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Abstract The tobacco cultivar Nicotiana tabacum is a
natural amphidiploid that is thought to be derived from
ancestors of Nicotiana sylvestris and Nicotiana tomen-
tosiformis. To compare these chloroplast genomes, DNA
was prepared from isolated chloroplasts from green
leaves of N. sylvestris and N. tomentosiformis, and sub-
jected to whole-genome shotgun sequencing. The N.
sylvestris chloroplast genome comprises of 155,941 bp
and shows identical gene organization with that of N.
tabacum, except one ORF. Detailed comparison re-
vealed only seven different sites between N. tabacum and
N. sylvestris; three in introns, two in spacer regions and
two in coding regions. The chloroplast DNA of N. to-
mentosiformis is 155,745 bp long and possesses also
identical gene organization with that of N. tabacum,
except four ORFs and one pseudogene. However, 1,194
sites differ between these two species. Compared with N.
tabacum, the nucleotide substitution in the inverted re-
peat was much lower than that in the single-copy region.
The present work confirms that the chloroplast genome
from N. tabacum was derived from an ancestor of N.
sylvestris, and suggests that the rate of nucleotide sub-
stitution of the chloroplast genomes from N. tabacum
and N. sylvestris is very low.
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Introduction

Chloroplasts are the plant-specific organelles that con-
tain their own genetic system. A wide variety of chlo-
roplast genomes has been completely sequenced and all
these sequences can be assembled into single circular
forms (Palmer 1991; Sugiura 1992; Wakasugi et al.
2001). The sequenced genomes vary considerably in size
from 35 to 204 kbp, and the number of genes differs
from 63 to 252 (http://www.ncbi.nlm.nih.gov). Based on
the completely sequenced chloroplast genomes, a set of
common protein-coding regions was concatenated and
used for phylogenetic analysis (Martin et al. 1998), and
genome-wide dot-plot analysis of a wide range of plant
and algal species was performed (Maul et al. 2002). On
the other hand, it is also important to compare closely
related species, using not only coding sequences but also
spacer regions, in view of microevolution. This line of
research is still scanty though an attempt has started for
the genus Oenothera (Hupfer et al. 2000) and sequencing
of plastid DNA has been performed for Atropa bella-
donna, a closely related species to tobacco (Schmitz-
Linneweber et al. 2002), in the light of nuclear-plastid
incompatibilities. Detailed comparison of complete
chloroplast DNA sequences has been made among re-
lated cereal species, rice, maize and wheat (Tsudzuki
et al. 2004). The spacer (the intergenic region) includes
elements necessary for gene expression, for example,
promoters, termination signals and ribosomal-binding
sites. In addition, it is possible that some of the so-called
‘‘spacers’’ include genes for non-coding RNAs. The sprA
gene encoding a 218 nt small RNA was identified in such
a region (Vera and Sugiura 1994). It is extremely difficult
to predict RNA-coding genes except highly conserved
RNA species, e.g. tRNAs and rRNAs. One of the ways
to predict genes for non-coding RNAs would be to
compare intergenic regions among closely related spe-
cies. This method was successfully applied for the pre-
diction of small RNA-coding genes in Escherichia coli
(Hershberg et al. 2003). Nicotiana tabacum (tobacco) is a
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natural amphidiploid derived from two progenitors.
Ancestors of Nicotiana sylvestris and Nicotiana tomen-
tosiformis were the likely progenitors (e.g. Smith 1974;
Fulnecek et al. 2002). The chloroplast genome is be-
lieved to have originated from a species close to N. syl-
vestris (reviewed by Smith 1974; Gray et al. 1974; Kung
et al. 1982; Olmstead and Palmer 1991). N. tabacum is a
relatively recent amphidiploid species as it was estimated
to arise only 6 Myr ago (Okamuro and Goldberg 1985)
or even 0.2 Myr ago by the more recent calculation
(Clarkson et al. 2005). Therefore, it affords the oppor-
tunity to investigate chloroplast DNA changes after an
amphidiploidization event as the descendants of its
progenitors are available. The analysis of restriction
patterns of chloroplast DNAs was extensively per-
formed for a variety of Nicotiana species and a phylo-
genetic tree of chloroplast DNA evolution was proposed
(Kung et al. 1982), whereas complete sequences of
chloroplast DNAs from Nicotiana species other than N.
tabacum (Shinozaki et al. 1986) were not determined.
Here, we report the complete nucleotide sequences of
chloroplast DNAs from both N. sylvestris and N. to-
mentosiformis and close comparison throughout the
entire sequences. Our present study provides unambig-
uous evidence that the ancestor of N. sylvestris is the
maternal progenitor of N. tabacum.

Materials and methods

Nicotiana sylvestris and N. tomentosiformis green leaves
were harvested from 4- to 5-week-old plants in a
growth chamber at 28�C under 16 h light/8 h dark
conditions. N. sylvestris plants were transferred in the
dark for 72 h at 28�C to consume starch before chlo-
roplast isolation. Intact chloroplasts were prepared
essentially as described (Tanaka et al. 1987), using
20-50-80% discontinuous Percoll gradients instead of
linear gradients. Chloroplast DNA was isolated with
Plant DNAzol Reagent (Invitrogen, USA). DNA con-
centrations were measured using a Molecular Imager
FX (Bio-Rad, USA) with PicoGreen dsDNA quantifi-
cation kit (Molecular Probes, USA). Purity of DNA
preparations was monitored by 0.8% agarose gel elec-
trophoreses after EcoR I digestion, and only DNA
preparations with high quality were used (Fig. S1).
Shotgun sequencing was performed by Shimadzu Co.,
Ltd. (Kyoto, Japan). Briefly, chloroplast DNA was
fluid-mechanically fragmented by a HydroShear (Gene
Machine, USA) and 1.5�3.5 kbp DNA fragments were
recovered after agarose gel electrophoresis. To construct
random DNA libraries, the DNA fragments recovered
were blunt-ended and cloned into the HincII site of
pUC118. DNA templates were isolated from individ-
ual clones using MagExtractor plasmid kit (TOYOBO,
Japan), and single-pass sequencing was performed for
both ends of inserts (1�3 kbp) with M13 and M13
reverse primers. Sequence data were first subjected to
BLAST search and then were assembled and analyzed

using Sequencher v. 4.1 (Gene Codes Corporation,
USA). Direct sequencing of PCR-amplified fragments
was used to fill large gaps and the primer walking on
shotgun clones to close small gaps. Primers were pre-
pared by Hokkaido System Science (Sapporo, Japan).
Sequencing was performed with the BigDye terminator
v. 3.0 cycle sequencing ready reaction kit and a 3100
Genetic Analyzer (Applied Biosystems, USA). CEQDTCS-
Quick Start kit and a CEQ 8000 sequencer (Beckman
Coulter, USA) were also used. The RNA sequencing
method was adopted for two regions with short inverted
repeats using the CUGA sequencing kit (Nippon Gene,
Japan). Sequence data have been deposited with the
DDBJ/GenBank/EMBL DNA databases under
accession numbers Z00044 (N. tabacum), AB237912
(N. sylvestris) and AB240139 (N. tomentosiformis).

Results and discussion

The N. sylvestris chloroplast genome

A total of 2,257 random sequences (ca. 600 bp long
each) were provided by shotgun sequencing. To access
the purity of the DNA preparation, the random se-
quences were subjected to similarity searches with the
sequence of N. tabacum chloroplast DNA (accession
number Z00044), N. tabacum mitochondrial DNA
(Sugiyama et al. 2005, accession numbers AP006340-2)
and Escherichia coli K-12 DNA (accession number
U00096) as a marker of contaminating bacteria. Five
hundred and forty sequences were found to be similar to
chloroplast DNA (24%), six to mitochondrial DNA
(0.4%) and three to E. coli DNA (0.1%), and hence the
remaining 1,708 sequences were most likely to be from
nuclear DNA. Therefore, the DNA preparation was
practically free from mitochondrial DNA and bacterial
DNA. The 540 chloroplast-related sequences, which
correspond to ca. two genome-equivalents, were
assembled into a draft circle. Eight large gaps (ca. 3 kbp)
remained to be determined and these regions were
amplified by PCR for further sequencing. Short gaps
and ambiguous positions were sequenced by the primer
walking on the corresponding pUC118 clones. Four
hundred and seventy six sequences were determined in
our laboratory. The complete sequence was assembled
by the combination of random shotgun sequencing and
site-oriented sequencing. During the course of compar-
ison of the N. tabacum chloroplast DNA sequence, we
found some errors in the 1998 version (details will be
reported elsewhere).

N. sylvestris chloroplast DNA is only 2 bp shorter
than N. tabacum chloroplast DNA (Table 1). The gene
content (except one ORF) and order are identical to
those of N. tabacum (Fig. 1, color version in Fig. S2).
We found only seven different sites (9 bp differences)
between N. sylvestris and N. tabacum (Table 2). The
evolutionary rate was calculated to be only 0.75 nucle-
otide changes per genome and per Myr when comparing
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Table 1 The chloroplast genome of three Nicotiana species

Nicotiana tabacuma Nicotiana sylvestris Nicotiana tomentosiformis

Total size (bp) 155,943 155,941 <�2>b 155,745 <�198>
Large single copy (LSC, bp) 86,686 86,684 <�2> 86,392 <�294>
Inverted repeat (IR, bp) 25,342 25,342 25,429 <+87>
Small single copy (SSC, bp) 18,573 18,573 18,495 <�78>
Identity (%)c 99.99 98.54
Difference (site/bp)c 7/9 1,194/2,272
RNA editing (site)d 34 33 32

Accession numbers of the three Nicotiana species: N. tabacum (Z00044), N. sylvestris (AB237912) and N. tomentosiformis (AB240139)
aThe 2005 version
bParentheses indicate size differences with respect to N. tabacum
cWith respect to N. tabacum
dFrom Sasaki et al. (2003)

Fig. 1 Gene map of the chloroplast genome from Nicotiana
sylvestris. Genes shown on the inside of the circle are transcribed
clockwise and those on the outside are transcribed counterclock-
wise. Genes for tRNAs are represented by one-letter code of amino
acids with anticodons. Asterisks denote split genes. ORFs are
shown by orf plus codon number (70 codons or more). Overlapping

genes are displayed by low–high boxes for downstream or inside
genes. Gene names are explained in Table 2 of Wakasugi et al.
(1998). Filled triangles inside the circle indicate sites different
between N. sylvestris and Nicotiana tabacum. This map is the same
as that of N. tabacum except orf63 overlapped with trnS and psbI
(orf90 in N. tabacum)
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the chloroplast genomes of the two species which share
an evolutionary distance of 12 Myr ago. Although this
low evolutionary rate may be specific for Nicotiana, the
data indicate that evolutionary rate calculations to pre-
dict the age and history of genera and species may be
subject to methodological errors as neither evolutionary
rates are constant across lineages nor may be constant
along the life history of a given species. The low fre-
quency of nucleotide changes may also be explained by
the recent calculation about an origin of tobacco just 0.2
MYr ago (Clarkson et al. 2005). It should be noted that
these different sites are localized in the large and small
single-copy regions (LSC and SSC regions, respectively)
but not in the inverted repeat (IR). With respect to N.
sylvestris, addition is found in two spacers and deletion
is observed in one intron. Interestingly, the deletion and
addition occurred at A–stretches or T–stretches.
Nucleotide changes occurred in two introns. In rpoC2,
an isoleucine codon ATC in N. sylvestris was substituted
by ATT, resulting in no amino acid change, whereas a
glutamic acid codon CAA of ndhF in N. sylvestris was
changed to a proline codon CCA in N. tabacum, that is,
only one amino acid change between these chloroplast
genomes.

The N. tomentosiformis chloroplast genome

A total of 2,448 random sequences were provided,
among which 2,001 (82%) showed similarity to N. ta-
bacum chloroplast DNA. Therefore, the chloroplast
DNA preparation was practically pure enough for
shotgun sequencing. The reason for low purity of the
chloroplast DNA sample from N. sylvestris is not known

but its nuclei may be fragile. We assembled the 2,001
sequences (at a sevenfold to eightfold redundancy) into a
draft circle, which left one gap (ca. 100 bp) and several
dozens of small spaces and ambiguous positions. We
sequenced 78 such regions to cover all these sites. The
chloroplast DNA of N. tomentosiformis is 198 bp
shorter than that of N. tabacum (Table 1). The IR-LSC
junctions were compared among 13 Nicotiana species
and found to have expanded and contracted during the
evolution of this genus (Goulding et al. 1996). Gene
conversions were proposed to account for these small
and apparently random IR expansions. As shown in
Fig. 2, the IR of N. tomentosiformis expanded 64 bp
towards the LSC and hence JLA lies within rps19,
resulting in the occurrence of its truncated copy (referred
to as wrps19) on the IRA as observed in several Nicoti-
ana species and other dicot plants (Goulding et al. 1996).
The IR also expanded 13 bp towards the SSC. ORF338
in IRB is a shortened version of ORF350 in N. tabacum
due to a frame-shift (these ORF portions within IRB are
identical in sequence to the 5¢ part of ycf1). Multiple
insertions and deletions occurred also within the internal
IR, resulting in further expansion of 10 bp.

We found 1,194 different sites (2,272 bp differences)
between N. tabacum and N. tomentosiformis; however,
the gene content (except several ORFs) and order are
again identical to those of N. tabacum (color gene map
in Fig. S3). Distribution of differences (bp) between N.
tomentosiformis and N. tabacum is summarized in Ta-
ble 3. The nucleotide substitution within the IR (0.55%)
is much lower than that in the single-copy regions
(1.78�1.92%), which is consistent with previous reports
(e.g. Wolfe et al. 1987). The rate of nucleotide substi-
tution was the lowest in RNA-coding regions (0.12%),

Site Positiona Gene Difference N. tabacumb

N. sylvestris

8,616~7 psbI–trnS spacer Addition
gaaaaaaaaa AA tcaagtcatc
gaaaaaaaaa -- tcaagtcatc

2

1

12,915 atpF intron Change
gctcttctta  C ttagaatagg
gctcttctta  T ttagaatagg

3 19,702 rpoC2 Change
cagcacatat  A attcgattaa
cagcacatat  G attcgattaa

4 31,618 psbM–trnD spacer Addition
tttttttttt  T gttttttctg
tttttttttt  - gttttttctg

5 46,130 ycf3 intron-1 Deletion
aaaaaaaaaa  - gaatcaaatc
aaaaaaaaaa  A gaatcaaatc

6 79,284~5 petD intron Change
aaacggaatc AA gattccgttt
aaacggaatc TT gattccgttt

7 112,926 ndhF Change
accataattt  G gaaaatgagc
accataattt  T gaaaatgagc

a) Position of the N. tabacum sequence
b) Sequences from the A chain (strand encoding the large subunit of RubisCO).  Upper-case letters indicate 

different bp and hyphens deletion. Underlines designate codon positions in question (these mRNAs are 
complementary)

Table 2 Seven sites different between N. tabacum and N. sylvestris chloroplast DNAs
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while it was the highest in intergenic regions (3.48%),
approx. 30-fold higher than the former, indicating the
high accumulation of mutations in spacers.

Genes and ORFs in the three Nicotiana chloroplast
genomes

Table 4 lists genes and conserved ORFs (ycfs) with dif-
ferences in sequence among the three Nicotiana species.
Among the 79 protein-coding genes (including 6 ycfs) so
far identified, 37 N. tomentosiformis genes are not
identical in amino acid sequences predicted from DNA
sequences to those of N. tabacum. The ycf10 gene is an
exception and low in amino acid identity (86.2%), while
the others are highly similar to each other (96.4�99.6%
identities). The ycf10 product is involved in efficient
inorganic carbon uptake into the chloroplast of Chla-
mydomonas but is not required for cell viability (Rolland
et al. 1997), suggesting that the sequence divergence is
tolerable and hence the low similarity is observed even in

the closely related species. Among the 35 genes encoding
stable RNA species, five genes show sequence differ-
ences.

Previously we reported 12 of the ORFs with 70 co-
dons or more unique to N. tabacum (Wakasugi et al.
1998). Here, we add five additional ORFs that were not
listed due to overlapping with known genes and locating
within introns, because possible transcripts were de-
tected from some of these ORFs (unpublished results).
Table 5 lists these ORFs together with those of Atropa
(Schmitz-Linneweber et al. 2002). Among the newly
annotated ORFs, four are conserved between N. syl-
vestris and N. tabacum, whereas ORF90 that overlaps
with psbI and trnS was shortened to ORF63 in N. syl-
vestris due to nucleotide deletion (see Table 2, site 1).
ORFs mapped on the IR are well conserved as IRs are
stable during evolution (see Table 3). In the LSC,
ORF99, ORF70C and ORF71A are well conserved
among the three Nicotianas and Atropa, and hence these
may be protein-coding genes or regions overlapping
with these ORFs may encode non-coding RNAs.

Fig. 2 Comparison of the
structures of IR endpoints
between Nicotiana
tomentosiformis and N.
tabacum. Gene sizes shown as
boxes are not scaled

Table 3 Distribution of nucleotide differences between N. tomentosiformis and N. tabacum

Nucleotide differences (bp)a Percentage
differences

LSC SSC IRA IRB Sum

Protein-coding regionsb 262 200 16 21 499 0.63 (79,552)
RNA-coding regions 3 8 2 2 15 0.12 (12,058)
ORFsc 72 7 5 0 84 1.46 (5,764)
Introns 204 18 13 13 248 1.41 (17,604)
Intergenic regionsd 1,122 97 72 135 1,426 3.48 (40,965)
Sum 1,663 330 108 171 2,272 0.46 (155,943)
Percentage differences 1.92 (86,686) 1.78 (18,573) 0.55 (50,684) 1.46 (155,943)

aNumbers of different bp with respect to N.tabacum
bDifference between IRA and IRB is due to that in ycf1
cDifference between IRA and IRB is due to that in orf338/orf350
dDifference between IRA and IRB is due to the expansion (wrps19) toward LSC

371



Table 4 List of genes found in the Nicotiana chloroplast genome

Protein-coding genes RNA-coding genes

Genetic system Photosynthesis NADH
dehydrogenase

Ribosomal RNA Transfer RNA

matK 97.8% atpA 99.6% ndhA 99.4% rrn16 trnA-UGC
rpl2 atpB 98.8% ndhB rrn23 2 sites trnC-GCA
rpl14 98.4% atpE 99.2% ndhC rrn4.5 trnD-GUC
rpl16 99.3% atpF 98.4% ndhD 99.2% rrn5 trnE-UUC
rpl20 atpH ndhE trnfM-CAU
rpl22 98.1% atpI ndhF 98.1% trnF-GAA
rpl23 ccsA 99.0% ndhG other trnG-GCC
rpl32 98.2% petA 98.8% ndhH 98.7% sprA 3 sites trnG-UCC 1 site
rpl33 petB ndhI 99.4% trnH-GUG
rpl36 97.3% petD ndhJ trnI-CAU
rpoA 97.3% petG ndhK 98.9% trnI-GAU
rpoB 99.6% petL trnK-UUU
rpoC1 99.0% petN 96.6% trnL-CAA
rpoC2 99.0% psaA others trnL-UAA
rps2 99.6% psaB 99.6% accD 98.8% trnL-UAG
rps3 98.6% psaC clpP trnM-CAU
rps4 99.0% psaI trnN-GUU
rps7 psaJ trnP-UGG
rps8 98.5% psbA ycfs trnQ-UUG
rps11 99.3% psbB ycf1 96.4% trnR-ACG
rps12 psbC ycf2 99.6% trnR-UCU 1 site
rps14 psbD ycf3 trnS-GCU 1 site
rps15 psbE ycf4 97.8% trnS-GGA
rps16 psbF ycf10 86.2% trnS-UGA
rps18 psbH ycf15 98.9% trnT-GGU
rps19 98.9% psbI trnT-UGU

psbJ trnV-GAC
psbK trnV-UAC
psbL trnW-CCA
psbM trnY-GUA
psbN
psbT
psbZ
rbcL 99.8%

Amino acid sequences derived from N. tomentoriformis protein-coding genes were compared with those from N. tabacum and identities
(%) are listed on the right. Genes with no figure are identical between the two species. The ndhA product of N. tomentoriformis has three
amino acids different from that of N. tabacum; however, one is restored by RNA editing (99.4 % identity at the RNA level, Schmitz-
Linneweber et al. 2001). The RNA-coding genes whose sequences differ between the two species are indicated with the number of different
sites. ndhF is the only gene not identical between N. sylvestris and N. tabacum (see Table 2, site7).

Table 5 Comparison of the
annotated ORFs from three
Nicotiana species and Atropa

aFrom Schmitz-Linneweber
et al. (2002)
bFrom Wakasugi et al. (1998).
Numerals after ORF indicate
numbers of codons
cORFs shown are those
shortened or expanded due to
nucleotide substitution, deletion
or insertion
dNumbers of amino acid (aa)
changes due to nucleotide
substitution are shown
eORF63 in N. sylvestris

N. tabacum, N. sylvestris N. tomentosiformis Atropa belladonnaa

12 annotated ORFsb Location
ORF105 ORF74c ORF58c LSC
ORF74 ORF10 ORF30,35 LSC
ORF70A 2 aad ORF35 LSC
ORF99 4 aa 7 aad LSC
ORF103 ORF47 ORF80 LSC
ORF92 Identical 1 aa IR
ORF115 Identical 1 aa IR
ORF79 Identical 2 aa IR
ORF70B Identical Identical IR
ORF131 Identical 1 aa IR
ORF75 Identical ORF69 IR
ORF350 ORF338 ORF489 IR-SSC
Newly annotated ORFs
ORF90e 3 aa ORF25 LSC
ORF70C 2 aa 5 aa LSC
ORF71A 3 aa 6 aa LSC
ORF79B 1 aa ORF66 LSC
ORF71B Identical Identical IR
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Furthermore, an extensive sequence comparison of the
spacer regions from the three Nicotiana and related
species would be useful to predict additional non-coding
RNAs. In N. tomentosiformis, a new ORF of 73 codons
appeared by a nucleotide substitution, which overlaps in
part with rps4 on the opposite strand (not listed in Ta-
ble 5). This ORF is unique to N. tomentosiformis, sug-
gesting again that it is unlikely to be a protein-coding
gene.

Conclusion

This is the first example that the chloroplast genomes of
an allopolyploid and its present-day progenitors were
completely sequenced. These sequences offer basic
information regarding microevolution among closely
related species. Overall identities with N. tabacum are
99.99% for N. sylvestris and 98.54% for N. tomentosi-
formis. Based on detailed comparison between the three
chloroplast DNA sequences, it is obvious that the N.
tabacum chloroplast genome originated from an ances-
tor of the present-day N. sylvestris.
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