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Abstract Tobacco (Nicotiana tabacum L.) is a species in
the large family of the Solanaceae and is important as an
agronomic crop and as a model system in plant biotechnol-
ogy. Despite its importance, only limited molecular marker
resources are available that can be used for genome analy-
sis, genetic mapping and breeding. We report here on the
development and characterization of 5,119 new and func-
tional microsatellite markers and on the generation of a
high-resolution genetic map for the tetraploid tobacco
genome. The genetic map was generated using an F2 map-
ping population derived from the intervarietal cross of
Hicks Broadleaf x Red Russian and merges the polymor-
phic markers from this new set with those from a smaller
set previously used to produce a lower density map. The
genetic map described here contains 2,317 microsatellite
markers and 2,363 loci, resulting in an average distance
between mapped microsatellite markers which is less than
2 million base pairs or 1.5 cM. With this new and expanded
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marker resource, a sufficient number of markers are now
available for multiple applications ranging from tobacco
breeding to comparative genome analysis. The genetic map
of tobacco is now comparable in marker density and resolu-
tion with the best characterized genomes of the Solanaceae:
tomato and potato.

Introduction

Tobacco (Nicotiana tabacum L.) is an important crop plant
(Davis and Nielsen 1999) and a member of the nightshade
(Solanaceae) family which is one of the largest and most
diverse within the angiosperms. This family harbors 3,000-
4,000 species (Olmstead etal. 2008; http://www.nhm.
ac.uk/research-curation/research/projects/solanaceaesource/
solanaceae), of which a considerable number are of major
economic importance as crop, vegetable or ornamental
species throughout the world such as potato (Solanum
tuberosum), tomato (Solanum lycopersicum), eggplant
(Solanum melonena), pepper (Capsicum species) and Petu-
nia (Petunia x hybrida). Due to this and the fact that mem-
bers of the Solanaceae are also important model species for
systematics, plant biology, genetics and biotechnology, a
current objective is to elucidate the genome structure of its
most important species (Mueller et al. 2005; http://solge-
nomics.net/solanaceae-project) through various genome
sequencing initiatives and comparative genome analyses.
Currently, the best characterized species within the Sola-
naceae are tomato and potato for which a large amount of
information concerning their genome structure have been
generated. This includes high density genetic and physical
maps that contain several thousand anchored markers
(Tanksley et al. 1992; van Os et al. 2006; http://solge-
nomics.net). At present, genome sequencing efforts for
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tomato and potato are approaching completion, with draft
sequences being available (http://solgenomics.net; http://
www.potatogenome.net). To obtain a more detailed picture
of genome evolution in the Solanaceae, genetic maps of a
number of other important species (e.g., pepper, eggplant)
have been generated, and these were aligned through the
mapping of conserved markers such as RFLP markers and
conserved ortholog sequences (COS) markers (Fulton et al.
2002; Wu et al. 2006) to the genome of tomato as a refer-
ence. These data have indicated that at the chromosomal
level, the Solanaceae genomes have undergone a number of
inversions and translocations during speciation (Tanksley
etal. 1992; Wu et al. 2009a, b), while at the gene sequence
and gene order level, it could be shown through compara-
tive BAC clone sequencing conducted in potato, eggplant,
pepper, and petunia that most genes are conserved in their
exon/intron structure and sequence order (Wang et al.
2008).

Beside the use of molecular markers for the characteriza-
tion of genome structure and organization, they are also
important tools for the development of new varieties
through marker assisted breeding (Xu 2010). Since the
level of polymorphism in elite material is frequently low, it
is important to have access to a large number of markers
(usually several thousand) so that in situations where a low
level of polymorphism exists between closely related lines/
varieties, sufficient polymorphic markers are still available
for the mapping of traits that are either qualitatively or
quantitatively inherited as well as for marker-assisted selec-
tion or marker-assisted backcrossing. While in many dip-
loid species (especially with a high level of polymorphism)
there is now a tendency to use single nucleotide polymor-
phism (SNP) for such applications (Ganal et al. 2009),
microsatellite markers are still the object of active marker
development efforts in other species (Ren et al. 2009). In
polyploid species and in species with a low level of poly-
morphism such as tobacco, the current markers of choice
are still microsatellites or simple sequence repeat (SSR)
markers. SSR markers detect a higher level of polymor-
phism than other marker systems and they can be easily
scored even in polyploid species (Roder et al. 1998). Scor-
ing of SNP markers can be technically challenging in allo-
polyploid and autopolyploid species.

Tobacco is an allopolyploid species (n = 24) and shares
its basic chromosome number of n = 12 with many other
solanaceous species such as tomato, potato, pepper and
eggplant. The species is most likely the result of a tetra-
ploidization event (Lim et al. 2004; Clarkson et al. 2005)
involving Nicotiana sylvestris (S-genome) and a species
closely related to modern day Nicotiana tomentosiformis
(T-genome). With both genomes together, tobacco is at the
high end of genome sizes (4.5 Gbp) in the Solanaceae
(Arumuganathan and Earle 1991) and contains a large pro-
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portion of repetitive sequences (Kenton etal. 1993;
Zimmerman and Goldberg 1977). Until recently, little
information was available in terms of genetic mapping and
molecular marker development in the Nicotiana species
(Lin et al. 2001; Rossi et al. 2001; Suen et al. 1997). This
changed with the generation of 637 microsatellite markers
and a first version of a genetic map covering 1,920 cM and
282 markers (Bindler et al. 2007). However, this map was
not able to fully cover the tetraploid tobacco genome and
the number of markers, while sufficient for diversity analy-
ses (Moon etal. 2008), was still insufficient for many
breeding purposes, although it was used for locating traits
responsible for the formation of certain tobacco leaf surface
exudates (Vontimitta et al. 2010). Recently a further study
was published (Wu et al. 2009c), concerning the compara-
tive mapping of the diploid ancestor of the T-genome
(N. tomentosiformis) and a related species to the S-genome
(N. acuminata) using 262 and 133 COS markers, respec-
tively, together with a set of microsatellite markers that
were mapped in these two species. The results from these
mapping studies revealed that the tetraploid tobacco
genome has undergone a number of chromosomal rear-
rangements compared to these diploid genomes. Further-
more, in the same study, with the COS markers that had
also been mapped in the tomato genome, it could be shown
that a number of reciprocal translocations and inversions
(>10) differentiate the ancestral tobacco genomes from the
tomato genome.

With respect to tobacco genome sequencing efforts, the
tobacco genome initiative (TGI) (Gadani et al. 2003) aimed
at sequencing of more than 90% of the N. tabacum genomic
sequences containing open reading frames using methyl
filtration technology (GeneThresher®), targeting unmethy-
lated gene-rich regions. More than 1.3 million genome sur-
vey sequences (GSS) are now available in GenBank or
through the public website http://www.pngg.org/tgi/. The
goals of the research reported here, were to exploit the TGI
sequences to generate a sufficient number of microsatellite
markers for saturating the tobacco genome and to produce a
high density, high resolution genetic map that could be
used for tobacco breeding purposes and for further analysis
of the tetraploid tobacco genome.

Materials and methods
DNA isolation and plant material

DNA was extracted from freeze-dried leaves of plants that
were grown in the greenhouse as previously described by
Bindler et al. (2007). Functionality tests of the developed
markers and an initial analysis of polymorphism were per-
formed using a panel of 16 tobacco varieties representing
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Table 1 List of accessions tested with 5,500 microsatellite primer
pairs

Hicks Broad Leaf MP FC
Red Russian MP SP
TW 142 N. tomentosiformis A
TW138 N. sylvestris A
Prilep12-2/1 OR
Basma Xanthi OR
Izmir-Incekara TI1674 OR
TN 90 BU
Banket Al BU
Kutsaga 35 FC
K326 FC
DacMataFina DT
Amarillo Parado DT
Criollo Misionero DT
AA 37 DT
TN86/Big Cuban BU/CW

All accessions were obtained from the tobacco germplasm collection
of Philip Morris International

FC Flue-cured, SP speciality tobacco, A ancestral genome, OR Orien-
tal tobacco, BU Burley tobacco, DT Dark tobacco, CW cigar wrapper,
TN86 used for testing with the first 2,100 primer pairs, Big Cuban used
for testing with the remaining 3,400 primer pairs

the main types of tobacco (Flue-cured, Burley, Oriental,
Dark, and others) plus single accessions representing
N. sylvestris and N. tomentosiformis (Table 1). Seeds for
this material were obtained from the germplasm collection
at Philip Morris International. The F2 population consisted
of the same 186 individual plants as published by Bindler
etal. (2007) and was originally provided by Dr. Ramsey
Lewis (North Carolina State University).

Processing of TGI sequence data and primer generation

A total of 1,379,067 raw sequences and 55,411 expressed
sequence tags (ESTs) obtained from the TGI (http://
www.pngg.org/tgi) were surveyed for the presence of
microsatellite sequences and further processed for primer
development for 5,500 candidate SSR loci. The sequences
and the corresponding quality files were initially prepared
by screening for vector and Escherichia coli contamination
and by removing redundant sequences using the cross
_match© program (http://www.phrap.org/). Sequences
containing microsatellite motifs with at least eight repeats
and a minimum match of 90% to the respective microsatel-
lite motif were identified using Tandem Repeat Finder
(Benson 1999) and BLAST (Altschul et al. 1990) searches.
Oligonucleotide primer pairs flanking the respective micro-
satellite sequence were designed using the Primer 3.0 pro-
gram (Rozen and Skaletsky 2000). Non-redundant primers

were selected to be approximately 20 bases long, to have a
GC-content between 20 and 80%, and to have a melting
temperature between 57 and 63°C (optimum 60°C). A sec-
ond elimination step of potentially remaining duplicated
sequences was performed by checking primer sequences,
microsatellite motifs, and the cross_match© scores.

Primer testing

Forward primers were labeled with FAM, HEX or ROX for
fragment analysis on Applied Biosystems 3100 Genetic
Analyzers. The respective fluorescent dyes were selected
according to the expected size of the PCR fragment of the
microsatellite marker. The FAM dye was used for frag-
ments between approximately 90 and 170 bp, the ROX dye
was used for fragments between approximately 170 and
207 bp and the HEX dye for fragments longer than 207 bp.
Testing of primer pairs for functionality and linkage map-
ping were performed in PCR volumes of 10 pl with an
annealing temperature of 55°C during 45 PCR cycles
according to Bindler et al. (2007).

Mapping

Two different software packages were used for mapping of
the SSRs: Map Manager QTXb20 (Manly et al. 2001, http://
www.mapmanager.org) and JoinMap 3.0 (Plant Research
International BV, Wageningen, Netherlands). MapManager
was used for the main mapping procedure (settings: linkage
evaluation F2 intercross, search linkage criterion P = 0.05,
map function Kosambi, cross type line cross). The map
position of some dominantly scored markers generated in
the previous analysis and the phenotypic trait flower colour
scored in the previous analysis (Bindler et al. 2007) were
optimized manually taking into consideration the number
of crossovers (as low as possible) and the length of the link-
age group (as short as possible). Grouping of markers and
traits as well as their segregation patterns were verified
using the JoinMap® 3.0 program (Van Ooijen and Voorrips
2001) with the following settings: used linkages with REC
smaller than 0.400 and LOD larger than 1.00, threshold for
removal of loci with respect to jumps in goodness-of-fit
5.000, Kosambi mapping function. The final map was
drawn using JoinMap.

Results

Microsatellite marker development from tobacco genomic
sequences

A total of 1,379,067 raw sequences from the TGI and
55411 EST were analyzed for the presence of microsatellite
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Table 2 Functionality and

number of detected loci for the g::ltr; Ccif;;t;yn?;ié?m Percent i\;[;p ped Percent
investigated 5,500 tobacco
microsatellite markers 1 Locus 3789 68.9 1,533 75.3
2 Loci 1,111 20.2 435 214
3 Loci 143 2.6 54 2.7
4 Loci 36 0.7 12 0.6
Multiple loci (<7) 40 0.7 2 0.1
Non functional 381 6,9 0 0
5,500 100 2,036 100

motifs using the set of bioinformatics tools described in
“Materials and methods”. After an initial screen of 288
primer pairs equally derived from ESTs and genomic
sequences, EST derived microsatellites were excluded from
further marker development due to the fact that in the
ESTs, most of the identified microsatellite markers con-
tained predominantly short repeats (<10 repeat motifs of
mainly trinucleotide repeat-types) with a lower than
expected level of polymorphism of the trinucleotide repeats
between the parents of the mapping population (11 vs. 36%
for the dinucleotide motifs from the genomic sequences).
Thus, the developed markers were predominantly derived
from single or low copy genomic sequences or introns. The
5,500 markers with the best primer design scores were
selected for subsequent marker testing. Approximately 60%
of the microsatellite markers contained predominantly TA
repeats, 22% contained predominantly GA repeats, 14%
contained predominantly GT repeats. The remaining 4%
harbored mixed repeat types that could not be assigned
clearly to any of the above types. 88% of the markers con-
tained 8 (minimum) to 25 repeating units while the others
were mostly larger and/or contained a mixture of repeat

types.

Testing microsatellite markers for functionality

In an initial analysis, 5,500 primer pairs were evaluated for
functionality on a test panel consisting of 16 different
tobacco lines or varieties (Table 1). The panel included the
mapping parents of the Hicks Broadleaf x Red Russian
population and for the assignment of markers to the differ-
ent genomes, representative accessions of Nicotiana tomen-
tosiformis and Nicotiana sylvestris. From all 5,500 primer
pairs tested, more than 93% (5,119) were functional under
our analytical conditions. Functional markers were defined
by no more than six amplified fragments with at least one
fragment in the size range defined by the sequence used for
primer design. Based on the results of the primer pair tests
with the 16 sample panel, the markers were classified
according to their number of loci (1, 2, 3, 4 and multiple
loci), whereby the number of loci detected by the individual
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primer pair was determined according to the number of
fragments amplified in the samples of the test panel, pro-
vided that all samples displayed comparable fragment num-
bers (supplementary material S1, Table 2). From all
functional primer pairs, 74% amplified only single frag-
ments, 22% amplified two and 4% more than two frag-
ments. Especially for those markers amplifying single
fragments, they were assigned to the two different genomes
(T/S) based on the presence of an amplification product in
the N. tomentosiformis or N. sylvestris accessions respec-
tively. All functional primer sequences and other relevant
data are available from the electronic supplementary
material (S2).

Mapping of the microsatellite markers in the Hicks
Broadleaf x Red Russian F2 population

A total of 2,415 (47%) of the functional markers were poly-
morphic between the parents of the mapping population.
These candidate markers were then analyzed on the entire
mapping population. 379 of these polymorphic markers
could not be mapped due to insufficient data quality (low
stability, difficult scoring due to strong stuttering, polymor-
phic between the parents but monomorphic within the map-
ping population) and thus had to be eliminated from the
mapping experiment. This left 2,036 mapped markers, rep-
resenting 37% of the newly identified primer pairs. Since
the same plants were used as in Bindler et al. (2007), the
282 previously mapped markers were also included in the
final map.

With the 282 previously mapped markers (including the
morphological marker of flower colour), 2,318 markers
detecting 2,363 loci were mapped on this high-resolution
genetic map of tobacco. All mapped markers together gen-
erated 24 clearly defined linkage groups and the entire map
of the tobacco genome covered 3,270 cM (Fig. 1). Accord-
ing to the amplification tests on the two samples from the
ancestral genomes, the markers were assigned to the two
different genomes of tobacco. 38% of all functional markers
were assigned to the S-genome, 22% were assigned to the
T-genome and those remaining could not be assigned due
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Fig. 1 High-density genetic map of the tobacco genome. Red chromo-
somal segments were assigned to the T-genome. Blue chromosomal
segments were assigned to the S-genome. Numbers on the left side are

to lack of functionality in the ancestral genomes or because
of simultaneous amplification from both genomes. In most
of the linkage groups, the markers could be attributed pre-
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dominantly to one of the two genomes. Eleven linkage

groups could be clearly assigned to the S-genome and nine
linkage groups to the T-genome. Four linkage groups
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Fig. 1 continued

consisted of both S- and T-genome specific markers mainly
grouped in different parts of the respective linkage group.
These four linkage groups were stable up to very high
LOD-scores. On the S-genome linkage groups, 1,163 markers
were located covering 1,810 cM whereas on the T-genome
linkage groups, 1,200 markers covered 1,460 cM. On aver-
age, each linkage group is represented by 98 SSR markers
(Table 3). The marker density on the T-genome was higher
than on the S-genome due to the shorter genetic distances.
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Only two linkage groups (9 and 11) showed major areas of
disturbed segregation as already observed previously
(Bindler et al. 2007).

With 186 F2 individuals, the generated map had an aver-
age resolution of approximately 0.27 cM per crossover and
a 90% probability of separating two markers that are
approximately 0.6 cM distant from each other, provided
that the scoring of the markers was accurate and determined
in most or all of the progeny plants. In order to determine
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Fig. 1 continued

the quality of the map, a number of control analyses were
performed. 5% of all data points generated throughout the
mapping were randomly checked and 5% of markers classi-
fied as difficult to score were selectively checked. Less than
0.05% of the re-checked data points had technical or other
problems in the data set. The final quality check included
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the specific re-analysis of all double crossing over in the
mapping data. After this analysis, 371 real double cross-
overs were still present considering all mapped markers
(Table 3). On average, approximately two-thirds of the
double crossovers within a chromosome were associated
with regions of low marker density and large genetic

@ Springer



226 Theor Appl Genet (2011) 123:219-230
0 PT61019 0 PT51130 0 :3161 134 0 PT55188 (17 ﬁgggg @ 0 PT51967
1 51085 2 PT51349
4 PTE1466 3 PT60726 3 PT54778 2 PT60257 (2)
5 PT54329 PTE0427 4 PT53405a 5 PT51934
6 PT50243 6 60: 7 PT61050 5 PT20157 (2) s PTs4550
8 PT51963 7 PT50433b
11 PT51654 9 PT61280
13 PT61346 (1) 12 PT60603 (1)
12 PT61286 12 PT55251
12 PTe5461 16 PT51699 13 PT60865 13 PT51493
17 PT60714b 15 PT52080 (1)
17 PT52961 18 PT60606 (2) 18 PT61467 17 PT50062 (1)
24 PT52838 19 PT60967 (1) 19 PT53474 2 PT60715 (1)
21 PT55357 21 PT51063 2 PTsasTT 20 PT51794 21 PT54629 5 PT82059 (2)
22 PT60132 26 PT55335 22 PT53775
27 PT54630 27 PT30257 23 PT54707 (1) 27 PT50083 (1)
28 PT50855 28 PT54789 25 PT50336 (1) 30 PTo1583
29 PT54246 (1) :g S;gggéé 29 PT30245 o otaea 32 PT52640
33 PT50543
30 PT55028 (12) - ﬂ?%‘?g g? ggg;?? 30 PT61598 (1) 37 PT30067
35 PT50399 (1) 33 PT51913 33 PT55067 (1) 41 PT50541
31 PT60232 (2) 36 PT51373 43 PT53089
34 PT55394
32 PT53482 (1) 39 PT52283 (2 45 PT61153 (1)
34 PT53088 (4) 38 PT30037 40 PT61 086( : % PTo08s9 a PT50830a (2) 46 PT51624
35 PT50057 (1) 39 PT54810 41 PT61102 (2) 40 PTe1316 39 Prs0126 47 PT30242
36 PT61348 1 PT51199 (1) a2 PT30186 (1) - PT60395 (1) 4 PTo4151 48 PT30114 (1)
44 PT52358 42 PT61377
39 PT53770 43 PT61242 (1) 43 PT52769 e PT54917 44 PTE0861
46 PT54888 45 PT60822 (1) 44 PT54023 46 PT53472 (1 49 PT54871 (17)
47 PT53454 45 PT51190 (1) 58472 (1)
48 PT55086 48 PT60340 46 PT61192 (1) 48 PT60494 48 PT53319
52 PT30265 51 PT54972 47 PT61281 (1) 49 PT52897 50 PT52509 50 PT60877
53 PT61616 52 PT51039 49 PT55151a (1) 51 PT60271b (1) 51 PT55218
54 PT60339 (1) 53 PT51310 (1) o4 PTsa196 (4 56 PT60515 (14) 52 PT61457
56 PT50821 (1) 54 PT52044 50 PT54983 (13) 55 PT60290 (3) 53 PT61631 (2)
59 PT61436 55 PT61002 56 PT50721 (1) - PTS1899 2) o PTo0998
62 PT52493 57 PT51219 51 PT50971 57 PT61639 (1) 58 PT55469 (1) 56 PT61308 (1)
63 PT53583 60 PT60465b 52 PT55177 (4) 58 PT52333 59 PT60538 (1) 57 PT61649 (3)
64 PT50879 63 PT53197 54 PT60254 (1) 59 PT52099 60 PT30290 (2) 59 PT61345 (1)
60 PT54560 (3)
65 PT61218 55 PT52133 & PT55189 (3 60 PT54107
66 PT51234 (1) 56 PT51142 & Poasta @ 64 Frecioo®@ 61 PT51878
67 PT60065 63 PT60487
2 e MNPy 74 N7 iRy i Y N
72 PT61112 51; 65 PT60126 68 PToseer p; & PT52585 (1) 67 PT51212 (1)
69 60728 (2 PT23966 (1
75 PT40010 75 PT51001 72 PT20388n 7 PT53975 (2) 68 PT53595 68 53266 (1)
69 PT52828
I PTed132 76 PT60344 7 PT53563 (1) 69 PT50136 )
77 PT51526 74 PT51459 74 PT60758 (2) 74 52988
78 PT1311 (1) 79 PT53989 75 PT61350 76 PT30001 ;; gggggg U]
83 PT50921 81 PT60057 (1) 79 PT30473 (1 79 PT53337 (1)
84 PT61556 & Do }13 80 PTE0472 80 PT60373 (1)
84 PT50645 88 PT54761 (1) 85 PT60946 84 PT30426a 81 PT60177b
87 PT60848 89 PT20149 82 PT53796 (1)
a8 PT55402 (1) 91 PT55463 (2) 83 PT55431 88 PT52610
9 PT30421 85 PT55266
95 PT52821 87 PT61428
93 PT60404 ) PT61488
4 PT5197¢
% PT50500 97 PT30085 (11) 36 PT;?SS 92 PT52425
98 PT60026 (2) o7 PT52469 9% PT51259 97 PT53522
99 PT53380 98 PT51148 97 PT54887b (1)
101 PT53993 (1) 101 PT54043 98 PT52353 (2)
103 PT53519 102 PT61137 99 PT54644 (2)
105 PT51243 (1) 103 PT54788a 108 PT60013 100 PT51049 103 PT60540
106 PT54889 104 PT53432 (1) 105 PT1118n 101 PT61570 106 PT51357
108 PT50700 (1) 105 PT30132
109 PT60613 (1) 111 PT55020 108 PT55162 (1) 109 PT60410a
112 PT55161 (1) 111 PT20306b 113 PT60817 109 PT30468
113 PT51696 112 PT20235n 114 PT61590 (2) 111 PT60412
115 PT54664 11 PT52147 (2
116 PT20127 (2) S 02147 @) 116 PT55206
117 PT30180 17 PT60702 (8) 117 PT53026 (1)
120 PT61548 (3) 119 PT60123 119 PT52298 (2) 119 PT61423 (1)
121 PT30043 (1) 122 PT50939 120 PT50381 123 PT53802 (4)
123 PT52749 124 PT52809
124 PT60052 126 PT30096 126 PT52384
127 PT50819 (1) 127 PT53774b 128 PT61419
130 PT51910 (1) 130 PT52410 (1) 122 ggg%g q)
1)
131 PT53858 (2) 132 PT61322a 133 PT30077 (1)
133 PT61253 (2) 154 PT61643 (1)
136 PT53308
137 PT60763 138 PT61636 138 PT60324 (2)
138 PT30036 139 PT54512
139 PT61495 (1)
141 PT61605 140 PT50187 140 PT55269 (2)
142 PT53143 141 PT60399 (2)
142 PT40023 (2)
146 PT51473 144 PT60355 (1)
148 PT53353 (2) 147 PT51253
148 PT54104
151 PT61186 (3)
154 PT61366
161 PT51680
166 PT60529 (1)
167 PT50925
168 PT61006a
171 PT54453 (5)
172 PT50224
173 PT61461 (1)
174 PT54285 (2)
175 PT52667
178 PT60537
180 PT54254 (1)
182 PT55225
191 PT52755
195 PT53390
199 PT30098

Fig. 1 continued
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6 S 111 142 1.28 7.9 20

7 S 121 162 1.34 10.9 18

8 S 86 160 1.86 16 13

9 S/IT 77 127 1.65 11.3 14
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11 S 83 124 1.49 12 17

12 T 100 130 1.30 8.3 13

13 S/T 104 128 1.23 10.6 14

14 T 67 93 1.39 6.3 7

15 T 115 127 1.10 8 10

16 S 94 165 1.76 11.3 21

17 T 121 130 1.07 6.7 19

18 S 88 107 1.22 5.6 6

19 T 110 148 1.35 8.1 12

20 S 71 130 1.83 11.1 15

21 S/T 74 85 1.15 7.6 14
Presumed linkage group 22 SIT 146 199 1.36 10.7 23
:Ss;vgnmlem o .23 T 131 140 1.07 6.1 14
fo,rm.i;y vestris; 1, N. tomentosi 24 T 30 109 1.36 85 10
distances between these markers. In addition, each linkage Discussion

group had one major region of markers separated by small
genetic distances whereby frequently a significant number
of markers (up to 28) showed essentially no recombination
between each other (electronic supplementary material S3
and Fig. 1).

Although the largest distance between two markers is
still 16 cM and a number of markers are cosegregating, the
average marker distance of mapped markers is 1.41 cM
based on a genome size of 4,500 Mbp and a genetic dis-
tance of 3,270 cM. This is roughly equivalent to an average
distance of 2 million base pairs between individual mapped
SSR markers.

435 markers amplified two clearly defined fragments in
the tetraploid N. tabacum genome (Table 2). In these cases
identification of the homeologous linkage groups of the
T- and S-genome was not possible since both fragments
need to be polymorphic and mapped. For 389 markers
(89%) only one fragment was polymorphic and could be
mapped while the other fragment was monomorphic. Only
for 46 markers could both fragments be mapped. From
these, six duplicated loci were located on the same linkage
group and 40 mapped to different linkage groups producing
inconsistent homeologous pair assignments.

With the development of 5,119 new and functional micro-
satellite markers for the N. fabacum tobacco genome, the
number of available functional microsatellite markers has
increased nearly tenfold (from 637 to 5,756). This demon-
strates the value of the TGI sequences for development of
large numbers of SSR markers. Given a genome size of
approximately 4,500 Mbp for the tobacco genome, it is
estimated that the 5,736 markers increase the marker den-
sity to, on average, more than one available microsatellite
marker (4,500 Mbp/5,756 marker) per million base pairs
and now makes tobacco the species with the largest number
of tested SSR or sequence tagged markers in the Solana-
ceae. The tobacco genome was previously less well mapped
than species such as pepper and eggplant. It is now compa-
rable to tomato and potato in terms of number of available
sequence tagged markers. It also makes tobacco a species
for which more tested SSR markers are available compared
to other allopolyploid or autopolyploid plant species
(Cheng et al. 2009; Somers et al. 2004; Guo et al. 2007).
The established map in the Hicks Broadleaf x Red
Russian F2 population is of high quality and high resolution.
Most of the observed and confirmed double crossovers are

@ Springer



228

Theor Appl Genet (2011) 123:219-230

present only in regions with a low marker density and
relatively large distances between markers. Furthermore,
skewed segregation patterns are found only in limited chro-
mosomal regions (chromosome 9 and 11). At an average
genetic resolution of 0.27 cM and with most markers being
scored in a codominant manner, the map is more accurate
than the current saturated tomato map consisting of approx-
imately half as many individuals (Tanksley etal. 1992;
Fulton et al. 2002; http://solgenomics.net).

With a total size of 3,270 cM, the genetic map has
increased by 1,350 cM compared to the previously pub-
lished map of 1,920 cM which was incomplete since not all
markers could be linked to each other (Bindler et al. 2007).
In the current map, all 2,318 markers could be attributed
unequivocally to the 24 linkage groups or chromosomes,
indicating that the map should cover the entire tobacco
genome, although the telomeres are not included in the map
due to the lack of suitable markers. Considering that
tobacco is an allotetraploid species with two genomes, each
segregating in a diploid inheritance mode, the genome
length of each genome in centiMorgan is comparable to the
full map of tomato of approximately 1,500 cM (Shirasawa
etal. 2010). The position of the centromeres of the 24
tobacco chromosomes is not known, although most chro-
mosomes show a single region with a considerable cluster-
ing of markers. In other Solanaceous species such as
tomato, such a marker cluster is usually associated with the
centromere and its constitutive heterochromatin (Tanksley
et al. 1992).

It is interesting to note that the vast majority (>90%) of
the developed markers are either specific to one of the
ancestral genomes or detect two loci (albeit usually only
one locus was polymorphic and could be mapped) indicat-
ing that the two genomes are significantly different from
each other and that in case two loci are identified, they
might be located at the same position on the homeologous
chromosomes. It was expected that the SSR markers for
which two loci could be mapped should lead to the identifi-
cation of the homeologous groups in the two genomes. This
was however not the case since only a very limited number
(46) of SSR markers were polymorphic on both chromo-
somes. Furthermore, in a number of cases linked marker
pairs that were polymorphic in both genomes were defi-
nitely not located on the same chromosome, indicating that
the two genomes have been rearranged in the current forms
of the N. tomentosiformis and N. sylvestris genomes and/or
after the speciation event which led to the generation of tet-
raploid tobacco. For both cases there is evidence based on
this study and the results of Wu et al. (2009c). There, it
could be shown that the N. tomentosiformis and N. acumi-
nata (a closely related species to N. sylvestris) have under-
gone a number of chromosomal rearrangements since their
separation. Based on the amplification of genome-specific
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markers in the two ancestral genomes of N. tomentosifor-
mis and N. sylvestris, followed by the assignment of these
markers to linkage groups in the current map, it is likely
that translocations have also occurred after the polyploidiza-
tion event since four linkage groups contain genome-specific
markers from both linkage groups. This is independently
supported by cytogenetic analyses (Lim et al. 2007) where
it could be shown by GISH (genomic in situ hybridization)
that numerous intergenomic translocations exist in natural
N. tabacum. It can also not be excluded that the S and T
genome may have undergone deletion of specific chromo-
somal segments since the polyploidization event (Lim et al.
2004; Doyle et al. 2008) and recent data (G.B. unpublished
data) suggest that on linkage group 9, some genes are
absent in the S-genome.

In terms of genetic mapping and molecular marker
assisted breeding, this map represents a significant
improvement over existing marker resources. While it has
not been previously possible to identify polymorphic mark-
ers spread at roughly similar genetic distances over the
entire tobacco genome even in distantly related material, it
is now possible to identify sufficient (hundreds) of poly-
morphic markers in crosses within the four main tobacco
types: Burley, Flue-cured, Oriental and Dark, so that genes
and quantitative trait loci can be mapped with a marker
density/spacing which is suitable for marker-assisted breed-
ing (Xu 2010).

The SSR markers and the sequences from which they
have been derived will in the future be important tools to
further advance tobacco genome analysis, since they can be
used as anchor points in the physical mapping of bacterial
artificial chromosome (BAC) clones and as anchor points to
align the genetic map with a future genome sequence of
tobacco. Furthermore, since the SSR markers are located in
predominantly single copy sequences, the flanking DNA
sequence from which the respective marker has been gener-
ated can be used to further align the tomato and potato
genome sequence to the tobacco genome via sequence
homology analysis, once their genome sequences are fully
available, and if sequence homology is sufficient.
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