 SSR markers) distributed over 
24 linkage groups and covering 1,882 cM. The number of 
markers per linkage group varied from 13 to 58 and the size 
of individual linkage groups ranged from 28 to 120  cM. 
The average marker distance genome-wide was 3.1  cM 
(Tong et al. 2012b). This map contained some regions of up 
to 20 cM that were devoid of markers. The two tetraploid 
genetic maps shared 218 markers and a common parent; 
therefore, it may be possible to integrate both maps to gen-
erate a consensus map. The genetic markers and maps men-
tioned above provide important tools for basic and applied 
research in Nicotiana, but maps with even greater marker 

density and more easily assayed markers, like single nucle-
otide polymorphisms (SNPs) are needed.

Genes associated with the nicotine pathway

Species within the genus Nicotiana contain a high level 
of nicotine, with up to 90–95 % of the total alkaloid con-
tent playing a role in the defense against insect herbivores 
(Steppuhn et al. 2004; Siminszky et al. 2005). The biosyn-
thesis of nicotine involves pyrrolidine ring formation, pyr-
idine ring formation, and the coupling of both rings. The 
enzymes and corresponding genes involved in the major 
steps of the nicotine synthetic pathway in tobacco have 
been well characterized. Recent whole genome sequenc-
ing provided full sequences of genes involved in the syn-
thetic pathway (Sierro et al. 2014). Arginine decarboxylase 
(NtADC), ornithine decarboxylase (NtODC), putrescine 
N-methyltransferase (NtPMT) and N-methylputrescine oxi-
dase (NtMPO) are involved in the formation of the pyrro-
lidine ring (Fig. 1) (Hibi et al. 1994; Imanishi et al. 1998; 
Bortolotti et  al. 2004; Xu et  al. 2004; Heim et  al. 2007; 
Katoh et  al. 2007). Aspartate oxidase (AO), quinolinate 
synthase (QS) and quinolinic acid phosphoribosyltrans-
ferase (NtQPT) are responsible for the biosynthesis of the 
pyridine ring (Sinclair et al. 2000; Katoh et al. 2006). These 
three enzymes are also involved in the early steps of nico-
tinic acid dinucleotide (NAD) biosynthesis (Fig. 1). A PIP 
(pinoresinol-lariciresinol reductase, isoflavone reductase, 
and phenylcoumaran benzylic ether reductase) family iso-
flavone reductase-like protein A622 and berberine bridge 
enzyme-like protein (NtBBL) are required for nicotine ring 
coupling (Fig. 1) (DeBoer et al. 2009; Kajikawa et al. 2009, 
2011). However, it remains unclear how the two rings are 
joined to form nicotine. The nicotine synthesis pathway has 
been described in detail in recent reviews (Shoji and Hashi-
moto 2011; Dewey and Xie 2013).

Nicotine is synthesized in the roots of Nicotiana plants 
and then transferred into leaves by a multidrug and toxic 
compound extrusion (MATE) transporter (Baldwin 1999; 
Morita et al. 2009). Recent work has shown that nicotine 
uptake permease (NUP1) affects nicotine metabolism, 
localization and root growth but not the transport of nico-
tine. NUP1 transcripts accumulate in root tips, and reduced 
mRNA levels for this gene correlate with reduced nico-
tine levels in the leaves of NUP1-RNAi plants (Hildreth 
et  al. 2011). Data from a range of studies revealed that 
the complex regulation of nicotine biosynthesis involves 
hormones, transcription factors (TF), protein kinases and 
other proteins. Jasmonic acid (JA) is a positive regula-
tor of nicotine biosynthesis while ethylene and auxin are 
negative regulators. Abscisic acid may regulate nicotine 
biosynthesis both negatively and positively though how 
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this occurs is not well understood (Shoji et al. 2000, 2010; 
De Sutter et  al. 2005; Shi et  al. 2006; Todd et  al. 2010; 
Lackman et  al. 2011; Shoji and Hashimoto 2011, 2014). 
In response to JA, the JA receptor coronatine insensi-
tive 1 (NtCOI1) mediates degradation of the jasmonate 
ZIM domain (NtJAZs) protein, a transcriptional repres-
sor, resulting in inducible expression of PMT (Shoji et al. 
2008). A series of ethylene response factor (ERF) TFs that 
regulate nicotine levels were identified in tobacco (Shoji 
et al. 2010; Todd et al. 2010). The deletion of a cluster of 
seven TF genes was found to be the cause of the low nico-
tine levels in the nic2 mutant (Shoji et  al. 2010). Absci-
sic acid increases expression of a subset of some ERF 
genes (Shoji and Hashimoto 2014). In N. benthamiana, 
the basic helix-loop-helix TFs bHLH1 and bHLH2, which 
are homologs of MYC2 (a Z-box binding factor), bind to 
the PMT promoter to provide positive regulation of nico-
tine synthesis (Todd et  al. 2010). An auxin response fac-
tor, ARF1, also plays a role in regulating nicotine content 
(Todd et al. 2010). As an added layer of complexity, regu-
lation of nicotine synthesis is affected by abiotic and biotic 
factors. Agricultural topping, suckering and herbivory all 
increase nicotine accumulation in tobacco leaves (Bald-
win 1988; Wang et al. 2008). Nicotine biosynthesis can be 
diverted to the alkaloids anabasine and anatabine, which 
share part of the nicotine biosynthetic pathway. Another 
alkaloid, nornicotine, is directly converted from nicotine 
by nicotine N-demethylase (NND) or CYP82E (Chintapa-
korn and Hamill 2003; Siminszky et al. 2005; Lewis et al. 
2010; Shoji and Hashimoto 2011). A mutation in CYP82E 
was found to cause a lower conversion rate of nicotine to 
nornicotine in N. tabacum compared to wild type (Chakra-
barti et al. 2007).

With the availability of entire Nicotiana genome 
sequences in 2013, the mysterious origin of dramatic dif-
ference in nicotine contents was uncovered in compara-
tive analyses between N. sylvestris and N. tomentosiformis. 
Nicotine and nornicotine are the predominant alkaloids in 
N. sylvestris and N. tomentosiformis, respectively. Gene 
expression and genomic studies found that the high level of 
nicotine in N. sylvestris is caused by up-regulated expres-
sion of key genes, including AO, QS, QPT and PMT, in 
the nicotine synthesis pathway when compared with N. 
tomentosiformis. In addition, the multiple copies of the 
PMT genes may contribute to the higher levels of nico-
tine. There are three NtPMT genes (NtPMT-1, NtPMT-3 
and NtPMT-4) in N. sylvestris while there is only NtPMT-2 
in N. tomentosiformis (Sierro et  al. 2013). Nornicotine is 
converted from nicotine by NND during leaf senescence 
and curing. Nornicotine is a potent carcinogen, so under-
standing and minimizing its content is a high priority in 
the tobacco industry. Ortholog searches revealed that three 
highly expressed NND genes called CYP82E3, CYP82E4, 
and CYP82E5, in N. tomentosiformis, are responsible for 
its high level of nornicotine (Sierro et al. 2013).

Prospects

Future genomic research

With the advanced NGS sequencing and assembly tech-
nologies, it is feasible to sequence and fully assemble the 
entire Nicotiana genome. It is expected that fully assem-
bled genome sequences of numerous Nicotiana species will 
become available in the near future. The genomes of four 

Fig. 1   Schematic showing the 
enzymes known to be involved 
in the synthesis of nicotine 
and nornicotine ADC arginine 
decarboxylase, ODC ornithine 
decarboxylase, PMT putrescine 
N-methyltransferase, MPO 
N-methylputrescine oxidase, 
AO aspartate oxidase, QS quino-
linate synthase, QPT quinolinic 
acid phosphoribosyl transferase, 
ERF-TFs ERF transcription 
factors, BBL berberine bridge 
enzyme-like, NND nicotine 
N-demethylase
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other species belonging to the family Solanaceae, potato 
(Solanum tuberosum), tomato (Solanum lycopersicum), 
pepper (Capsicum annuum) and eggplant (Solanum melon-
gena), have recently been sequenced (The Potato Genome 
Sequencing Consortium 2011; The Tomato Genome Con-
sortium 2012; Hirakawa et  al. 2014; Kim et  al. 2014). 
Although a syntenic comparison of those genomes was 
reported (Sierro et  al. 2014), a deep comparison between 
these genomes will provide very meaningful information 
on the evolutionary events that have shaped the genomes 
and the very different properties of their leaves, roots and 
fruit.

Currently, the genomic sequences of diploid Nicotiana 
ancestors have been assembled to scaffold level, while 
tetraploid genomic sequences have been assembled at the 
contig level only. Knowledge of the structure of the dip-
loid parental genomes will facilitate the full assembly and 
sequence analysis of the commercial allotetraploid, N. tab-
acum. Sequence comparison of the diploids with that of the 
tetraploids will also enhance our understanding of Nico-
tiana genome evolution. More than 90  % of SSR genetic 
markers mapped in N. tabacum were amplified in only one 
of the two ancient S and T genomes, indicating substantial 
sequence divergence between the S and T genomes after 
polyploidization (Bindler et  al. 2011). What are the roles 
of homoeologous genes in polyploid N. tabacum? Further 
research into the genome sequences and transcriptomes for 
both the tetraploid and the diploid progenitor genomes will 
provide answers to these questions. The genome sequences 
of Nicotiana will also help to address other scientific ques-
tions related to tobacco performance, quality, durability 
and physiology, and this will assist with practical breeding 
applications in tobacco and related crops.

Future genetic and breeding research

Most marker studies published to date have been car-
ried out in cultivated varieties with closely related genetic 
backgrounds (Bindler et al. 2011; Tong et al. 2012b). For 
future marker development and breeding studies, some dif-
ferent wild species, especially those in different taxonomic 
sections within the Nicotiana genus, should be included 
in these studies to provide more polymorphism and to 
broaden the germplasm base. To date, polymorphism levels 
often have been too low to conduct detailed genotyping that 
can differentiate between varieties within the same taxo-
nomic section. For example, only 4 % (227 out of 5,718) of 
markers were polymorphic between the cultivated varieties 
Changbohuang and Jinyehuang (Tong et al. 2012a).

SNPs are highly abundant and distributed throughout 
a genome, and are therefore highly valued as molecular 
markers. Many SNP detection systems are high through-
put, thus providing high genotyping efficiency, a high 

genome coverage and high accuracy. SNPs have there-
fore become the markers of choice for many genomic and 
genetic applications. With the advances of NGS-associated 
technologies, it should be easy to obtain SNPs through 
full genome sequencing (“re-sequencing”), genotyping-
by-sequencing (GBS), or reduced complexity sequenc-
ing from the cultivated species at reduced cost, although 
the current cost is still relatively high (Davey et al. 2011). 
For future marker-assisted breeding applications, SNP-
based genome-scale application will be the trend, espe-
cially in tetraploid tobacco research. The available genome 
sequences of N. sylvestris and N. tomentosiformis, N. 
otophora, N. tabacum, and N. benthamiana will provide 
informative sequences for genetic marker development. 
It should be possible to breed a super-tobacco plant with 
a cluster of economically important traits and minimized 
negative characteristics.

Dissection of the genetic basis of some complex traits 
will be the important research in Nicotiana for the future. 
Identification of optimal alleles of QTL or major genes 
underlying key traits like alkaloid production will be 
very useful for breeding. Linkage-based QTL mapping, 
genome-wide association analysis (GWAS), and nested 
association mapping (NAM) are all important tools that 
need to be applied to Nicotiana to dissect important physi-
ological, genetic and agronomic characteristics. GWAS is 
a powerful approach to examine whether a genetic vari-
ant is associated to a particular trait in a broad germplasm 
sampling, assessed at a whole genome scale. GWAS typi-
cally focuses on association between particular SNPs and 
particular traits. GWAS has been very successful in finding 
association between SNPs and disease traits in human since 
its first report for human age-related macular degenera-
tion in 2005 (Klein et al. 2005). An online database called 
NHGRI GWAS Catalog (http://www.genome.gov/gwastud-
ies/) has been curated with >14,000 SNP–trait associations 
in humans, published in 2002 articles, as of Oct 22nd 2014 
(Welter et  al. 2014). GWAS has also proven to be a very 
powerful tool in plant studies on such species as maize, 
rice and Arabidopsis and has been summarized in a recent 
review (Huang and Han 2014). For GWAS in Nicotiana, 
the first step should be to gather comprehensive SNP data 
from a broad germplasm panel, and an appropriate diver-
sity panel can then be selected for comprehensive pheno-
typing. Especially for some rare alleles association, NAM 
is a powerful joint linkage-association approach. Like the 
NAM populations in maize, a NAM population needs to 
be created for Nicotiana by crossing the appropriate germ-
plasm, as identified in the GWAS research (Kump et  al. 
2011; Poland et al. 2011). Better genetic maps, GWAS and 
NAM will all help to capture and mobilize the use of the 
Nicotiana genetic diversity for mapping and employing 
superior agronomic traits.

http://www.genome.gov/gwastudies/
http://www.genome.gov/gwastudies/


19Mol Genet Genomics (2015) 290:11–21	

1 3

Research on tobacco as a model plant

The Nicotiana genus has long been used as a research 
model plant. The genus is particularly useful for transgenic 
studies (because of its ease of transformation), for the study 
of polyploidy, and for investigation of secondary product 
biosynthesis. Availability of entire genome sequences and 
transcriptomic profiles will benefit and accelerate a wide 
range of scientific research in Nicotiana. One particularly 
exciting area of study is in plant–microbe interactions, 
including research on how orthologs of resistance genes 
and other immunity-associated genes from different spe-
cies function in N. benthamiana (Bombarely et al. 2012b). 
Since Nicotiana species are some of the best plants for 
transient transgene expression in leaf via simple Agrobac-
terium tumefaciens infiltration, better knowledge of the 
Nicotiana genome will provide more raw material for stud-
ying the function of any transformed gene. Another exam-
ple is heavy metal transport, an important research topic in 
plants, Nicotiana species display a high capacity to accu-
mulate heavy metals in their leaves. Some genes respon-
sible for cadmium/zinc accumulation in Nicotiana were 
identified in the genome sequences of N. sylvestris and N. 
tomentosiformis (Sierro et  al. 2013). Further research can 
be done based on these newly identified genes to under-
stand heavy metal transport and accumulation in Nicotiana, 
and the results of this research will provide useful clues 
with regard to metal accumulation in other crops.

Conclusion

Nicotiana is an important commercial crop and model 
plant. Excellent progress has been made in recent years 
in the generation of whole genome sequence data, under-
standing genome evolution, investigating gene expression, 
and unraveling the genetics and genes related to nicotine 
biosynthesis. The genetic and genomic advances reviewed 
and future prospect discussed here will guide both basic 
and applied research in tobacco for years to come. Progress 
in tobacco will also facilitate genetic, physiological, devel-
opmental and evolutionary studies in other plants, espe-
cially crops that belong to the same taxonomic family, such 
as potato and tomato.
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