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Abstract Using single-copy conserved ortholog set

(COSII) and simple sequence repeat (SSR) markers, we

have constructed two genetic maps for diploid Nicotiana

species, N. tomentosiformis and N. acuminata, respec-

tively. N. acuminata is phylogenetically closer to N. syl-

vestris than to N. tomentosiformis, the latter two of which

are thought to contribute the S-genome and T-genome,

respectively, to the allotetraploid tobacco (N. tabacum L.,

2n = 48). A comparison of the two maps revealed a min-

imum of seven inversions and one translocation subsequent

to the divergence of these two diploid species. Further,

comparing the diploid maps with a dense tobacco map

revealed that the tobacco genome experienced chromo-

somal rearrangements more frequently than its diploid

relatives, supporting the notion of accelerated genome

evolution in allotetraploids. Mapped COSII markers per-

mitted the investigation of Nicotiana–tomato syntenic

relationships. A minimum of 3 (and up to 10) inversions and

11 reciprocal translocations differentiate the tomato gen-

ome from that of the last common ancestor of N. tomen-

tosiformis and N. acuminata. Nevertheless, the marker/gene

order is well preserved in 25 conserved syntenic segments.

Molecular dating based on COSII sequences suggested that

tobacco was formed 1.0MYA or later. In conclusion, these

COSII and SSR markers link the cultivated tobacco map to

those of wild diploid Nicotiana species and tomato, thus

providing a platform for cross-reference of genetic and

genomic information among them as well as other solana-

ceous species including potato, eggplant, pepper and the

closely allied coffee (Rubiaceae). Therefore they will

facilitate genetic research in the genus Nicotiana.

Introduction

Extensive comparative mapping studies have been per-

formed in the family Solanaceae in the past three decades,

including tomato, potato, eggplant and pepper (Doganlar

et al. 2002a; Livingstone et al. 1999; Tanksley et al. 1992).

These works have depicted syntenic relationships among

these solanaceous species and provided insights into gen-

ome evolution in this large plant family, and practically,

have allowed comparative analysis of qualitative and

quantitative traits among them (Doganlar et al. 2002b).

Recently, Wu et al. (2006) developed a set of single-copy

conserved orthologous markers (COSII) and designed

universal primers that could amplify orthologous fragments

from solanaceous species and the close relative coffee

(Rubiaceae). These COSII markers have been successfully
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used to study syntenic relationships among tomato, egg-

plant and pepper (Wu et al. 2009a, b), and in this work we

further demonstrated their utility in a more distant genus

Nicotiana (vs. tomato and eggplant in Solanum and pepper

in Capsicum).

The genus Nicotiana in the plant family Solanaceae

comprises 70 naturally occurring species (Lewis and

Nicholson 2007). Tobacco (N. tabacum L.) is an allote-

traploid (2n = 48) and considered to be derived from a

tetraploidization event subsequent to an interspecific

hybridization between the diploid species N. sylvestris (S-

genome, 2n = 24) and a diploid member of section To-

mentosae (T-genome, 2n = 24), possibly N. tomentosifor-

mis or N. otophora (Kenton et al. 1993; Lim et al. 2004).

The genus Nicotiana has long been considered as a model

system in evolution, ecology and biotechnology (Chaleff

and Ray 1984; Clemente 2006; Daniell et al. 2001; Goodin

et al. 2008; Kessler and Halitschke 2007; Kessler et al.

2008; Okamuro and Goldberg 1985). In the past, there have

been efforts to develop molecular genetic maps of Nicoti-

ana species (Bogani et al. 1997; Julio et al. 2006; Lin et al.

2001; Nishi et al. 2003; Ren and Timko 2001; Rossi et al.

2001). Recently, a well-covered simple sequence repeat

(SSR) map has been reported for N. tabacum (Bindler et al.

2007). However, very little comparative mapping work has

been done for this genus (Lin et al. 2001), and no clear

syntenic relationships have been established between

Nicotiana species.

It would be ideal to directly compare genetic maps of the

tobacco and tomato genomes. However, genetic mapping is

complicated in tetraploid tobacco, especially using orthol-

ogous markers. To overcome this problem, we attempted to

develop two diploid mapping populations each representing

one of the two putative diploid ancestral genomes—

N. tomentosiformis and N. sylvestris. A set of COSII markers

mapped on tomato (Wu et al. 2006) and SSR markers on

tobacco (Bindler et al. 2007) were applied in both diploid

mapping populations. These two diploid maps have allowed

us not only to compare tobacco and tomato genomes through

the bridge of diploid Nicotiana maps, but also to investigate

genome evolution in tetraploid tobacco and its diploid rel-

atives. Furthermore, orthologous sequences amplified by

COSII universal primers also provided an opportunity to

estimate the divergence time between tobacco and its diploid

progenitors, i.e., when the tetraploidization occurred. In

conclusion, we expect these tobacco–Nicotiana–tomato

comparative maps will link tobacco and tomato, facilitate

sharing of their genomic and genetic information including

genome sequences (http://www.sgn.cornell.edu/about/

tomato_sequencing.pl; http://tobaccogenome.org), allow

further development of molecular breeding in tobacco, and

advance studies of genome evolution and comparative

genomics in the family Solanaceae.

Materials and methods

Genetic mapping in two Nicotiana genomes

To analyze the T-genome, we developed a mapping pop-

ulation of 55 interspecific F2 plants from the cross N. to-

mentosiformis TA3385 9 N. otophora TA3353. For the S-

genome, N. sylvestris is the only species in section Syl-

vestres. We surveyed five accessions from USDA germ-

plasm collection and the Botanical and Experiment

Garden, Radboud University, Nijmegen, The Netherlands (

http://www.bgard.science.ru.nl/), and observed extremely

low polymorphism between these accessions. Only 1 out of

24 tested COSII markers contained cleaved amplified

polymorphic sequence (CAPS) (data not shown). With

such a low level of polymorphism, it was impractical to

develop a COSII map within N. sylvestris. Based on phy-

logeny (Knapp et al. 2004), species in the closest section

Alatae all have a different chromosome number (2n = 18

vs. 2n = 24 in N. sylvestris) and would make it difficult to

develop fertile F1 hybrids; therefore, we searched for

crossable species in the more distant section Petunioides.

We tried interspecific crosses between N. sylvestris and

members in section Petunioides as well as within section

Petunioides; however, the vast majority of them did not

produce a suitable mapping population due to one of the

following reasons: failure to germinate F1 seedlings, or

sterile F1 plants, or a low polymorphism level between

parental plants. In the end, we developed a mapping pop-

ulation of 51 intraspecific F2 plants from N. acuminata

TA3460 9 N. acuminata var. multiflora TA3461. N. syl-

vestris and N. acuminata are phylogenetically closer to

each other than to N. tomentosiformis that is basal in

phylogeny of the genus Nicotiana (Knapp et al. 2004).

The two diploid Nicotiana maps were designated as Tmf

(N. tomentosiformis) and Acn (N. acuminata). A set of

COSII markers and a small number of tomato-derived

markers were selected at intervals of approximately 10 cM

throughout the tomato genetic map (93% coverage of the

tomato map for the Tmf map and 55% for the Acn map,

calculated by excluding gaps of [20 cM or gaps on either

end of a chromosome). The lower coverage of the Acn map

is mainly due to its lower polymorphism level. Universal

primers for the COSII markers, based on sequence align-

ments of orthologs from multiple solanaceous species (Wu

et al. 2006), were used to amplify orthologous fragments

from the mapping parents. If the COSII primers used for

tomato did not provide suitable polymorphic fragments for

mapping in Nicotiana, a second primer pair was designed

in a different region of the same sequence alignment using

the method described in Wu et al. (2006). Amplicon size

differences between the two parents of a mapping popu-

lation were used to genotype the mapping population
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directly. Otherwise, the single fragment amplicons were

purified and sequenced. Sequences of the two parents were

then aligned and examined for CAPS (Konieczny and

Ausubel 1993) using the program CAPSdesigner (http://

www.sgn.cornell.edu/tools/caps_designer/caps_input.pl).

Thereafter, the mapping population was genotyped via

CAPS assays. In the cases where CAPS assays were not

feasible, other single nucleotide polymorphisms (SNPs)

were exploited to design derived CAPS (dCAPS) assays

using the program dCAPS (Neff et al. 1998, 2002).

Tomato-derived single-copy markers were used for map-

ping only when COSII markers were not available. Primers

were designed based on the tomato cDNA sequences and used

to amplify orthologous fragments from the Nicotiana parents

and the same method as for COSII markers was used to

genotype these markers in the Nicotiana mapping popula-

tions. Information of all COSII and tomato-derived markers is

available in supplementary Tables S1 and S2, and

ftp://ftp.sgn.cornell.edu/COSII/Nicotiana.

A set of SSR markers, some of which were developed

from tobacco genomic sequences and used to construct a

published tobacco map (Bindler et al. 2007) and others

from unpublished maps (developed by Philip Morris

International, Switzerland), were also genotyped in these

two populations using the protocol described in Bindler

et al. (2007). Subsequently, the three sets of markers were

combined to construct a genetic map for each population

using the Mapmaker software (Lander et al. 1987). We first

estimated linkage groups using the command ‘‘group 3,

0.2’’, and then established a framework (markers ordered at

LOD C 3) for each group using the commands ‘‘compare’’

and ‘‘ripple’’. Subsequently, genetic distances were calcu-

lated using framework markers and the Kosambi mapping

function (Kosambi 1944). Finally, we positioned additional

markers in the intervals between framework markers using

the commands ‘‘try’’ and ‘‘ripple’’. Interval markers were

assumed to be evenly distributed between the flanking

framework markers for calculation of their approximate

mapping positions.

Genetic mapping in tomato

The tomato map, used in the comparisons to the Nicotiana

maps, has been previously generated based on an inter-

specific cross S. lycopersicum 9 S. pennellii (Frary et al.

2005; Fulton et al. 2002). Currently, more than 2,500

markers have been mapped in this population of which 877

are COSII markers (Wu et al. 2006). For the purpose of

comparison with Nicotiana, we prepared a modified tomato

genetic map for which the framework was based predom-

inantly on the COSII markers. The complete tomato map is

available at Solanaceae Genomics Network (http://www.

sgn.cornell.edu/cview/map.pl?map_id=9&show_offsets=1

&show_ruler=1) and bulk download of all COSII marker

information is available at SGN FTP site (ftp://ftp.sgn.

cornell.edu/COSII/).

Assessment of Nicotiana–tomato synteny

The degree of synteny between Nicotiana and tomato was

assessed using synteny marker pairs (SMPs) and conserved

syntenic segments (CSSs) as in previous comparative

studies in Solanaceae (Wu et al. 2009a, b). A SMP is

defined as a pair of synteny markers that are adjacent to

each other (regardless of other non-synteny markers) on

both maps. To minimize erroneous results, we searched for

SMPs only within the subset of synteny markers that had

been mapped and ordered in both genomes with LOD C 2

(a relatively high confidence given the size of the two

mapping populations and the number of markers). We first

identified SMPs between the Tmf and tomato maps and

between the Acn and tomato maps and then combined the

results and removed conflicts. How we combined SMPs is

described in the following example. Markers a, b, c and d

are in order on the tomato map, markers a and c are

adjacent on the Tmf map and thus a SMP and so are

markers b and d on the Acn map. In such a case, we

combined the two SMPs and re-divided them into three

consecutive SMPs, a–b, b–c and c–d. An example to

remove conflicts was as follows. Suppose a–b is a SMP

between the Tmf and tomato maps, a and b are mapped to

different linkage groups on the Acn map (regardless of

mapping confidence). In this case, we removed a–b from

the SMP list. Subsequently, the resultant SMPs were coa-

lesced into CSSs defined as shared blocks of genes/markers

with preserved order between genomes. In this way, the

identified CSSs are conserved among all three genomes. In

this analysis, markers ordered at LOD \ 2 were utilized

only in reference to interchromosomal translocation or

considered as a single gene transposition.

Molecular dating of the tobacco speciation

In a project of Nicotiana phylogeny (Wu and Tanksley,

unpublished results), we identified six markers—

C2At1g14850, C2At1g30540, C2At1g67700, C2At1g74470,

C2A3g15380 and C2At4g16580, each of which amplified two

distinct sequences from N. tabacum. We were able to ascertain

that each pair of the tobacco amplicons (amplified by the

primer set of a COSII marker) corresponds to the homeologs in

the two distinct genomes of the allotetraploid tobacco. For

these markers, we obtained a single amplified sequence from

N. sylvestris TA3347 and the four mapping parents in this

work—N. tomentosiformis TA3385, N. otophora TA3353,

N. acuminata TA3460 and N. acuminata var. multiflora

TA3461. These data were subsequently used to estimate an
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upper limit of the time when tetraploid tobacco was formed via

interspecific hybridization (between the ancestral diploid

progenitors) followed by tetraploidization. Introns in these

diploid Nicotiana amplicons were identified by aligning them

with the corresponding tomato ortholog with known intron

positions (Wu et al. 2006). Then, we removed the intron

sequences and concatenated the remaining exon sequences of

the six markers. We used MODELTEST (Posada and Crandall

1998) to choose the most suitable DNA substitution model via

likelihood ratio test between null model (i.e., equal base fre-

quency, equal transition rates and equal transversion rates,

rates equal among sites and no invariable sites) and each of the

other 55 complex models. Finally, we reconstructed a phylo-

genetic tree using maximum likelihood (ML) method in

PAUP*4.0 (Swofford 2003) and the above DNA substitution

model, based on the overlapping region in the sequence

alignment. The divergence time between T-genome/

S-genome allele and its closest diploid Nicotiana relative was

estimated using non-parametric rate smoothing (NPRS)

method, which did not rely on the assumption of a molecular

clock, in the program r8s (Sanderson 1997). The calibration

point was 27.7MYA for the tomato–Nicotiana split (Wu and

Tanksley, unpublished results). Based on the Solanaceae

phylogeny (Olmstead et al. 1999), this estimate is consistent

with the recent estimates of tomato–petunia divergence

31.2MYA and tomato–pepper divergence 19.1MYA (Wang

et al. 2008). Sequence alignments are available at ftp://

ftp.sgn.cornell.edu/COSII/Nicotiana.

Results

COSII marker polymorphism

Over 400 COSII markers were tested in the two Tmf

mapping parents—N. tomentosiformis and N. otophora. In

34 cases, the two parents had a detectable amplicon size

difference ([30 bp) on agarose gels (supplementary Table

S1); in 228 other cases, it was feasible to design CAPS or

dCAPS assays based on SNPs detected in the amplicon

sequences of the two parents. A subset of 186 COSII

markers in the latter category, which had a minimum of

200 bp sequenced exon and/or intron, was subjected to

further sequence analysis (supplementary Table S3;

sequence alignments available at ftp://ftp.sgn.cornell.edu/

COSII/Nicotiana). The intron positions of the COSII

markers had been predicted previously based on compari-

son with the Arabidopsis orthologs (Wu et al. 2006). The

analysis of these amplicon sequences (154 introns and 49

exons) further confirmed the conserved intron positions

between the family Solanaceae and Arabidopsis. Not sur-

prisingly, the average SNP frequency was significantly

higher in introns (58 bp/SNP) than exons (103 bp/SNP).

INDELs were identified in 90 introns (58%) but only 2

exons (4%, supplementary Table S3). In addition, the 20

most polymorphic markers were distributed across the

entire map except for Tmf9 (supplementary Table S3).

In the Acn population, we observed a similar situation.

About 300 COSII markers were tested in the two mapping

parents—N. acuminata and N. acuminata var. multiflora. In

14 cases, the two parents had a detectable amplicon size

difference ([30 bp) on agarose gels (supplementary Table

S2); in 119 other cases, it was feasible to design CAPS or

dCAPS assays based on the SNPs detected in the amplicon

sequences of the two parents. A subset of 103 COSII

markers in the latter category, which had a minimum of

200 bp sequenced exon and/or intron, was subjected to

further analysis (supplementary Table S4; sequence align-

ments available at ftp://ftp.sgn.cornell.edu/COSII/

Nicotiana). The analysis of these amplicon sequences (88

introns and 20 exons) also confirmed the conserved intron

positions between the family Solanaceae and Arabidopsis.

Similar to the Tmf population, the average SNP frequency

was significantly higher in introns (75 bp/SNP) than exons

(115 bp/SNP). INDELs were identified in 52 introns (59%)

but none of the exons (supplementary Table S4). The 20

most polymorphic markers (3 in common with those of the

Tmf population) were distributed across the entire map

except for Acn4 and Acn11 (supplementary Table S4);

therefore, the combined set of 37 markers from the Tmf

and Acn populations could potentially be useful for

assessing genetic diversity in Nicotiana.

Construction of diploid Nicotiana genetic maps

Of the COSII markers surveyed in the Tmf population, 262

produced usable polymorphisms (including amplicon size

difference, CAPS and dCAPS) for genetic mapping. This

marker set, together with six tomato-derived markers,

provided a good coverage (93%, see ‘‘Materials and

methods’’) of the tomato genetic map and hereafter will be

referred to as Tmf synteny markers. Subsequently, Tmf

synteny markers were combined with 221 tobacco SSR

markers to generate a relatively dense genetic map, com-

prising 489 markers and 12 linkage groups (named Tmf1–

12 based on synteny with tomato chromosomes T1–12;

Fig. 1). These linkage groups ranged in map distance from

59 cM (Tmf2) to 112 cM (Tmf3), and the entire genetic

map totals 1,071 cM with an average density of one

framework marker every 4.1 and 2.2 cM for all markers

(Table 1).

Of all the COSII markers surveyed in the Acn popula-

tion, 133 produced usable polymorphisms (including

amplicon size differences, CAPS and dCAPS) for genetic

mapping. This marker set, together with one tomato-

derived marker, covered 55% (lower coverage than the
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Tmf map due to the lower polymorphism lever and thus the

smaller number of markers) of the tomato genetic map and

hereafter will be referred to as Acn synteny markers.

Subsequently, Acn synteny markers were combined with

174 tobacco SSR markers to generate a genetic map. The

Acn map is comprised of 308 markers and 12 linkage

groups (named Acn1–12 based on synteny with tomato

chromosomes T1–12; Fig. 1). These linkage groups ranged

in map distance from 65 cM (Acn9) to 106 cM (Acn2), and

the entire genetic map totals 1,033 cM with an average

density of one framework marker every 5.0 and 3.4 cM for

all markers (Table 1).

In general, the Tmf linkage groups were longer than the

orthologous Acn ones, which may be attributed to its

greater tomato genome coverage. However, the entire map

length was not significantly different between the two maps

due to the fact that the Tmf map had a much shorter map

distance in Tmf2 (47 cM shorter) and Tmf8 (27 cM

shorter). Tmf2 was shorter due to recombination reduction

(possibly caused by an inversion between the two mapping

parents) while Tmf8, according to comparison with Acn8,

may be extended by mapping more markers.

Genome evolution within the genus Nicotiana

The following pairwise comparisons were performed in

order to study genome evolution within the genus Nicoti-

ana. First, we compared the two diploid maps in order to

identify putative chromosomal rearrangements since the

divergence of these diploid species. This analysis relied on

the common COSII markers since there were only four

SSR markers shared between the two maps. Secondly, we

compared the Tmf and Acn maps with a dense tobacco map

of 24 linkage groups Tob1–24 (Bindler et al. 2007;

unpublished results) via common SSR markers. This

analysis allowed the identification of two sets of homeol-

ogous linkage groups—12 for T-genome (the 12 chromo-

somes corresponding to the Tmf map) and 12 for S-genome

(the other 12 chromosomes corresponding to the Acn map).

If a rearrangement existed between the Tmf and the Tob

maps but not between Tmf and Acn in the same map

region, we considered such rearrangement likely occurred

in the tobacco T-genome after the tetraploidization event.

If a rearrangement existed between the Acn and the Tob

maps but not between Tmf and Acn in the same map

region, we considered such rearrangement occurred either

in the tobacco S-genome after the tetraploidization or in the

lineage leading to N. sylvestris before the tetraploidization.

Rearrangements observed between the Tmf and Acn maps

were further analyzed using tomato as an outgroup and will

be discussed in next section.

For the Tmf–Acn comparison, we declared a disruption

in synteny between the two genomes when the following

two criteria were both met. First, a structural difference

was inferred only if two or more linked markers in at least

one genome confirmed the rearrangement (an inversion

involving one synteny marker at the end of a linkage group

and another within the linkage group was also accepted);

second, for inversions, the involved markers should be

ordered at LOD C 2 on both maps (a relatively high con-

fidence given the population sizes of 55 and 51, respec-

tively). This method is less likely to declare false-positive

rearrangements, although we cannot rule out the possibility

of some rearrangements not being detected or other falsely

identified rearrangements. For Tmf–Tob and Acn–Tob

comparisons, we reported the structural difference where at

least two markers were mapped on the Tmf/Acn map at

LOD C 2. In the following paragraphs, we will describe

these comparisons chromosome by chromosome (Fig. 2;

supplementary Fig. S1).

Tmf1/Tob19 versus Acn1/Tob7

Tmf1 differs from Acn1 by one major inversion corre-

sponding to about half of the two linkage groups. Acn1

may potentially be extended from the lower end by map-

ping the markers from the last 30 cM of Tmf1. Tob19

corresponds to Tmf1 but possibly experienced a small

inversion (PT50028 and PT50645). On the other hand,

Tob7 is orthologous to Acn1 and the gene order has been

preserved since their divergence.

Tmf2/Tob17 versus Acn2/Tob3

Tmf2 has an inversion relative to Acn2. Tob17 shares the

same gene order with Tmf2. Tob3 is orthologous to Acn2

with one inversion that occurred either in Tob3 or its

orthologous chromosome in the N. sylvestris genome prior

to the tobacco speciation.

Tmf3/Tob4 versus Acn3/Tob6

Tmf3 and Acn3 differ by two inversions. The upper

inversion likely occurred in the Tmf genome because in the

same map region Tmf3 also has an inversion relative to

Tob4 (both involve the same loci—co-segregating

PT61454 and C2At1g74470 and co-segregating PT60273

and C2At3g48610). Similarly, the lower inversion

(between markers C2At3g14200 and C2At3g18270) likely

occurred in the Acn genome because Acn3 has an inversion

relative to Tob6 in the same map region (between markers

PT50200 and PT54982). Besides the above two inversions,

Tob6 (between markers PT50200 and PT50885) or its

orthologous chromosome in the N. sylvestris genome (prior

to the tobacco speciation) possibly experienced an

inversion.
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(Tmf4 ? Tmf8)/(Tob12 ? Tob23)

versus (Acn4/Tob16 ? Acn8/Tob1)

Tmf4 and Acn4 differ by one inversion and Tmf8 and Acn8

have the same gene order. Tmf4 combines the majority of

Tob12 and a small segment of Tob23, while the rest of

Tob12 and Tob23 form Tmf8, indicating a reciprocal

translocation in the tobacco T-genome subsequent to poly-

ploidization. Two inversions differentiate Tob16 and Acn4

and both likely occurred in the tobacco S-genome or the

N. sylvestris genome prior to the tetraploidization event.

Tob1 matches Acn8 and both have the same gene order.

Tmf5/Tob13 versus Acn5/Tob11

This chromosome appears to be mostly conserved during

evolution of these species. Except for a possible small inver-

sion between Tmf5 and Acn5, gene order and gene content are

in good agreement among Tob13, Tmf5, Acn5 and Tob11.

Tmf6/(Tob21 ? Tob22) versus Acn6/Tob8

Gene order and gene content are well preserved between

Tmf6 and Acn6. Tmf6 combines Tob21 and Tob22, sug-

gesting a putative chromosome breakage event in the

tobacco genome. Tob22 differs from Tmf6 by at least two

inversions. Tob8 is orthologous to Acn6 yet with one

putative inversion in the tobacco S-genome or the N. syl-

vestris genome prior to the tetraploidization event.

Tmf7/Tob2 versus Acn7/Tob10

This chromosome is well conserved without inversions or

translocations.

Tmf9/Tob14 versus Acn9/Tob7

Gene order is conserved in this chromosome too. It is worth

mentioning that both Acn1 and Acn9 are orthologous to Tob7.

Given the opposite event described earlier—Tob21 and

Tob22 correspond to Tmf6, a chromosome fusion event may

have occurred in the tobacco S-genome. The fusion is not

likely to have occurred in the N. sylvestris genome since it will

change the chromosome number. Thus, the current 48 chro-

mosomes in the tobacco genome are possibly not a simple

combination of the two diploid progenitors, but a conse-

quence of a few chromosome fusion and breakage events.

(Tmf10/Tob24 ? Tmf12/Tob15) versus

(Acn10/Tob5 ? Acn12/Tob20)

These two chromosomes apparently experienced a reciprocal

translocation, which occurred prior to the tobacco speciation

in the lineage leading to either N. tomentosiformis/N. otophora

or the last common ancestor of N. acuminata and N. sylvestris

genomes. Further, Tmf10 and Acn10 differ by one inversion.

Gene content and gene order are generally preserved between

tobacco and its diploid orthologous counterparts except for an

inversion in Tob24 with regard to Tmf10.

Tmf11/Tob09 versus Acn11/Tob18

Gene order and gene content are well preserved in this

chromosome among the diploid species and the tetraploid

homeologs.

Syntenic relationships between Nicotiana and tomato

genomes

The syntenic relationships of tomato and the two diploid

Nicotiana genomes were deduced based on 268 Tmf syn-

teny markers and 134 Acn synteny markers, and were

depicted with a Tmf/Acn linkage group and its orthologous

tomato chromosome(s) or segment(s) side by side (a

schematic depiction in Fig. 3 and a detailed close-up pic-

ture in supplementary Fig. S2). We used the same criteria

as that for Tmf–Acn comparison to declare a disruption in

synteny. In the following paragraphs, we describe how the

Tmf/Acn genome differs with respect to the tomato gen-

ome that is used as a standard of reference. For conve-

nience, the results are presented in the order of Nicotiana

linkage groups (supplementary Fig. S2).

Tmf1/Acn1 versus T1, T9 and T11

Tmf1/Acn1 combines three segments from T1, T9 and T11,

which indicates at least two translocations between the

Nicotiana and tomato genomes. By combining the

Fig. 1 Two diploid Nicotiana genetic maps based on N. tomentos-
iformis (the Tmf map) and N. acuminata (the Acn map). The

Nicotiana linkage groups are designated as Tmf1–12 and Acn1–12

based on synteny with the tomato chromosomes T1–12 (Frary et al.

2005; Fulton et al. 2002). COSII marker names are shortened, e.g.,

2g01110 is for COSII marker C2At2g01110 (Wu et al. 2006); SSR

marker names each have a prefix ‘‘PT’’ (Bindler et al. 2007;

unpublished results); others are tomato-derived markers. Markers in

bold are framework markers (LOD C 3); markers in bold and italic
are internal markers with 2 B LOD \3; others are interval markers

with LOD \ 2; co-segregating markers are denoted by a vertical bar
beside the marker names. A tick mark connects a framework marker

to its actual map position or an interval marker to its estimated map

position. Markers mapped beyond either of the end framework

markers are not connected by tick marks. ‘‘*Tx’’ following the name

of a marker indicates its chromosome location on the tomato map

where ‘‘x’’ specifies the linkage group; ‘‘*Tobx’’ following the name

of a marker indicates its chromosome location on the N. tabacum map

c
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5g13450~T1

3g52120~T1

5g08430~T1

1g02150~T1

PT53353~Tob19
1g25260~T1
1g33270~T1
PT53143~Tob19
1g10240~T1
PT55106~Tob4
5g02270~T1
1g56500~T1
PT50861~Tob19
5g03905~T10
1g09070~T1
PT50819~Tob19
4g00740~T1
4g01210~T1
3g19230~T1
PT54911~Tob19
4g32280~T8
PT54978~Tob19
2g45600~T1
PT60155~Tob19
PT50500~Tob19
PT60613~Tob19
1g54520~T1
PT52749~Tob19
3g04780~T1
2g45910~T1
2g38730~T1
PT50645~Tob19
3g18860~T1
4g00090~T1
PT50028~Tob19
2g16920~T1
3g08030~T1
5g60620~T8
4g30890~T1
PT61218~Tob19
1g18640~T6
PT61436~Tob19
4g03200~T9
PT51919~Tob19
1g03360~T9
PT55086~Tob19
PT54888~Tob19
PT61348~Tob19
PT54845~Tob19
PT52848~Tob19
PT61286~Tob19
5g25760~T11
5g11810~T11

1g65700~T6
3g63200~T9

Tmf1
2g34560~T2
PT61304~Tob17
4g20070~T2
2g35130~T2
1g30000~T2
4g21120~T2
4g18060~T2
PT54596~Tob17
PT52794~Tob17
PT61564~Tob17
3g02220~T2
5g45950~T2
3g28670~T2
PT55100~Tob17
PT61293~Tob17
PT60648~Tob17
4g21710~T2
PT51554~Tob17
4g04955~T2
1g10580~T2
3g28720~T2
1g65900~T2
1g61620~T3
PT53932~Tob17
1g11430~T2
PT61390~Tob17
4g34090~T2
5g67370~T2
5g15410~T2
3g01480~T2
3g01180~T2
3g26900~T2
2g04700~T2
3g27200~T2
3g28050~T2
3g55250~T2
PT53545~Tob17
4g37130~T2
4g33985~T2
PT51562~Tob17
PT50692~Tob17
PT60665~Tob17
PT50693~Tob17
1g30580~T2
PT54378~Tob17
5g37260~T2
1g30540~T2
3g46780~T6
1g74730~T3

Tmf2
PT52769c
PT51247~Tob22

PT60915~Tob4
PT60930~Tob4
PT61203~Tob4
PT61314~Tob4
PT52597~Tob4
1g33970~T11
1g64770~T3
2g14260~T11
PT55130~Tob4
2g26210~T6
PT53100~Tob4
1g07310~T9
PT54944~Tob4
PT60269~Tob4
3g56040~T6
5g51110~T3

PT52937~Tob4

PT60913~Tob4

PT60037~Tob4
cLPT2E21~T3
PT50762~Tob4
1g51160~T3
1g80460~T3
PT51912~Tob4
5g17170~T3
PT51682~Tob4
1g79600~T4
1g74470~T3
PT61454~Tob4
PT50120~Tob4
3g02910~T3
PT52722~Tob4
3g03100~T3
PT60200~Tob4
1g67740~T10
PT61594~Tob17
3g48610~T3
PT51314~Tob4
PT53970~Tob4
4g39630~T3
PT60273~Tob4
5g13050~T3
5g63380~T3
1g80170~T3
U214603~T3
PT54245~Tob4
1g79720~T3
3g17970~T3
3g18270~T3
1g80360~T3
1g52080~T3
PT52939~Tob4
3g13700~T3
PT50794~Tob4
PT54598~Tob4
3g14075~T3
3g14200~T3
3g21215~T3

Tmf3

PT60981~Tob23

PT60152~Tob23

5g37290~T4
PT50336~Tob23
2g39580~T4
1g60560~T4
PT60901~Tob12
3g19895~T4

3g51010~T4
1g68100~T4
PT60172~Tob12
PT52347~Tob12

PT60297~Tob12
PT54295~Tob12
PT60140~Tob12
PT50655~Tob12
1g44790~T11
3g17590~T11
1g05385~T9
1g21690~T11
PT61315~Tob12
1g77250~T4
PT60276~Tob12
1g71810~T4
1g78230~T4
PT51166~Tob12
PT60934~Tob12

5g10920~T4
PT55077~Tob12
PT60053~Tob12
1g46480~T4

5g25900~T4
PT50738~Tob12
1g19340~T4
PT53481~Tob12

5g42950~T4

PT60771~Tob12
1g20575~T4
PT50334~Tob12
PT61171~Tob12
1g42990~T4

Tmf4

2g46580~T5

PT50225~Tob13

5g49510~T5

3g55800~T5

5g05270~T5

5g09380~T5

3g55360~T5
PT61226~Tob13
PT61396~Tob13
3g54860~T5

PT53054~Tob13
2g01720~T5
PT61143~Tob13
PT61217~Tob13
PT61426~Tob13
PT60089~Tob13
PT50838~Tob13
PT53175~Tob13
2g28880~T4
5g44200~T2
3g54770~T4
5g37360~T4

5g09880~T11

5g64730~T11
3g52220~T11

3g54840~T11

PT50790~Tob13

5g50720~T4
5g16710~T11
PT55072~Tob13

3g52640~T11

5g14520~T7

Tmf5 PT61385~Tob22
PT51085~Tob21
PT51873~Tob21
5g19690~T12

PT60606~Tob21

2g32950~T12
1g24340~T5
PT54819~Tob21
PT51638~Tob21
4g11120~T12
PT55012~Tob21
PT61281~Tob21
PT51123~Tob21
PT61319~Tob21
PT51152~Tob22
2g43770~T3
PT51054~Tob21
3g13180~T12
4g27700~T6
5g62530~T6
PT53574~Tob22
PT53563~Tob22
PT52736~Tob22
PT60728~Tob22
PT53857~Tob22
5g22620~T6
4g34215~T6
5g56940~T7

PT54210~Tob22

1g44760~T6
PT50539~Tob22
5g46630~T8
PT53472~Tob22
PT51132~Tob22
4g10030~T6
PT54322~Tob22
1g16870~T6
1g14850~T7
PT52760~Tob22
PT51913~Tob22
PT54484~Tob22
PT61467~Tob22
1g20050~T6
PT60603~Tob22

4g28530~T6
PT60129~Tob22

Tmf6
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PT52768~Tob2
PT54079~Tob2
PT60682~Tob2
PT60122~Tob2
4g33250~T7
PT50856~Tob2
PT50311~Tob2
2g06010~T12
4g26680~T7
PT51241~Tob2
2g42750~T7
PT55194~Tob2
3g58790~T7
PT54184~Tob2
2g38020~T7
3g14910~T7
1g78600~T12
1g78620~T7
1g53670~T7
1g16900~T7
PT53203~Tob2
3g15290~T7
3g15380~T7
5g54310~T7
1g04970~T7

1g55840~T7

5g56130~T7

4g12740~T9
PT51706~Tob2
5g58410~T9
PT60870a~Tob24

2g37500~T9

3g53580~T9
PT51779~Tob2
PT52378~Tob2

2g37025~T9
PT51575~Tob2
PT60291~Tob2
PT53216~Tob2

3g09920~T9
3g52610~T9

Tmf7 4g03400~T10
3g15410~T10
PT51896~Tob12

PT60677~Tob12
PT60212~Tob12
PT60165~Tob12
TG230~T10
4g26750~T7
PT60849~Tob12
3g13235~T10
PT61214~Tob12
2g20860~T7
2g46370~T10
PT52509~Tob23
4g19003~T8
PT50346~Tob23
PT51180~Tob23
PT52156~Tob23
PT60739~TobX
PT60649~Tob23
4g32770~T8
5g11480~T8
PT53595~Tob23
5g11450~T8

3g53920~T8

PT61488~Tob23
PT51259~Tob23
PT52353~Tob23
PT52565~Tob23
1g20830~T8
5g47010~T8
1g32410~T8
PT53026~Tob23
1g62780~T8
PT53802~Tob23
PT61419~Tob23
PT53673~Tob23
PT60561~Tob23
PT53499~Tob23

5g41350~T8
4g23840~T8
1g12060~T6

Tmf8
3g23400~T9
5g06360~T9
1g16590~T9

PT51076~Tob14
3g24160~T9
4g14570~T3
PT54242~Tob14
PT54896~Tob14
3g16840~T9

1g04530~T9

3g24050~T9

3g06790~T1

5g18580~T1
PT60937~Tob14
PT53607~Tob14
4g15520~T1
3g23590~T1
PT61530~Tob14
PT60863~Tob14
PT60938~Tob14
PT52449~Tob14
1g04190~T9
4g35930~T3
PT51070~Tob14
1g61150~T3

1g28530~T3

cLPT5E7~T3
E492334~T3

Tmf9

4g31410~T12

PT53522~Tob24

5g04200~T10

PT51212~Tob24
PT52988~Tob24
PT60870b~Tob24
3g51840~T10
U221455~T10
PT51339~Tob24
PT61494~Tob24
3g08760~T10
5g36210~T10
PT61457~Tob24
4g24750~T12
PT60675~Tob24
PT60877~Tob24
1g70160~T5
PT54871~Tob24
1g60440~T5
1g07040~T5
1g14270~T5
2g03510~T5
1g26520~T5
5g60990~T10
PT52640~Tob24
PT61583~Tob24
1g26670~T5
PT55265~Tob4

1g25580~T5

2g01110~T5

PT51967~Tob24

Tmf10

2g18710~T7

2g24090~T7

5g58200~T7

5g06430~T10
2g06925~T7
PT54965~Tob9
PT61141~Tob9
PT51534~Tob9
1g56050~T7

1g26940~T1

PT50510~Tob9
PT60115~Tob9
PT50344~Tob9
PT53434~Tob9
3g44600~T11
1g30825~T11
3g53400~T11
PT61224~Tob9
2g28490~T11
2g28800~T11
5g59960~T11
PT51717~Tob9
5g12200~T11
PT61367~Tob9
PT52176~Tob9
3g22660~T1
PT54525~Tob9
5g13030~T1
3g12685~T1

Tmf11

PT52935~Tob15

PT60939~Tob15
PT61522~Tob15
PT60146~Tob15
PT51666~Tob15
2g24580~T8
1g14790~T5
1g30360~T8
PT61362~Tob15
PT51161~Tob15
1g22860~T4
1g67325~T5
1g24360~T6
1g67700~T5
1g67730~T2
PT60228~Tob15
PT60572~Tob15
5g38530~T12
4g29735~T12
PT60205~Tob15
4g16580~T12
PT50226~Tob24
1g76150~T12
PT50989~Tob15

1g17410~T12

3g16290~T12
PT52906~Tob15
PT54772~Tob15
3g17000~T12
PT53009~Tob15
PT52058~Tob15
5g21170~T12
1g48300~T12

5g53000~T1

PT54576~Tob15
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2g01110~T5

PT50841-7S~Tob7

3g50860~T1

PT52940-7S~Tob7

PT51914~Tob7

2g14835~T1

PT60435-7B~Tob7

PT52996-7B~Tob7

2g38730~T1

PT30230-7~Tob7
1g54520~T1
PT55007-7S~Tob7
PT50294~Tob7
1g09070~T1
PT53117-7S~Tob7

1g56500~T1

PT60459-7S~Tob7
1g25260~T1
PT61187-5S~Tob7
1g02150~T1
PT60627-7B~Tob7

PT50754-1S~Tob7

3g52120~T1
3g08030~T1

PT50400-22S~Tob7
PT51919-19T~Tob7
PT52080-24B~Tob7
PT53728~Tob7

1g03360~T9

Acn1

4g21710~T2

1g11430~T2

1g65900~T2
PT53753~Tobnew

PT52128~Tobnew

3g01180~T2
2g04700~T2
3g55250~T2

3g27200~T2

5g45950~T2

3g28670~T2

PT50335-3B~Tob3
PT51924~Tob3
PT50051~Tob3
2g34560~T2
PT52117~Tob3
PT53847~Tob3
PT60524-3S~Tob3

4g20070~T2

5g66530~T2
PT50178~Tob3
PT53846-17T~Tob3
PT52119~Tob3
PT60903a-3B~Tob3
PT52734a-3S~Tob3

5g67370~T2
4g34090~T2
4g33985~T2
PT54961-3B~Tob3

PT61116-3S~Tob3
PT53810~Tob3

PT53756~Tob3
PT53683-17B~Tob3
1g30540~T2
PT60309-3S~Tob3
PT60894-3S~Tob3
3g46780~T6
PT60389-3B~Tob3
PT54024~Tob3
PT53971~Tob3

Acn2

PT50313~Tob6

1g64770~T3
PT53314-6S~Tob6

1g29320~T8

2g26210~T6

1g07310~T9

PT30229-6~Tob6
PT51852~Tob6

5g51110~T3

PT61375-11S~Tob6

PT60612-6S~Tob6

1g51160~T3
PT50840-6S~Tob6
PT50175~Tob6

1g79600~T4
PT50120-4T~Tob6
PT50055~Tob6

PT60043-6B~Tob6

3g48610~T3

1g74730~T3

1g74470~T3
1g80170~T3
PT50885-6S~Tob6
PT52049-4B~Tob6
PT52096-4B~Tob6
PT54685-6S~Tob6
PT50200-6B~Tob6
3g14200~T3
3g14075~T3
3g13700~T3

PT60130-6S~Tob6

PT54982-6S~Tob6

3g18270~T3

Acn3

1g68100~T4

3g19895~T4

3g17040~T4
PT54811-16S~Tob16
2g39580~T4
4g25650~T4
5g37290~T4
PT50433a-16S~Tob16
PT51913-22T~Tob16
PT54270-16S~Tob16
PT54818a-16S~Tob16
PT53979~Tob16
PT50331~Tob16
PT52092~Tob16
PT50345~Tob16
PT54823-16B~Tob16
PT61333-16B~Tob16
1g71810~T4
PT50899-16B~Tob16

5g10920~T4

1g46480~T4
PT51801-16B~Tob16
PT50277~Tob16
PT53721~Tob16

PT50334a-12B~Tob16
PT51616-16S~Tob16

1g20575~T4

Acn4
5g05270~T5
5g49510~T5
4g18593~T12
3g55800~T5

5g09380~T5

5g23520~T5

PT52861-11S~Tob11

PT52911-11S~Tob11
PT50316~Tob11

PT61448-11B~Tob11
PT54800-11S~Tob11
PT52160-13T~Tob11

2g28880~T4
PT53829-13S~Tob11

5g37360~T4

PT61012-11S~Tob11

PT52027~Tob11

PT50036~Tob11
PT50998-11S~Tob11
PT54873-11S~Tob11
PT60465a-6B~Tob11
3g54840~T11
5g14520~T7
5g16710~T11
PT52034~Tob11
PT50195~Tob11

Acn5

PT53234-8S~Tob8
2g25740~T12
PT51252-8S~Tob8
PT60374-8S~Tob8
2g32950~T12

4g11120~T12

PT52083~Tob8

PT50113~Tob8

PT50971-21S~Tob8
PT51745-8S~Tob8

PT50003~Tob8

5g62530~T6

1g18640~T6

PT60630-8S~Tob8

PT54812-8S~Tob8
PT53857-22B~Tob8

4g34215~T6
2g43360~T6

1g44760~T6

1g03150~T6

PT51946~Tobnew

1g52220~T6

1g20050~T6
3g63200~T9

1g16870~T6
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PT51907~Tobnew

4g26680~T7
PT53995~Tobnew
PT53836~Tobnew

PT52139~Tobnew

1g78620~T7

3g15290~T7
PT51957~Tob10
PT30241-10~Tob10

1g04970~T7
PT52066-2B~Tob10

PT60347-10S~Tob10
PT61519-10B~Tob10
4g12740~T9
PT53509-10S~Tob10
PT60114-10S~Tob10
PT55081-10B~Tob10
PT60220-10S~Tob10
PT60908-10S~Tob10
PT61506-10S~Tob10
PT52100~Tob10

2g37500~T9

2g37025~T9

3g09920~T9

Acn7
3g15410~T10

2g20860~T7
4g26750~T7
PT50042~Tob18

2g46370~T10

PT50467-1B~Tob1

4g32770~T8

5g11450~T8
PT55109-1S~Tob1

5g25630~T8

PT53773~Tob1

1g62780~T8

PT54887a-1S~Tob1
PT51839~Tob1

PT51174-1S~Tob1
PT60177a-1B~Tob1

Acn8
5g06360~T9

PT53422-7S~Tob7

3g24160~T9

5g42740~T12

3g06790~T1
5g18580~T1
PT30218-7~Tob7
PT52986-7B~Tob7
3g23590~T1

PT52140~Tob7

1g04530~T9

PT53798~Tob7

4g35930~T3

1g61150~T3

4g04930~T10
cLPT5E7~T3
PT53988~Tob7
PT51862~Tob7

Acn9
5g36210~T10

3g51840~T10

PT60933-5B~Tob5

PT50076~Tob5
PT53981~Tob5
5g04200~T10

PT50026~Tob5

PT54006-5S~Tob5
PT60488-5S~Tob5

PT50054~Tob5

PT60855-5B~Tob5

PT52130~Tob5
PT1078-10~Tob5
PT53949-5B~Tob5
PT51312-5B~Tob5

PT53725-5S~Tob5
PT51911~Tob5
4g31130~T8
2g24580~T8
1g31410~T8

Acn10
PT51059-18B~Tob18

2g24270~T7

PT54203-18T~Tob18

5g34850~T7
PT40024-18~Tob18
PT51406-9B~Tob18
PT53860~Tob18
PT54912-9B~Tob18
PT53719~Tob18
5g06430~T10

PT50179~Tob18
1g56050~T7

1g73177~T8

PT30171-18~Tob18
PT53113-18S~Tob18
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information from Tmf–Acn comparison, in the common

ancestor of the Tmf and Acn genomes, this chromosome has

a similar structure to Acn and differs from T1 by one

inversion, and then Tmf1 had an additional inversion after it

diverged from its last common ancestor with Acn1. No

inversions were found between Tmf1/Acn1 and the other

two tomato segments from T9 and T11. Besides transloca-

tions and inversions, six markers from T5, T6, T8 and

T10 mapped to Tmf1/Acn1, which were possibly due

to single gene transpositions or other mechanisms (see

‘‘Discussion’’).

Tmf2/Acn2 versus T2

This chromosome is conserved in gene content with no

evidence of a translocation event differentiating Nicotiana

and tomato genomes. Tmf2 has a significant recombination

reduction, which caused the vast majority of markers to

cluster in a 15 cM region. Marker orders appear to be con-

served between Tmf2 and T2, while Acn2 differs from T2

and Tmf2 by one inversion; therefore, T2 and Tmf2 repre-

sent an ancestral condition and the inversion is derived in

Acn2. C2At1g61620 and C2At1g74730 from T3 mapped to

Tmf2 and C2At3g46780 from T6 to Tmf2/Acn2.

Tmf3/Acn3 versus T3

Tmf3/Acn3 is orthologous to lower T3 and a segment of T6.

Given the information from Tmf–Acn comparison, the

upper inversion (within C2At3g48610 and C2At1g74470)

between Tmf3 and T3 likely occurred in the Tmf lineage,

while the lower inversion (within C2At3g14200 and

C2At3g14075) may have occurred either in the Tmf lineage

or in the common ancestor of Tmf and Acn genomes, which

is uncertain due to the low LOD score of C2At3g14075 on

the Acn map. The inversion of C2At3g18270 and

C2At3g14200 between Acn3 and T3 is likely to have

occurred in the Acn lineage. Several markers from T4, T6,

T8, T9, T10 and T11 mapped to Tmf3 and/or Acn3.

Tmf4/Acn4 versus T4 and T11

Tmf4/Acn4 matches T4 except that a segment in the middle

of T4 was replaced by a T11 segment, indicating an

exchange between the two chromosomes. Gene content and

gene order are fairly well conserved except for an inversion

between Tmf4 and T4 which must have occurred in the Tmf

lineage; therefore, T4 and Acn4 likely represent the ances-

tral condition. C2At1g05385 from T9 mapped to Tmf4.

Table 1 Statistics of Tmf and Acn maps and their comparisons with tobacco and tomato maps

Tmf linkage group Tmf1 Tmf2 Tmf3 Tmf4 Tmf5 Tmf6 Tmf7 Tmf8 Tmf9 Tmf10 Tmf11 Tmf12 Sum

Map distance (cM) 111 59 112 94 94 90 84 77 75 96 92 87 1,071

Number of

framework markers

28 18 29 21 22 22 24 22 13 22 18 19 258

Number of markers 55 49 60 41 32 46 41 42 28 31 29 35 489

Number of COSII

markers

33 33 29 20 20 18 24 18 16 16 17 18 262

Orthologous tobacco

linkage group

Tob19 Tob17 Tob4 Tob12 ? 23 Tob13 Tob21 ? 22 Tob2 Tob12 ? 23 Tob14 Tob24 Tob9 Tob15 –

Acn linkage group Acn1 Acn2 Acn3 Acn4 Acn5 Acn6 Acn7 Acn8 Acn9 Acn10 Acn11 Acn12 Sum

Map distance (cM) 78 106 98 75 78 103 81 104 65 71 91 83 1,033

Number of

framework markers

24 19 20 13 22 20 19 10 10 15 13 21 206

Number of markers 29 40 33 27 27 25 24 16 18 20 22 27 308

Number of COSII

markers

12 17 15 10 11 13 8 8 10 6 11 12 133

Orthologous tobacco

linkage group

Tob7 Tob3 Tob6 Tob16 Tob11 Tob8 Tob10 Tob1 Tob7 Tob5 Tob18 Tob20 –

Number of SMPs 5 8 1 8 5 2 3 4 5 3 0 1 45

Number of CSSs 3 2 1 2 3 2 2 3 3 3 0 1 25

Min./max. length of

CSS (cM)a
1/26 1/6 6/6 31/45 13/19 8/13 8/19 5/19 6/16 12/29 0/0 21/21 1/45

Mean length of CSS

(cM)

17 4 6 38 16 11 14 12 12 20 0 21 15

SMP synteny marker pair, CSS conserved syntenic segment
a cM length is based on the Tmf map
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Tmf5/Acn5 versus T5, T4 and T11

Tmf5/Acn5 combines the lower T5, a small segment of T4

and the upper T11. Tmf5 has an inversion relative to T5.

Otherwise, gene order is conserved among the three gen-

omes. This inversion cannot be timed due to co-segregation

of the markers on the Acn5. The inversion between Tmf5

and Acn5 (see Tmf–Acn comparison) cannot be seen here

because the two markers come from different tomato

chromosomes—C2At5g16710 from T11 while

C2At5g14520 from T7. C2At5g44200 from T2 mapped to

Tmf5, C2At4g18593 from T12 to Acn5, and C2At5g14520

from T7 to both Tmf5 and Acn5.

Tmf6/Acn6 versus T12 and T6

Tmf6/Acn6 combines the lower T6 and the upper T12,

although some markers from the T12 segment mapped to

other Nicotiana linkage groups. Tmf6 has one small

inversion near the end with respect to T6, but the same

markers were not all mapped on Acn6 so that it was not

possible to determine the timing of this event. Putative

gene transpositions are quite common in this chromosome

in that several markers from T3, T5, T7, T8 and T9 mapped

to either Tmf6 or Acn6.

Tmf7/Acn7 versus T7 and T9

Tmf7/Acn7 combines the lower T7 and the upper T9. Both

gene content and gene order are well conserved among the

three genomes except for C2At2g06010 and C2At1g78600

from T12 mapped to Tmf7.

Tmf8/Acn8 versus T10 and T8

Tmf8/Acn8 combines upper T10 and lower T8. One

inversion differentiates Tmf8 from T10 but the involved

markers could not be mapped on the Acn map. Both Tmf8

and Acn8 differ from T8 by one inversion, and they are

likely due to the same event although more markers are

needed to confirm this conjecture. C2At4g26750 and

C2At2g20860 from T7 mapped to Tmf8 and Acn8, and

C2At1g12060 from T6 mapped to Tmf8.

Tmf9/Acn9 versus T9, T3 and T1

Tmf9/Acn9 combines the lower T9, the upper T3 and a

small segment of T1. Tmf9 has an inversion relative to T9

but the involved markers could not be mapped on the Acn

map. Otherwise, Tmf9/Acn9 shares the same gene order

with upper T3 and the T1 segment. C2At4g04930 from

T10 and C2At5g42740 from T12 mapped to Acn9.

Tmf10/Acn10 and Tmf12/Acn12 versus T10,

T5, T8 and T12

As discussed earlier in Tmf–Acn–Tob comparison, one

translocation causes the exchange of part of Nicotiana

linkage groups 10 and 12. As a result, the upper Tmf10 and

upper Acn10 are orthologous to the majority of T10, the

lower Tmf10 and lower Acn12 are orthologous to upper

T5, the upper Tmf12 and lower Acn10 are orthologous to

T8, and the lower Tmf12 and upper Acn12 are orthologous

to lower T12. In these four orthologous regions, multiple

putative inversions were observed. The inversion in upper

Tmf10 has been discussed in the Tmf–Acn comparison.

Both the lower Tmf10 and lower Acn12 differ from T5 by

one inversion that is likely caused by the same event. Gene

order is conserved between the upper Tmf12, lower Acn10

and T8. One inversion exists between lower Tmf12 and

T12 but the markers could not be mapped on the Acn map.

Putative gene transpositions are also quite frequent in these

two chromosomes, which move markers from T12 to

Tmf10, from T1, T2, T4, T5 and T6 to Tmf12, and from T1

and T4 to Acn12.

Tmf11/Acn11 versus T7, T11 and T1

Tmf11/Acn11 combines upper T7, lower T11 and a small

segment of T1. At least one inversion differentiates Tmf11

and T11 but the markers could not be mapped on the Acn

map. Otherwise, no inversions were found in these

orthologous regions. C2At5g06430 from T10 was mapped

on both Tmf11 and Acn11.

The use of synteny to predict the position of additional

COSII markers on the Nicotiana maps

The detailed synteny between Nicotiana and tomato gen-

omes permitted identification of the conserved genome

regions among these species—45 SMPs coalesced into 25

CSSs (supplementary Fig. S2; see ‘‘Materials and meth-

ods’’ for the definition and method). The CSSs range in size

from 1 to 45 cM with an average size of 15 cM (cM value

based on the Tmf map, Table 1). They cover from 5%

(Tmf3) to 81% (Tmf4) of the different Tmf linkage groups

(except for Tmf11 with no CSSs identified) and totaled

Fig. 2 Comparative maps of diploid and tetraploid Nicotiana
genomes (see close-up in supplementary Fig. S1). Nomenclature of

the diploid Nicotiana linkage groups follows Fig. 1, and the tetraploid

N. tabacum linkage groups are designated as Tob1–24 (Bindler et al.

2007). A number of N. tabacum linkage groups are placed in reversed

order (indicated by a suffix ‘‘r’’, e.g., Tob19r) for a better depiction of

synteny. Orthologous markers are connected by a line, in which a

broken line indicates that either or both of the markers were mapped

at LOD \ 2 and thus were not used for deduction of an inversion

c
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368 cM corresponding to 34% of the Tmf map. These

SMPs and CSSs can be used to infer relatively precise map

position of additional COSII markers on the Nicotiana

maps, thereby facilitating mapping studies in Nicotiana and

permitting comparisons of QTL studies between Nicotiana

and tomato. This method has been proved successful in

previous work on eggplant and pepper (Wu et al. 2009a, b).

In Nicotiana, we applied the same method and displayed

the results on the Tmf map (since this map has more COSII

markers than the Acn map, supplementary Fig. S3). By

searching the tomato COSII markers that are located within

these SMPs, we inferred the position of an additional set of

143 COSII markers on the Nicotiana map, which were

referred to as ‘‘inferred Nicotiana COSII markers’’.

Discussion

Molecular dating of the tetraploidization event leading

to tobacco

It has previously been proposed that N. tomentosiformis

(or N. otophora) and N. sylvestris correspond to the two

diploid species that led to the allotetraploid tobacco

(Kenton et al. 1993; Lim et al. 2004). As described in

‘‘Materials and methods’’, we reconstructed a ML tree

(Fig. 4a) using concatenated exons of six COSII markers,

which depicted the phylogenetic relationships among the

two homeologous copies from tetraploid tobacco, and the

corresponding orthologs from the diploid species closely

related to N. tomentosiformis (N. tomentosiformis and N.

otophora) and N. sylvestris (N. sylvestris, N. acuminata

and N. acuminata var. multiflora). Tomato was included

as an outgroup. Based on this tree and the calibration

point of tomato–Nicotiana split at 27.7MYA, the S-gen-

ome in tobacco likely diverged from N. sylvestris

1.0MYA while the T-genome diverged from N. tomen-

tosiformis 1.7MYA. It is thus concluded that the hybrid-

ization and tetraploidization event leading to tobacco

likely occurred \1.0MYA. A previous, independent esti-

mate, based on plastid DNA, places the event at 0.2MYA

(Clarkson et al. 2005).

Structural differences within the genus Nicotiana

and between the genera Nicotiana and Solanum

(tomato) and inferences concerning genome evolution

Comparisons of two diploid and one tetraploid Nicotiana

maps permitted identification of likely rearrangements

within the genus Nicotiana, and inference of the timing of

most events (Fig. 4b). Since the hybridization and tetra-

ploidization events, the tobacco genome has possibly
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experienced up to 12 chromosomal rearrangements. In the

T-genome, four inversions occurred—one inversion

occurred in Tob19 (orthologous to Tmf1), and Tob24

(Tmf10), and two in Tob22 (Tmf6); in the S-genome, up to

five inversions occurred—one inversion occurred in Tob3

(Acn2), Tob6 (Acn3), and Tob8 (Acn6) and two in Tob16

(Acn4). Here, it should be noted that since the Acn map is

based on N. acuminata and N. acuminata var. multiflora

but not N. sylvestris (the diploid species contributing S-

genome), some of the rearrangements assigned to the S-

genome may have actually occurred in the ancestral gen-

ome of N. sylvestris prior to tetraploidization and sub-

sequent to the divergence of N. sylvestris and N.

acuminata. Therefore, the estimate of genome rearrange-

ments in the S-genome should be considered as an upper

limit. Besides these nine inversions, ancestral Tmf6 was

split into two non-homologous chromosomes (Tob21 and

Tob22), while ancestral Acn1 and Acn9 were fused into

Tob7, and a reciprocal translocation has exchanged parts of

ancestral Tmf4 and Tmf8 and formed Tob12 and Tob23.

A number of chromosomal rearrangements also occur-

red to the diploid genomes of N. tomentosiformis and N.

acuminata since their divergence from the last common

ancestor. N. tomentosiformis experienced three inversions

(Tmf1, Tmf4 and Tmf 10) prior to the tetraploidization and

one inversion (Tmf3) subsequent to the tetraploidization.

N. acuminata experienced one inversion (Acn2) before its

S. Lycopersicon (tomato)
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Fig. 4 Estimation of Nicotiana divergence time and placement of

chromosomal rearrangements over phylogeny. Tobacco alleles were

named N. tabacum TA3666 tmf for T-genome allele and N. tabacum
TA3666 syl for S-genome allele. The calibration point was placed at

27.7MYA for the split of Nicotiana and tomato. The estimated

divergence time (bold, italic) is listed next to each internal node. a

The tree was reconstructed using maximum likelihood (ML) method.

The substitution rate (substitution/bp) is placed above branch and the

bootstrap value below branch. b The tree was modified from a. The

number of rearrangements (inversions/translocations) is placed above
branch and the evolutionary rate (rearrangements/million years)

below branch

Fig. 3 Comparative maps of Tmf and tomato genomes (see a close-

up picture including the Acn genome in supplementary Fig. S2).

Nomenclature of linkage groups follows Fig. 1. Some tomato

chromosomes are placed in reversed order (indicated by a suffix

‘‘r’’, e.g., T1r) for a better depiction of synteny. Each tomato

chromosome is assigned one color (see color codes) and the

corresponding Tmf linkage group segment(s) are painted with the

same color. Approximate tomato centromeric locations are indicated

by white dots based on the comparison with the map by Frary et al.

(2005). Orthologous markers are connected by a line, in which a

broken line indicates that either or both of the markers were mapped

at LOD \ 2 and thus were not used for deduction of an inversion

b
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divergence from N. sylvestris and one inversion (Acn3)

thereafter. In addition to these inversions, there are one

inversion between Tmf5 and Acn5, and one translocation

between linkage groups 10 and 12 but it is unknown

whether they occurred along the Tmf or Acn lineage. It

should be noted that all these estimations are based on the

presented maps. Since some of these maps are based on

rather small populations, it is possible that especially some

inversions could be mapping artifacts. Nevertheless, we

think that the overall picture provides an accurate estima-

tion of the synteny levels between the two diploid species

in relation to the tetraploid tobacco genome.

In total, 11 Nicotiana linkage groups (except for Tmf2/

Acn2) are differentiated from the tomato genome by one or

more translocation events, two for Tmf1/Acn1, Tmf5/Acn5,

Tmf9/Acn9 and Tmf11/Acn11 while one for the other seven

linkage groups. It requires a minimum of 11 reciprocal

translocations for the transition from the tomato karyotype of

these 11 chromosomes to that of either Tmf or Acn genome

(Fig. 5). However, the order and timing of these events

remain to be determined. In addition, numerous inversions

differentiate the tomato genome from that of the last common

ancestor of these studied Nicotiana species. The ancestral

form of Tmf/Acn1 (the segment orthologous to T1), Tmf/

Acn8 (T8) and Tmf10/Acn12 (T5) each has experienced one

inversion. There are another seven inversions between the

Tmf and tomato maps—one in each of Tmf3 (T3), Tmf5 (T5),

Tmf6 (T6), Tmf8 (T10), Tmf9 (T9), Tmf11 (T11) and Tmf12

(T12). Since the involved markers were not mapped (or

mapped at LOD \ 2) in the Acn map, we cannot rule out the

possibility that some of them may have occurred in the line-

age leading to the Tmf genome and thus do not represent

common differences between Nicotiana and tomato.

It was unexpected to identify fewer inversions than

translocations (10 vs. 11) between Nicotiana and tomato.

In other pairwise comparative mapping studies in the

Solanaceae, the number of inversions was always much

higher than that of translocations, e.g., 5 inversions and no
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Fig. 5 One possible evolutionary pathway showing a minimum of 11

reciprocal translocations between the genomes of Tmf and tomato.

A–D represents chromosome segments that were exchanged during

translocations (see supplementary Fig. S2 for details). A cross
indicates a translocation with an unknown direction
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translocations between potato and tomato, 24 inversions

and 5 translocations between eggplant and tomato, and 19

inversions and 6 translocations between pepper and tomato

(Tanksley et al. 1992; Wu et al. 2009a, b). Since the syn-

teny marker density in the latter two studies is similar to

that between the Tmf and tomato maps, the exception in

this study is possibly due to the following reasons. First,

these 10 inversions and 11 translocations are differences

between tomato and the last common ancestor of these

studied Nicotiana species—an extinct Nicotiana species

living probably around 7.5MYA. If we compare two extant

species, N. tomentosiformis differs from tomato by a

minimum of 14 inversions and 11 translocations. Secondly,

the ratio of inversions versus translocations seems to

decrease when the two compared species are more diver-

gent, e.g., from potato versus tomato to N. tomentosiformis

versus tomato. It is possible that multiple, sequential

rearrangements shuffle the marker order to an extent that

the individual inversions can no longer be deciphered using

the method employed in this study. For instance, the

inversion between Tmf5 and Acn5 involved markers from

different tomato chromosomes—C2At5g16710 from T11

and C2At5g14520 from T7. Such an inversion could not be

recognized in either Tmf–tomato or Acn–tomato

comparison.

With the estimated divergence time, it was possible to

calculate the absolute rates for chromosomal evolution in

these species (Fig. 4b). After these studied Nicotiana spe-

cies diverged from their common ancestor, N. tomentosi-

formis evolved at 0.5–2.1 rearrangements/MY before the

tobacco speciation and thereafter at 0.6 rearrangements/MY

(the range is due to the rearrangements with undetermined

timing). N. acuminata experienced 0.4–1.3 rearrangements/

MY before its divergence from N. sylvestris and thereafter

0.2 rearrangements/MY. In contrast, the chromosomal

evolution has been much faster in the tetraploid tobacco

genome. The T-genome of tobacco experienced 3.5 rear-

rangements/MY versus 0.6 in N. tomentosiformis in the

same period. As for the S-genome of tobacco, the resultant

1.2 rearrangements/MY is the upper limit because some of

the identified rearrangements may have occurred to the N.

sylvestris genome before tobacco speciation. However, it is

likely that the S-genome also experienced a much higher rate

than N. acuminata (0.2 rearrangements/MY) in the same

period. Consistently, the DNA substitution rates estimated

by ML method (Fig. 4a) also suggested that T- and S-gen-

ome evolved much faster than their diploid relatives.

Accelerated genetic change in the allotetraploid tobacco has

been characterized from several aspects, including rDNA

homogenization, retrotransposon activity and distribution,

intergenomic translocations and so on (Dadejova et al. 2007;

Kovarik et al. 2004, 2008; Lim et al. 2004; Melayah et al.

2004; Petit et al. 2007). Our results support the notion with

additional evidence—each subgenome of the allotetraploid

tobacco experienced chromosomal rearrangements more

frequently than their diploid relatives. Such rapid genome

changes in tobacco as well as other polyploidy species may

be attributed to homeologous recombination, altered pat-

terns of DNA methylation, enhanced transposable element

activity and nuclear–cytoplasmic interaction (Doyle et al.

2008; Gaeta et al. 2007; Leitch et al. 2006; Wendel 2000).

Putative single gene transpositions

In addition to the translocations and inversions, a signifi-

cant number of single marker transpositions disrupted the

synteny between the Nicotiana and tomato genomes. For

example, 36 tomato markers each mapped to a non-

homologous chromosome on the Tmf map, and so did 13

tomato markers on the Acn map. A similar situation also

existed between the two diploid Nicotiana genomes with

four markers involved. This phenomenon was reported in

both eggplant–tomato (5 cases) and pepper–tomato (12

cases) comparisons (Wu et al. 2009a, b), where it occurred

with a lower frequency possibly due to shorter divergence

time. A detailed analysis in the pepper–tomato work sug-

gested that at least some of these transpositions had been

facilitated by transposons or other mechanisms that are

capable of moving small portions of genome from one site

to another. A recent study revealed that such gene trans-

position was a common form of genome rearrangement in

plant evolution (Freeling et al. 2008).

Conclusions

In this work, we constructed two diploid Nicotiana maps

based on species closely related to N. tomentosiformis and

N. sylvestris that are thought to be the closest living rela-

tives to the diploid progenitors of the allotetraploid N. ta-

bacum. Both maps contain more than 300 COSII and SSR

markers and 12 linkage groups equal to chromosome

number of the haploid Nicotiana genome. We compared

the two diploid maps using common COSII markers and

identified seven inversions and one reciprocal translocation

since the divergence from their last common ancestor. We

also compared the diploid maps with the map of tetraploid

tobacco and inferred six chromosomal rearrangements in

the tobacco T-genome but only one in the N. tomentosi-

formis genome, suggesting that the tetraploidization had

led to a significantly higher rate of genome evolution.

Furthermore, those mapped COSII markers on the diploid

Nicotiana maps are distributed across the entire tomato

map, and thus permitted inference of syntenic relationships

between tomato and the last common ancestor of these

studied Nicotiana species. Based on this comparison, we
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inferred the Nicotiana and tomato genomes to differ by a

minimum of 3–10 inversions and 11 reciprocal transloca-

tions as well as numerous putative single gene transposi-

tions. The results of these comparative maps have made it

possible to identify the orthologous tomato genome coun-

terpart to every part of the tobacco genome especially a set

of 25 CSSs within which the marker/gene order is well

preserved. Thus, the tomato genome sequence and related

resources can now be utilized by researchers working with

species in the genus Nicotiana.
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