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Abstract
The Solanaceae was among the first plant families to be analyzed via
comparative mapping and thus was a pioneer in the realm of synteny
studies. Analyses of chromosome content and organization have
employed a range of techniques, including linkage mapping of genes
and molecular markers, physical mapping via fluorescence in situ
hybridization, and sequencing of relatively small genomic segments as
well as the complete sequencing of the tomato genome. Early comparisons
in the family involved tomato and its close relative potato and have
extended outward to include eggplant, pepper, tobacco, and petunia. Not
surprisingly, the degree of synteny among these species is a function of
the time since their divergence, with inversion, translocation, and
transposition being the chief mechanisms of chromosome rearrangement.
The results of this work provide important insight into the modes and
tempo of plant genome evolution while serving a practical purpose as
well: knowledge of genome synteny and colinearity makes it easier to
leverage resources from one species to another in this agronomically
important family.
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Introduction

The term ‘synteny’ was originally used in
genetics to describe the presence of two or more
genes on the same chromosome, however, its
meaning has evolved with changes in the disci-
pline (McCouch 2001). Today the terms ‘syn-
teny,’ ‘conserved synteny,’ and ‘shared synteny’
are all used to indicate co-localization of genes or
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markers on chromosomes of two or more species
derived from a common ancestor (Abrouk et al.
2010). The terms ‘colinear’ (var. collinear) and
‘conserved syntenic segments’ (CSSs; Nadeau
and Taylor 1984) are more specific and indicate
the shared order of loci in syntenic regions
(Abrouk et al. 2010). ‘Macrosynteny’ describes
synteny for a large number of loci over a whole
chromosome, while ‘microsynteny’ describes the
detailed relationships between smaller CSSs.

Examination of shared synteny in plant gen-
omes followed soon after the appearance of the
first molecular linkage map in tomato (Bernatzky
and Tanksley 1986). Only 3 years later, maps
comparing the tomato, potato, and pepper gen-
omes were published (Bonierbale et al. 1988;
Tanksley et al. 1988). Since this pioneering work
in Solanaceae, comparative genome mapping of
molecular markers and genes has revealed much
about macrosynteny in plant genomes. Another
technique used in synteny studies is fluorescence
in situ hybridization (FISH) which involves
localization of specific probes on pachytene
chromosomes. FISH analyses can reveal chro-
mosomal rearrangements such as inversions and
translocations. DNA sequencing projects includ-
ing the complete sequencing of the tomato gen-
ome (Tomato Genome Consortium 2012) have
allowed comparison of genomes on a finer,
microsyntenic, scale.

The study of shared synteny can shed light on
the evolution of individual chromosomes and
whole genomes. As synteny is the result of des-
cent from a common ancestor, disruption in
CSSs can be used to deduce the mechanisms of
chromosome rearrangement that accompanied
species divergence. Examination of synteny also
helps to identify orthologous regions in different
species’ genomes. This can be useful for deter-
mining gene function or for isolating genes in
non-model plant species. Shared synteny is also
important in the study of paleogenomics, the use
of extant species to reconstruct ancestral gen-
omes (Abrouk et al. 2010). More practical
applications of shared synteny include the ability
to map genes or markers in silico and to leverage
resources developed for model species in
lesser-studied genomes.

Tomato (Solanum lycopersicum) is the model
species of the Solanaceae. As a result, most
studies of synteny in this family have entailed
comparisons with tomato. The species discussed
in the following review of synteny research are
thereby organized according to their relationship
to tomato, beginning with comparisons between
tomato and its wild relatives and moving to more
distant species within the Solanaceae.

Cultivated Tomato

Examination of synteny within S. lycopersicum is
extremely limited. Asamizu et al. (2012) com-
pared bacterial artificial chromosome (BAC) end
sequences from the cultivar ‘Micro-Tom’with the
sequence of ‘Heinz 1706.’ ‘Heinz 1706’ is the
inbred tomato cultivar whose genome was
sequenced by the Tomato Genome Consortium
(2012). ‘Micro-Tom’ is a dwarf cultivar which is
used as a model because of its small size, rela-
tively short lifecycle, and ease of genetic trans-
formation. Examination of microsynteny between
the two cultivars indicated two possible rear-
rangements. Chromosome 2 contains an inversion
of 20–220 kb, its size depending on the orienta-
tion of the inversion. Chromosome 3 contains an
intrachromosomal translocation and inversion.
The presence of a putative reverse transcriptase
within the region allowed the authors to hypoth-
esize that the rearrangement was due to retro-
transposon activity.

Wild Tomato

The closest relatives of domesticated tomato
include nine wild tomato species that can be
crossed with S. lycopersicum. These species are a
rich source of genetic diversity (Tanksley and
McCouch 1997; Bai and Lindhout 2007) and
have been widely exploited for improvement of
tomato including the introgression of over 40
disease resistance alleles from wild germplasm to
cultivated tomato (Hajjar and Hodgkin 2007).
Moreover, by providing DNA polymorphism
which is limited within S. lycopersicum,
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interspecific populations derived from the wild
species have allowed identification and mapping
of many qualitative and quantitative traits
(Lippman et al. 2007). Fine mapping of disease
resistance and morphological genes in inter-
specific populations of tomato have also revealed
genomic rearrangements that distinguish culti-
vated tomato from its closest wild relatives.
Reduced recombination within introgressed seg-
ments is often a preliminary indicator of altered
synteny. For example, in fine mapping the Cf-4/
Cf-9 leaf mold resistance gene cluster on chro-
mosome 1 of tomato, Bonnema et al. (1997)
noted that a S. pennellii-derived population had a
highly suppressed recombination rate as com-
pared to a S. peruvianum-derived one. The
authors surmised that small inversions in the
region might be responsible for this discrepancy.

Lack of recombination in a S. pennelli-derived
population also hindered high resolution map-
ping of the sun locus on the short arm of chro-
mosome 7 (van der Knaap et al. 2004). This led
to the identification of a paracentric inversion in
S. pennellii relative to cultivated tomato. The
same inversion was not detected in S. pimpinel-
lifolium (van der Knaap et al. 2004), S. peru-
vianum (van Heusden et al. 1999) or potato
(Gebhardt et al. 1991) but is present in eggplant
(Doganlar et al. 2002). These results were con-
firmed by FISH analysis of chromosome 7S
which suggested that the S. pennelli/eggplant
arrangement is ancestral (Szinay et al. 2012).
Thus, the inversions occurred independently in
the S. pennellii and eggplant lineages suggesting
that this region of the genome may be subject to
frequent rearrangements during evolution. Inter-
estingly, the region containing sun is 30 kb
shorter in S. pimpinellifolium than in S. lycop-
ersicum (van der Knaap et al. 2004). Further
investigation indicated that the size discrepancy
is due to a 24.7 kb duplication at the sun locus in
cultivated tomato which confers an elongated
phenotype to fruit (Xiao et al. 2008). This
duplication was attributed to the activity of a
long terminal repeat retrotransposon, Rider.

Thus, a lack of microsynteny between two
genomic regions helped to elucidate the identity
and mechanism of the sun locus in tomato.

Another inversion distinguishing cultivated
and wild tomato was detected on chromosome 6
in the region of a root knot nematode resistance
gene (Mi-1) (Seah et al. 2004). The region con-
tains two clusters of homologous genes which
are arranged similarly in both S. lycopersicum
and S. peruvianum, the original source of Mi-1.
Physical mapping revealed that the clusters are
inverted relative to each other in the two species.
Examination of microsynteny in the region
indicated that simple inversion alone could not
explain the arrangement and sequence identity of
homologues (Seah et al. 2007). Instead the
authors proposed the occurrence of several rear-
rangements (inversion and/or intra- or inter-
chromosomal recombination) as well as gene
conversion but did not specify the events or their
timing during evolution. Interestingly this chro-
mosome 6 inversion in S. peruvianum was not
detected by Szinay et al. (2012) using
BAC-FISH. However, they did identify an
inversion at the top of 6S in S. pennelli. This
research also showed that a portion of S. chilense
chromosome 12S is inverted relative to tomato
and wild tomato species.

Physical mapping and sequence analysis were
also used to compare large portions of the S.
lycopersicum and S. pennellii genomes
(Kamenetzky et al. 2010). With QTLs for meta-
bolic traits as the starting point for their com-
parisons, the authors examined five regions of
the genome and produced a detailed physical
map of 1 % of the wild species’ genome. S.
pennellii and cultivated tomato were found to be
mostly colinear in these regions. In addition, over
1 million bp of DNA were sequenced and func-
tionally annotated. Examination of the
microsynteny in this region revealed that gene
order, orientation and exon/intron structure were
conserved between the two species with small
differences in transposable element insertion and
the size of intergenic regions. A divergence time
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of 2.7 million years ago (MYA) was estimated
based on the rate of amino acid substitution for S.
lycopersicum and S. pennellii.

Tomato-Like Nightshades

Nightshade is often used as a general term to
refer to any member of the Solanaceae. However
a more specific definition, ‘tomato-like night-
shades,’ includes only those species closely
related to tomato: S. ochranthum, S. juglandi-
folium, S. sitiens, and S. lycopersicoides (Rick
1979). These species are of interest because both
morphological and molecular phylogenetic
studies place them between tomato and potato
(Peralta and Spooner 2001; Albrecht and
Chetelat 2009). In addition, the tomato-like
nightshades are expected to contain more diver-
sity for useful traits such as biotic and abiotic
stress tolerance than their domesticated relatives
(Albrecht and Chetelat 2009). Some species of
tomato-like nightshades can be hybridized, albeit
with some difficulty, to tomato, therefore, these
species represent a potential genepool of novel
traits for tomato improvement.

Molecular genetic mapping in S. lycoper-
sicum × S. lycopersicoides BC1 and BC2 pop-
ulations revealed a high degree of synteny
between the two species’ genomes (Chetelat
et al. 2000; Chetelat and Meglic 2000). A total of
139 RFLP, isozyme and morphological markers
previously mapped in tomato indicated complete
colinearity with the tomato genome except on
chromosome 10L. These results suggested an
inversion of this arm in S. lycopersicoides rela-
tive to tomato, a paracentric inversion that is also
observed in potato. The same rearrangement of
10L was detected in a pseudo F2 population
derived from a cross between two related night-
shades, S. lycopersicoides and S. sitiens, and
mapped with 101 RFLP markers (Pertuze et al.
2002). Because this arrangement is common to
these tomato-like nightshades, potato, pepper,
and eggplant, the inversion must have occurred
during the divergence of tomato from these other
species. However, it is important to note that
BAC-FISH analysis in the same species did not

confirm the 10L inversion, instead inversions
were detected on chromosomes 6S and 7S of the
S. lycopersicoides genome relative to tomato.
(Szinay et al. 2012). Thus, more detailed analysis
of these regions is merited.

The chromosome 10L inversion was also not
detected in an F2 population derived from the cross
S. ochranthum × S. juglandifolium (Albrecht and
Chetelat 2009). Mapping using 132 tomato COS,
COSII, RFLP, and SSR markers revealed overall
synteny between these nightshades and tomato
with a shared arrangement of chromosome 10L.
This finding was confirmed by FISH analysis of
10L in S. ochranthum (Szinay et al. 2012). Overall,
these results agree with the molecular phylogeny
which indicates that the section Juglandifolia
nightshades (S. ochranthum and S. juglandifolium)
are more closely related to tomato than the section
Lycopersicoides nightshades (S. sitiens and S.
lycopersicoides) (Peralta and Spooner 2001). Szi-
nay et al. (2012) also described an inversion on 6S
of S. ochranthum relative to tomato which is larger
than that in S. lycopersicoides and is also shared by
potato. The S. ochranthum and S. juglandifolium
genomes were found to differ by a reciprocal
translocation of chromosomes 8 and 12. Although
other inversions were detected, they might be
artifacts as they were only supported by single
marker deviations from colinearity.

In other work, the first linkage map for a
non-tomato-like nightshade was constructed
(D’Agostino et al. 2013). S. dulcamara, also
known as bittersweet or climbing nightshade, is
native to Europe and may be a source of useful
abiotic and biotic stress resistances for related
crop species. D’Agostino et al. (2013) compared
this species’ genome with those of tomato,
potato, and eggplant. Five S. dulcamara chro-
mosomes (1, 3, 6, 8, and 9) were completely
colinear with the respective tomato chromosomes
indicating that the tomato/bittersweet chromo-
somes represent the ancestral arrangement.
Chromosomes 2, 5, 7, and 10 of S. dulcamara
contain inversions relative to their tomato coun-
terparts with some of these inversions also
observed in potato, eggplant, and/or pepper.
Translocations were seen on chromosomes 4, 11,
and 12 as has also been observed in solanaceous
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crop species but with different combinations of
chromosome arms. This re-use of chromosome
breakpoints suggests that certain chromosomes
are unstable and have been rearranged more than
once over evolutionary time.

Potato

In economic and agricultural terms, potato (Sola-
num tuberosum) is the most important member of
the Solanaceae. The genetics of potato is more
complex than tomato, owing to its autotetraploid
nature. The existence of diploid wild relatives as
well as potato’s close kinship with tomato pro-
vided an essential foundation for molecular
genetic analyses in the crop. The construction of
molecular genetic linkage maps for potato using
genomic and cDNA clones derived from tomato
permitted some of the first explorations of synteny
in dicot plant genomes (Bonierbale et al. 1988;
Gebhardt et al. 1991; Tanksley et al. 1992). The
initial molecular map of potato was developed by
examining the segregation of 134 RFLP and iso-
zyme markers in offspring from an interspecific
cross of diploid Solanum parents: S. phureja × (S.
tuberosum × S. chacoense) (Bonierbale et al.
1988). The use of common markers revealed
homologous relationships between the 12 linkage
groups of potato and tomato and demonstrated that
marker content and order are highly conserved
between the two species. Four paracentric inver-
sions were identified as disrupting the karyotypic
similarity between the species. Three of these
chromosomal rearrangements were confirmed and
an additional two inversions were discovered as a
result of the subsequent parallel construction of
high-resolution maps of the tomato and potato
genomes (Tanksley et al. 1992). Based on a cross
between S. tuberosum and S. berthaultii, this
potato map provided evidence that the entire short
arms of chromosomes 5, 9, 11, and 12 and the long
arm of chromosome 10 are inverted relative to
tomato. Synteny and colinearity of markers
between the two species was otherwise strongly
conserved leading the authors to surmise that
chromosome breakage followed by inversion was

the principle mechanism of genome rearrange-
ment during divergence of the two lineages.

Wu and Tanksley (2010) performed a com-
prehensive review of the data from COSII marker
and other comparative mapping studies to
ascertain the nature of structural changes distin-
guishing the genomes of tomato, potato, egg-
plant, pepper, and Nicotiana (Fig. 12.1). This
work confirmed the positions of six inversions in
potato relative to tomato and deduced that two of
these inversion events had occurred along the
potato line whereas the rest were specific to
tomato (Fig. 12.2). They estimated that the last
common ancestor (LCA) of potato–tomato lived
7.3 MYA and that the karyotype of the ancestral
genome resembled the following extant chro-
mosomes (where T = tomato and Pt = potato):
T1/Pt1, Pt2, T3/Pt3, T4/Pt4, Pt5, T6/Pt6, T7/Pt7,
T8/Pt8, Pt9, Pt10, T11, T12 (Wu et al. 2010).

Another approach to elucidating the synteny
of the potato and tomato genomes has involved
comparative mapping of disease resistance and
pathogen recognition genes (Grube et al. 2000;
Huang et al. 2004, 2005). In a genome-wide
survey of resistance genes (R genes) in tomato,
potato, and pepper, Grube et al. (2000) discov-
ered that clustering of R genes at homologous
positions is a common phenomenon: four such
clusters were found on potato–tomato chromo-
somes 6, 9, 10, and 12. The authors point out that
it would, however, be difficult to exploit this
synteny for the purposes of isolating orthologous
R genes as corresponding R gene clusters typi-
cally contain genes with different pathogen
specificity. Nevertheless, Huang et al. (2004,
2005) found strong conservation in marker con-
tent and order between the I2 region of tomato
(which confers Fusarium wilt resistance) and the
R3 region of potato (confers late blight resis-
tance) that proved useful in isolating R3a. Based
on their protein sequences, I2 and R3a belong to
the same gene family and may have evolved
from an R gene locus present in their LCA.
Interestingly, the tomato I2 region is half the size
of the potato R3 region. Thus in addition to the
change in pathogen specificity, a greater number
of R genes have evolved at this particular locus
in potato than in tomato (Huang et al. 2005).
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With the availability of the complete genome
sequence of tomato (Tomato Genomics Consor-
tium 2012), it has become easier to conduct
genome-wide surveys and phylogenetic analyses
of disease-resistance genes. An analysis of the
bHLH transcription factor family uncovered 152
members distributed across the entire tomato
genome, with evidence suggesting that one was
upregulated in a resistant line following infection
by tomato yellow leaf curl virus (Wang et al.
2015). Comparison with potato enabled the

identification of over 160 orthologous gene pairs,
each single copy tomato gene being represented in
potato by up to four genes, reflecting the polyploid
origins of S. tuberosum. Physical localization of
these gene pairs revealed a high degree of synteny
between the potato and tomato genomes.
Similarly, Andolfo et al. (2013) performed a
comprehensive analysis of pathogen recognition
genes (specifically, nucleotide-binding site,
receptor-like protein, and receptor-like kinase
genes) in the tomato genome, in an effort to

Fig. 12.2 Karyotypes of tomato, potato, eggplant, pep-
per, and tobacco and their most recent ancestors as
determined by COSII mapping. Tomato chromosomes are
color-coded. Symbols and abbreviations are as described

for Fig. 12.1. Chromosome breaks indicate areas that
require further study (used with permission from Wu and
Tanksley 2010)

b Fig. 12.1 Comparative maps of tomato (T), potato (Pt), eggplant (E), pepper (P), and tobacco (N) chromosomes and
their most recent ancestors (chromosomes with AT prefixed to name) as determined by COSII mapping. White circles
indicate positions of tomato centromeres. Black arrows and bars indicate inversions and breakpoints relative to tomato.
Grey symbols indicate uncertain chromosomal rearrangements (used with permission from Wu and Tanksley 2010)
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localize the genes and trace their evolutionary
origins via gene duplication. More than 300
putative orthologs of the pathogen recognition
genes were obtained from potato, using synteny
(comparative genome positions) as a key criterion
for orthology. Slight differences in the genomic
positions of many of the orthologous pairs were
noticed in addition to differences in gene number
between tomato and potato, suggesting that these
genes are evolving independently in the two
lineages.

Although comparative genetic mapping has
revealed a great deal about the syntenic rela-
tionship between genomes in the Solanaceae,
suppressed recombination in heterochromatic
genomic regions limits the ability of genetic
maps to fully resolve genome structure. Recog-
nizing this shortcoming, physical mapping
approaches have become increasingly popular
especially now that extensive BAC libraries have
been made available by the work of the tomato
and potato genome sequencing consortia (http://
www.sgn.cornell.edu/; http://potatogenome.net).
Thus localization of BACs on pachytene chro-
mosomes of tomato and potato using FISH
uncovered two structural differences between
tomato and potato chromosome 6 (Iovene et al.
2008; Tang et al. 2008). Iovene et al. (2008)
reported that, while the pachytene chromosomes

of tomato and potato are morphologically simi-
lar, an interstitial heterochromatic knob is
specific to potato 6L. BAC colinearity on 6L is,
however, conserved. In addition, both studies
(Iovene et al. 2008; Tang et al. 2008) confirmed
the existence of a large inversion encompassing
the euchromatic portion of 6S that had been
suggested by a previous molecular genetic anal-
ysis of chromosome 6 (van Wordragen et al.
1994) but was not apparent on the high-density
tomato–potato map (Tanksley et al. 1992).

Comparative sequencing offers an avenue for
elucidating microsyntenic relationships between
potato and tomato. Wang et al. (2008) included
potato in their sequence analysis of a 105 kb
CSS in five solanaceous species (tomato, potato,
eggplant, pepper, petunia). Of the 17 genes
contained within this region, two showed a
reversed orientation in potato as compared with
tomato (Fig. 12.3). Because the potato orienta-
tion was also seen in eggplant and petunia, it was
judged to be the ancestral condition. These
authors also calculated an approximate date of
6.2 MYA for the divergence of potato and
tomato (Wang et al. 2008). Zhu et al. (2008)
generated almost 90 Mb of potato genomic
sequence from 77,000 BAC ends and 22 BACs.
BLAST searches in Genbank and the SGN
database (solgenomics.net) were then used to

Fig. 12.3 Organization of
a 105 kb conserved
syntenic segment (CSS) in
potato, tomato, pepper,
eggplant, and petunia
containing 17 annotated
genes. Positions of the
genes in the arabidopsis
(At) genome are also
shown. Putative orthologs
are connected by dashed
red lines (used with
permission from Wang
et al. 2008)
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identify segments syntenic to tomato. In some
instances, the conserved segments spanned more
than 100 kb and sequence coverage ranged from
13 to 73 %. Although macrosynteny between
potato and tomato was apparent, evidence of
small-scale rearrangements such as insertions/
deletions and micro-inversions were also seen.
Nevertheless, protein sequence alignments as
well as a comparison of the length of genes,
exons, and introns indicated that genic synteny
was maintained. A comprehensive analysis of
repeated DNA sequences within the BACs sug-
gests that transposition, alongside chromosome
inversion, is a key contributor to genome
restructuring between potato and tomato
(Zhu et al. 2008).

In a multipronged approach employing
cross-species BAC-FISH and comparative
sequencing, Peters et al. (2012) analyzed 7 Mb of
the euchromatic portion of the long arm of chro-
mosome 2. Six major rearrangements including
inversions ranging in size from 20 kb to 3 Mb as
well as several translocations were identified.
These structural changes appear to have occurred
along the lineage leading to tomato as they are
absent from pepper, eggplant, and potato. This
work also revealed that the rearrangements
affecting 6S, 10L, and 11L are more complex than
previously suspected. The inversion on 6S
involved several reversals, deletions, and
translocations. A second inversion was pin-
pointed on 10L. In addition, three inversions,
three deletions, and an inverted translocation
occurred on 11L. Microsynteny in potato and
tomato was also explored by examining the
adjacency of orthologous genes on 2L. Within
664 ortholog groups, the vast majority (96 %)
consisted of homologous gene pairs that mapped
to corresponding colinear positions. However,
gene adjacencies were not conserved between
potato and tomato for 46 % of these ortholog
pairs. In many cases, the insertion of putative
retrotransposons appears to have disrupted
microcolinearity. Sequences similar to transpos-
able elements were also found near rearrangement
junctions suggesting that repeat-mediated
recombination is a plausible mechanism for gen-
ome reorganization. Accordingly, the authors

hypothesized that a series of intra-strand and
ectopic recombination events transformed 2L
from the ancestral state found in potato to that
found in tomato (Peters et al. 2012). Thus, what
has emerged from this and other physical mapping
studies is a far clearer picture of chromosome
evolution in Solanum as well as the importance of
examining synteny and colinearity on a finer
scale.

Synteny studies in potato have extended
beyond tomato to encompass a number of other
Solanum species. In a comparison of
tuber-bearing Solanums, a BC1 population was
derived from a cross between two Mexican
diploid species S. pinnatisectum (a source of late
blight resistance) and S. cardiophyllum ssp. car-
diophyllum (Kuhl et al. 2001). The resulting
molecular map, albeit low resolution (99 markers
derived from tomato) and incomplete (13 linkage
groups), showed good overall synteny and col-
inearity with previously published potato linkage
maps (Bonierbale et al. 1988; Tanksley et al.
1992; Perez et al. 1999). Interestingly, despite the
morphological similarity among potato and its
non-tuber-bearing relatives (section Etuberosum)
(Contreras-M and Spooner 1999), a wide range
of evolutionary mechanisms has operated to
distinguish the A genome of cultivated potato
from the E genome of section Etuberosum spe-
cies (Perez et al. 1999). Using established
tomato/potato markers on a F2 population
derived from an interspecific cross between S.
palustre and S. etuberosum, Perez et al. (1999)
placed 80 loci in 19 linkage groups. While the
excess of linkage groups indicates that the E
genome was not completely mapped, this work
did reveal general synteny in that markers usu-
ally mapped to homeologous chromosomes in
both genomes. However, the linear order of
markers was frequently disrupted by putative
translocations, inversions, and occasional trans-
positions. Thus, it is not surprising that attempts
to cross A and E genome Solanum species have
not been successful: the extent of chromosome
rearrangement could explain the lack of chro-
mosome pairing and hybrid sterility that are
typically observed (Ramanna and Hermsen 1979;
Watanabe et al. 1995). The comparative mapping
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results of Perez et al. (1999) provide additional
support for the phylogenetic placement of S.
tuberosum and S. lycopersicum as sister groups
on a lineage separate from section Etuberosum
(Spooner et al. 1993). However, more recent
research (Szinay et al. 2012; described below)
places S. etuberosum closer to the tomato clade.

Research in potato has also examined synteny
within the species. Tang et al. (2008) extended
the analysis of the chromosome 6S inversion
across six potato genotypes and found evidence
of a single minor structural rearrangement of 6S
in one potato line. This, combined with their
failure to observe the 6L interstitial knob iden-
tified by Iovene et al. (2008) in any of their lines,
led them to speculate that a certain degree of
chromosomal rearrangement has occurred within
S. tuberosum (Tang et al. 2008). Lou et al. (2010)
broadened the cytogenetic comparison of chro-
mosome 6 to include a total of seven Solanum
species: cultivated potato (A genome), two wild
potato species (S. bulbocastanum and S. chro-
matophilum representing the B and P genomes,
respectively), the E genome species S. etubero-
sum, as well as tomato, eggplant, and its relative
S. caripense. Synteny in BAC position and ori-
entation was found across all species with the
exception of the aforementioned paracentric
short arm inversion in tomato and a large peri-
centric inversion in S. etuberosum. The para-
centric 6S inversion was deemed to have
occurred after the divergence of tomato from the
other Solanum species. The pericentric inversion
is noteworthy as being the first such inversion
identified in the genus. Interestingly, Perez et al.
(1999) failed to detect this inversion in their
cross-species comparison of the A and E gen-
omes, once again highlighting the shortcomings
of linkage analysis as the sole approach to syn-
teny studies.

In addition to revealing hidden structural
changes in genomes, the BAC-FISH approach
has been useful as a means of understanding
evolutionary relationships within Solanum. Szi-
nay et al. (2012) used BAC-FISH signal order to
perform a phylogenetic analysis of 18 Solanum
species/accessions. BACs specific to seven
chromosome arms known to harbor inversions

among the selected species (5S, 6S, 7S, 9S, 10L,
11S, 12S) were isolated and mapped via FISH.
Two syntenic species groups (composed of spe-
cies with identical hybridization patterns)
emerged: group A comprising potato and its
relatives within section Petota and group B
comprising several members of section
Lycopersicon, including tomato. The genome of
S. etuberosum differed from that of syntenic
species group A due to inversions on three of the
studied chromosome arms: 7S, 9S, and 10L (this
latter inversion is apparently shared with group
B). As a result, the phylogenetic tree based on
these results places S. etuberosum closer to
tomato and its relatives than to potato (Szinay
et al. 2012), a topology that differs slightly from
that deduced by Perez et al. (1999) based on their
comparison of the A and E genomes. Finally, the
authors hypothesize that cultivated and wild
potato species must have diverged in the recent
past as no structural differences among their
genomes were detected (Szinay et al. 2012). In a
broader comparison within the clade, over 300
COSII markers were assessed in eight potato
accessions (including the wild species S. ber-
thaultii, S. chomatophilum, and S. paucissectum
as well as two diploid landraces of S. tuberosum)
(Lindqvist-Kreuze et al. 2013). Only a small
number of the COSII markers did not map in
their predicted locations based on the established
synteny between potato and tomato.

In contrast, by aligning diversity arrays tech-
nology (DArT) marker sequences derived from
the wild tuber-bearing species S. commersonii
and S. bulbocastanum with genome sequences
from cultivated potato and tomato, Traini et al.
(2013) discovered a greater amount of variability
between the genomes. The failure of a proportion
of the markers to align with the potato (8 %) or
the tomato (21 %) genome sequences was taken
as evidence of this heterogeneity. The existence
of gaps between the markers provided additional
support of small-scale structural divergence
between the genomes of wild and cultivated
potato. The use of DArT markers to construct
medium-density genetic linkage maps for
S. bulbocastanum has shed additional light on the
degree of divergence between the A genome of
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S. tuberosum and the B genome of S. bulbocas-
tanum (Iorizzo et al. 2014). The wild potato
genome shows the same nine chromosomal
rearrangements previously described as distin-
guishing tomato and cultivated potato. Moreover,
two additional, albeit small (5–10 cM), inver-
sions on 2S and 8S appear to be specific to S.
bulbocastanum. The results of these two studies
are suggestive of the sorts of microscale,
lineage-specific rearrangements that have
accompanied the diversification of potato as a
clade and which should become more and more
visible as new strategies for mining whole gen-
ome sequence data are developed.

Eggplant

Eggplant (S. melongena), unlike many other
solanaceous species, was domesticated in the Old
World and its current importance as a crop is
primarily limited to the Mediterranean Basin and
Asia. In the past decade, genetic studies in egg-
plant have been facilitated by genome similarity
with tomato. Synteny between eggplant and
tomato was first investigated by Doganlar et al.
(2002) who mapped 233 single copy tomato
RFLP markers in an interspecific (S. lin-
naeanum × S. melongena) eggplant population.
This work indicated that the eggplant and tomato
genomes share large colinear regions and differ
by 28 rearrangements encompassing 23 inver-
sions, 4 reciprocal, and 1 non-reciprocal
translocation. A total of 36 CSSs were identi-
fied in the genomes with an average size of
34 cM. Two chromosomes, 1 and 8, were found
to be completely syntenic between eggplant and
tomato. The use of tomato RFLP markers that
had also been mapped in potato allowed com-
parisons between eggplant and potato and
revealed similar high levels of synteny with 24
rearrangements differentiating these two gen-
omes. Examination of the synteny between egg-
plant and these two species indicated that
eggplant and tomato are five to six times more
diverged than tomato and potato in terms of
numbers of rearrangements. The work also pro-
vided insight into mechanisms of chromosome

evolution in the Solanaceae. Results indicated a
moderate rate of chromosome evolution (0.19
rearrangements per chromosome per million
years) and that paracentric inversions of CSSs
were the primary mechanism of rearrangement.
Translocations were of secondary importance in
divergence of eggplant and tomato/potato.
Translocations and inversions generally occurred
at or near the centromeres as indicated by the
presence of telomeric sequences at the cen-
tromeres of affected chromosomes (Presting et al.
1996).

Further work with the same population by Wu
et al. (2009a), added 110 COSII markers to the
eggplant map. Their results were very similar to
those of Doganlar et al. (2002) indicating that the
eggplant and tomato genomes share 37 CSSs and
differ by 24 inversions and five translocations
with some differences detected in the locations of
the inversions. Wu et al. also identified five
single markers with altered positions suggesting
possible transposable element activity during the
divergence of eggplant and tomato from their
LCA. The authors took advantage of the high
degree of synteny of the species to infer the
locations of 522 additional COSII markers thus
producing a virtual eggplant map containing 869
markers. Comparison of this map with potato and
pepper maps indicated that several rearrange-
ments are shared by eggplant and pepper only
and not by tomato and potato. These results
indicated that the eggplant-pepper arrangements
seen at the bottoms of chromosomes E2, E10,
and E12 and at the tops of chromosomes E6 and
E9 are ancestral.

In more recent work, Doganlar et al. (2014)
mapped an additional 192 RFLP, 6 COSII, and
400 AFLP markers on the interspecific eggplant
population. This work confirmed the established
syntentic relationships between eggplant and
tomato with 33 CSSs identified. However, the
higher resolution map indicated more transloca-
tions (19) and fewer inversions (14) than previ-
ously hypothesized. Thus, translocation appears
to be a more common mechanism of chromo-
some evolution in the Solanaceae than previously
thought. Eleven marker transpositions were also
detected confirming the role of transposable
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elements in genome evolution of the family as
suggested by Wu et al. (2009a).

Wu and Tanksley (2010) compared COSII
maps for eggplant and four other solanaceous
species to deduce ancestral chromosome
arrangements (Fig. 12.1) and their timing. Based
on this work, they hypothesized that 16 inver-
sions and 3 translocations occurred along the
eggplant lineage (Fig. 12.2). They calculated the
divergence time of tomato and eggplant as 15.5
MYA. This value allowed them to estimate the
rate of chromosomal evolution in the eggplant
lineage. Thus, they determined that this lineage
experienced 1 inversion and 0.2–0.4 transloca-
tions every MY. This rate of inversion is higher
than those calculated for the potato and pepper
lineages, however, the authors cautioned that the
number of inversions in the eggplant lineage may
have been overestimated due to difficulties in
assigning some inversions to specific lineages.
The rate of translocation was the same as that
estimated for the pepper lineage.

In the past, mapping in intraspecific popula-
tions of eggplant was constrained by limited
polymorphism. However, this has changed with
the advent of SNP and InDel markers. Fukuoka
et al. (2012) integrated results from two
intraspecific eggplant populations to obtain a
map with 952 markers. Of these, 469 were SNP
and InDel markers derived from Solanum
ortholog gene sets (SOL markers). These are
orthologous unigene markers identified in the
eggplant, tomato and potato genomes. As 70 %
of these markers had also been mapped in the
tomato genome, the authors were able to observe
synteny between the two genomes. Although
detailed comparisons were not made, the results
indicated several rearrangements with overall
agreement with the findings of Wu et al. (2009a).

Gramazio et al. (2014) have recently devel-
oped an interspecific genetic linkage map for a
BC1 population generated by backcrossing a S.
melongena × S. incanum F1 to the S. melongena
parent. Of the molecular markers mapped (a
combination of COSII, SSR, AFLP, CAPS and
SNPs), 123 had been positioned on the maps of
Nunome et al. (2009), Wu et al. (2009a), Barchi
et al. (2012) and Fukuoka et al. (2012). These

anchor loci revealed good correspondence in
marker order between the new map and the four
previous eggplant maps (Fig. 12.4). In addition,
comparing the map positions of 130 markers
shared with tomato (Fulton et al. 2002) uncov-
ered regions of chromosome shuffling that were
consistent with those reported by Wu et al.
(2009a).

The well-established synteny between the
eggplant and tomato genomes has been used to
infer gene position and to identify candidate
genes controlling quantitative traits. Thus, Gra-
mazio et al. (2014) mapped a number of genes
involved in chlorogenic acid synthesis and phenol
oxidation using orthologous sequences from
tomato. In all cases, the genes mapped to the
eggplant linkage groups in regions corresponding
to their syntenic positions on the tomato
map. Similarly, synteny with tomato was used to
identify candidate genes in genomic regions
harboring QTL for anthocyanin levels and fruit
color (Cericola et al. 2014) and a range of agro-
nomic traits (Portis et al. 2014) in eggplant.

Synteny in eggplant and other Solanaceae has
also been examined with FISH mapping. Using
this technique, Lou et al. (2010) localized 17
BAC clones on chromosome 6 of tomato, egg-
plant, potato, and wild potatoes. Based on this
analysis, the authors concluded that the arrange-
ment of chromosome 6 in eggplant represents the
ancestral condition. Moreover, the paracentric
inversion of 6S, which was detected by Doganlar
et al. (2002) in their comparison of tomato and
eggplant, was not identified in any of the other
species and suggesting that it only occurred in the
tomato lineage. More extensive BAC-FISH
analysis examined seven previously identified
inversions in the Solanum genome (Szinay et al.
2012). This work indicated that the S. melongena
genome represents the ancestral state for chro-
mosomes 6S, 7S, 9S, and 11S. Therefore, the
inversions in these regions occurred in the
tomato–potato lineage. In contrast the inversion
described on chromosome 10L is derived and
occurred only in the eggplant lineage.

To date, limited insight has been gained from
sequencing analyses of eggplant. Wang et al.
(2008) included eggplant in their comparison of a
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Fig. 12.4 Macro-syntenic relationships between five
eggplant maps and tomato for linkage groups E1–E6.
Each eggplant linkage map is color-coded: Gramazio
et al. (2014) in purple, Barchi et al. (2012) in blue,
Fukuoka et al. (2012) in orange, Nunome et al. (2009) in

green and Wu et al. (2009a) in yellow. The tomato map
(Fulton et al. 2002) is in red. Marker names and positions
appear on the outside of the circles (used with permission
from Gramazio et al. 2014)
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105 kb CSS in solanaceous species. They found
that gene orientation and position in the segment
was very similar with only two differences
between eggplant and tomato (Fig. 12.3). In the
case of one gene, tomato had a reverse orienta-
tion which was not shared by any of the other
species studied (potato, pepper, petunia, egg-
plant). In the other example, eggplant, potato,
and petunia all contained a gene which was
absent in tomato and pepper. Based on their
examination of rates of evolution in the CSS, the
authors hypothesized that 13.7 MY separate
eggplant and tomato from their LCA which is
similar to the value estimated by Wu and
Tanksley (2010).

The recent release of a draft genome of egg-
plant that covers an estimated 74 % of the gen-
ome promises to reveal much more about
chromosomal evolution in the Solanaceae (Hir-
akawa et al. 2014). Mapping nearly 10,000
eggplant sequence super-scaffolds over >98 % of
the tomato genome revealed 56 conserved syn-
teny blocks and 44 synteny break points between
the genomes of the two species. Newly identified
rearrangements included inversions on chromo-
somes 1 and 8. Given its higher resolution, it is
not surprising that whole genome sequence
analysis has enabled detection of a greater
number of syntenic blocks and chromosome
rearrangements than genetic linkage analysis
(Doganlar et al. 2002, 2014). Refinement of the
draft genome therefore promises to reveal much
more about how the eggplant and tomato gen-
omes have diverged.

Pepper

The genus Capsicum contains five domesticated
species, C. annuum, C. chinense, C. frutescens,
C. baccatum, and C. pubescens (Heiser and
Pickersgill 1969), collectively referred to as
peppers. Of these, C. annuum is the most com-
monly cultivated and has the most characterized
genome. In fact, some of the first comparative
molecular mapping done in plants was performed
between C. annuum and tomato (Tanksley et al.
1988). In this early work, an interspecific map

(85 tomato RFLPs and isozyme loci) constructed
from a cross between C. annuum and C. chinense
indicated that at least 32 chromosome breaks
distinguished the tomato and pepper genomes.
Using a similar C. annuum × C. chinense pop-
ulation, Prince et al. (1993) mapped nearly 200
RFLP markers which showed that 32 % of
marker order was conserved between the two
species. The map also indicated that far fewer
breaks, at least 15, could explain the differences
between the pepper and tomato genomes. Liv-
ingstone et al. (1999) extended this map to
include 352 markers that could be used for
comparisons of synteny between the pepper and
tomato genomes. With these markers, they
identified 13 linkage groups and 18 homeologous
segments which corresponded to 95 and 98 % of
the pepper and tomato genomes, respectively.
Four chromosome pairs were entirely syntenic
between tomato and pepper: T2/P2, T6/P6,
T7/P7, and T10/P10. The remaining linkage
groups were substantially rearranged with at least
30 breaks required to explain the differences
between the two genomes. Livingstone et al.
(1999) proposed the occurrence of 5 transloca-
tions, 10 paracentric inversions, 2 pericentric
inversions, and 4 other changes since divergence
of tomato and pepper from their LCA.

Synteny between pepper and tomato was
further examined by Wu et al. (2009b) who pri-
marily used COSII markers (263 COSII, 36
RFLP markers). For the first time, the number of
linkage groups (12) corresponded to pepper’s
base chromosome number. These linkage groups
included 35 CSSs which covered 67 % of the
pepper map and had an average length of 32 cM.
Based on this work, at least six translocations, 19
inversions, and many single gene transpositions
were required to explain the genomic differences
between tomato and pepper. As in other com-
parisons, most of the rearrangements seemed to
involve breakpoints at or near centromeres.
Moreover, individual markers that moved among
non-homologous chromosomes tended to be
located near the centromere. Because pericen-
tromeric regions of the tomato genome have been
found to be rich in retrotransposons (Wang et al.
2006), this can be taken as evidence of
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transposon activity. Comparison of the pepper
and tomato maps with those of potato and egg-
plant allowed estimation of the timing of some
rearrangements (Wu et al. 2009b). Thus it was
found that inversions in the lower part of P11
occurred in the tomato/potato lineage while four
other inversions most likely occurred in the
tomato lineage after divergence of potato and
tomato.

Further comparisons of the pepper COSII map
with those of tomato, potato, eggplant, and
tobacco allowed determination of the timing of
other chromosomal rearrangements (Wu and
Tanksley 2010). According to this work, only
one inversion and three translocations are speci-
fic to the pepper lineage (Figs. 12.1 and 12.2).
The divergence time between tomato and pepper
was estimated as 19.6 MYA, allowing the rate of
chromosomal rearrangements in the pepper lin-
eage to be estimated as 0.1–0.6 inversions and
0.2–0.3 translocations per MY.

Use of interspecific populations for compara-
tive mapping has also allowed rearrangements in
the genomes of different Capsicum species to be
identified. Namely, two translocations (one
reciprocal, one nonreciprocal) and a duplication/
deletion were found to distinguish C. annuum
and C. chinense (Livingstone et al. 1999). In
addition, the work of Wu et al. (2009b) proposed
a model to explain the karyotypic differences
between C. annuum and C. chinense/C. fru-
tescens. Cultivated C. annuum has 2 acrocentric
and 10 metacentric chromosomes while wild C.
annuum, C. chinense, and C. frutescens have
only 1 acrocentric and 11 metacentric chromo-
somes (Lanteri and Pickersgill 1993). According
to Wu et al. (2009b) this difference can be
explained by illegitimate recombination between
ribosomal RNA (R45S) gene clusters on chro-
mosomes 1 and 8 in the wild C. annuum genome
resulting in a reciprocal translocation that altered
chromosome arm length as seen in chromosomes
I and XII in cultivated C. annuum.

Synteny of gene, rather than marker, location
was examined by Grube et al. (2000) in their
study of the genomic organization of disease
resistance genes in tomato, pepper, and potato.
They found that homologues of the tomato

N, Pto, Prf, Sw-5, and I2C genes had syntenic
positions in the pepper and tomato genomes.
This work also showed that resistance genes
clustered at homeologous positions in tomato,
pepper, and potato on chromosomes T3, T4, T9,
and T11. Resistance gene clusters on T1 and T7
were syntenic between tomato and pepper while
a cluster on T8 had synteny between pepper and
potato. (Tomato–potato synteny is discussed in
the section on potato.)

Mazourek et al. (2009) focused on the
orthologous disease resistance genes Bs2 and
Rx/Gpa2 in pepper and potato, respectively.
They demonstrated that the orthology between
Bs2 and the potato genes was disrupted by
recombination, duplication, and deletion events,
at least some of which involved retrotransposons.
Bs2 was found to map to chromosome P9 in a
region syntenic to the top of potato chromosome
12 (XII) which contains Rx and Gpa2. This
region is colinear in tomato (T12), pepper,and
potato; however, this part of chromosome 12 in
potato is inverted. Moreover, although Rx and
Gpa2 are tightly clustered in the potato genome,
the resistance genes in the syntenic regions of the
pepper and tomato genomes are more numerous
and more dispersed. In fact, an examination of
the entire pepper and tomato genomes indicates a
close correspondence between the locations of R
genes and chromosome breakpoints (Fig. 12.5).
These results reinforce previous work which
showed that chromosome breakpoints were
associated with resistance gene duplication and
dispersal in arabidopsis and Medicago truncatula
(Baumgarten et al. 2003; Ameline-Torregrosa
et al. 2008).

BAC-FISH analysis was also used to examine
macrosynteny in pepper, tomato, and potato
(Peters et al. 2012). FISH analysis on chromo-
somes 2L, 6S, 10L, and 11L revealed that the
pepper arrangement differs by inversion from
tomato but is colinear to potato on 2L, 6S, and
10L. In contrast, tomato and potato share an
arrangement of 11L which is interrupted by an
inverted translocation in pepper (Yang et al.
2009; Peters et al. 2012). These results disagree
with those of Livingstone et al. (1999) who found
complete colinearity between pepper and tomato
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chromosomes 2, 6, and 10. This discrepancy
highlights the limitations of mapping for detailed
analyses of synteny. While molecular mapping

and FISH analyses allow examination of gross
chromosomal rearrangements, other techniques
are required to study microsynteny. One such

Fig. 12.5 Locations of selected resistance (R) genes in
the tomato (T) and pepper (P) genomes. Potato genes are
underlined. Circular arrows indicate putative inversions

while dotted lines indicate translocations between chro-
mosomes (used with permission from Mazourek et al.
2009)
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technique is sequencing. As previously men-
tioned, Wang et al. (2008) sequenced a 105 kb
CSS in tomato, pepper, potato, eggplant, and
petunia. They detected only two differences
between pepper and tomato in gene arrangement
in the region (Fig. 12.3). One gene had a reverse
orientation in tomato as compared to all of the
other species indicating that an inversion occur-
red along the tomato lineage. In addition, pepper
had a duplication of one of the genes which was
hypothesized to have occurred by tandem dupli-
cation. Based on their analyses, Wang et al.
(2008) calculated that pepper and tomato
diverged from their LCA approximately 19.1
MYA, which is nearly identical to the divergence
time (19.6 MYA) calculated by Wu and Tanksley
(2010).

Although gene order and repertoire are con-
served in the Solanaceae, genome size is vari-
able. The pepper genome contains fourfold more
DNA than the tomato genome (Kim et al. 2014).
To determine the cause of this difference, Park
et al. (2011) compared nearly 36 Mb of euchro-
matic pepper DNA sequence with its orthologous
region in tomato. They found that the number
and identities of predicted genes in the genomic
sequences were similar. Gene length differences
were mainly due to longer introns in pepper
(1815 bp on average as compared to 1459 bp in
tomato). In addition, pepper contained many
more transposons between genes. These were
mostly Ty3/Gypsy-like LTR retrotransposons.
FISH with one of these transposons, Tat, showed
that this element is primarily located in hete-
rochromatic regions of the tomato genome while
it is dispersed in both euchromatin and hete-
rochromatin in pepper. Thus, as found in other
plant and animal species, transposable elements
play a major role in genome size determination in
pepper with a lesser, but still significant role
played by intron size (reviewed by Gregory
2005).

A more comprehensive comparison of the
pepper and tomato genomes was made possible
by sequencing the pepper genome (Kim et al.
2014; Qin et al. 2014). Sequencing of hot pepper
cultivar CM334 (Kim et al. 2014) and nonpungent
cultivar Zunla-1 (Qin et al. 2014) provided nearly

full coverage of pepper’s 3.48 Gb genome. In
both studies, predicted gene number was similar
to that for tomato, approximately 35,000
protein-coding sequences with nearly 18,000
orthologous gene sets shared by the pepper and
tomato genomes. Both genomes were found to
have many large blocks syntenic with tomato.
However, the pepper genome is fourfold larger
due to the accumulation of repetitive sequences
which make up 81 % of the genome (Qin et al.
2014). As in previous work (Park et al. 2011),
these repetitive sequences were found to be
mostly Gypsy-like LTR retrotransposons which
are not seen to such an extent in tomato (Kim et al.
2014; Qin et al. 2014). Based on these results and
an estimate of the timing of transposon activity,
the authors hypothesized that the accumulation of
transposable elements in the pepper genome was
quite recent (0.3 Mya) (Qin et al. 2014) and that
the concomitant alteration and increase in hete-
rochromatin were involved in pepper speciation
(Kim et al. 2014). Qin et al. (2014) also report that
translocations were the main drivers of chromo-
somal rearrangement in the Solanaceae with 612
and 430 translocations differentiating pepper from
the tomato and potato genomes, respectively.
Extensive inversions also occurred with 468 and
367 inversion events distinguishing pepper from
tomato and potato, respectively.

Kim et al. (2014) used the whole genome
sequence and microsynteny to identify capsaici-
noid pathway orthologs in the pepper, tomato,
and potato genomes. The orthologs were found
to be expressed during placenta development in
pepper but in tomato or potato. Microsynteny
was also used to analyze the region surrounding
the capsaicin synthase gene in hot pepper and the
corresponding area in tomato. The region was
found to contain seven acyltransferase genes in
pepper but only four in tomato. Phylogenetic
analyses of these genes indicated that the cap-
saicin synthase gene emerged after speciation.
More dramatic gene family expansion was
observed for the Bs2-containing subclass of
NBS-LRR (nucleotide-binding site-leucine-rich
repeat) disease resistance genes. Hot pepper
contains 82 such genes in its genome while
tomato and potato have only three and one,
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respectively. The expansion of this gene family
has resulted in a loss of colinearity in the affected
genomic regions of the three species. Thus, both
retrotransposon amplification and gene family
expansion were found to be significant factors in
the divergence and speciation of hot pepper.

Nicotiana

Very few comparative genetic mapping studies
have been published in Nicotiana, a genus of 66
species that includes the agricultural commodity
and model organism for genetic engineering,
cultivated tobacco (N. tabacum). While tobacco is
an allotetraploid with a base chromosome number
of 12, karyotypic variability is found within sec-
tion Alatae. Chromosome numbers of nine and
ten are found in several species, including N.
alata, N. bonariensis, N. forgetiana and N.
langsdorffii (x = 9) as well as N. longiflora, and
N. plumbaginifolia (x = 10). While this variabil-
ity in chromosome number makes Nicotiana an
attractive system for chromosome evolution and
synteny studies, the late development (within the
last decade) of genetic maps in the genus means
that such work remains to be done.

The first analysis of genome synteny in
Nicotiana was made possible by the construction
of a RFLP/RAPD linkage map for an inter-
specific (N. plumbaginifolia × N. longiflora)
population (Lin et al. 2001). Only nine linkage
groups were obtained, thus genome coverage
was not complete. Nevertheless, comparison of
linkage group assignments of 20 RFLP markers
derived from N. sylvestris (Suen et al. 1997)
revealed a lack of synteny between the mapped
portions of the plumbaginifolia and sylvestris
genomes. Given the difference in chromosome
number between these species (x = 10 vs. x = 12
in sylvestris), this indication of chromosome
disruption was not unexpected. Unfortunately,
the positions of the markers relative to one
another were unknown in sylvestris. Thus, col-
inearity between the two genomes could not be
explored. However, based on evidence that sev-
eral duplicate and triplicate loci in sylvestris were
single copy in plumbaginifolia, the authors

hypothesized that gene loss from multigene
families may have contributed significantly to
chromosome evolution and reduction in the
Nicotiana genome.

While its large genome size (4500 Mbp;
Arumuganathan and Earle 1991) and polyploid
nature make N. tabacum less amenable to geno-
mic research than other Nicotiana species, a
concerted effort has been made to overcome
these difficulties in recent years. A microsatellite
map comprising 293 loci was published for a
cross between the varieties ‘Hicks Broadleaf’
and ‘Red Russian’ (Bindler et al. 2007). The
authors deemed the initial map incomplete due to
the presence of large gaps and unlinked markers
and subsequently published a high resolution
map containing 2317 microsatellite markers
(Bindler et al. 2011). The tenfold increase in
marker number was accomplished by screening
EST sequences generated by the Tobacco Gen-
ome Initiative (Gadani et al. 2003). As the
authors suggest, this strategy of targeting single
copy sequences for SSR marker development
should facilitate the localization of homologous
regions in other solanaceous genomes. However,
explorations of tobacco-tomato synteny based on
these markers have not yet been reported.

An allotetraploid that behaves as a diploid,
tobacco is thought to have arisen as an inter-
specific hybrid between N. sylvestris and N.
tomentosiformis (Kenton et al. 1993; Lim et al.
2004). Thanks to the availability of the afore-
mentioned tobacco map (Bindler et al. 2011) as
well as COSII/SSR maps (Wu et al. 2010) chro-
mosome evolution within the two genomes of
tobacco (the S- and T-genomes) is starting to be
revealed. The mapping study conducted by Wu
et al. (2010) compared the genomes of N.
tomentosiformis and N. acuminata to each other
and to that of N. tabacum. Extremely low poly-
morphism prevented mapping of N. sylvestris. N.
acuminata was chosen as a substitute because it is
evolutionarily closer to N. sylvestris than is N.
tomentosiformis. Comparative analysis of COSII
marker positions indicated that a minimum of
seven chromosomal inversions and one reciprocal
translocation distinguish the tomentosiformis
(Tmf) and acuminata (Acn) genomes.
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Chromosomes 6, 7, 9, and 11 show conservation
of gene content and order in the diploid Nicotiana
genomes. The timing of these structural changes
relative to the polyploidization event leading to
tobacco was determined by using a set of SSR
markers from the Bindler et al. (2007)
map. Mapping the SSR markers in the Tmf and
Acn genomes also allowed the 24 tobacco linkage
groups to be assigned to their respective ancestral
genomes (T-genome for those markers that
mapped to Tmf and S-genome for those in Acn).
Since the divergence of the Tmf and Acn gen-
omes, four inversions occurred in the lineage
leading to tomensiformis, with the majority (3 of
4) pre-dating the tetraploidization event leading to
tobacco. Of the two inversions specific to the Acn
genome, one occurred before its split from syl-
vestris and one after. Based on these changes, it
was estimated that the rate of chromosome evo-
lution in N. tomentosiformis has varied from 0.5
to 2.1 rearrangements/MY before tetraploidiza-
tion to 0.6 rearrangements/MY after that event.
Similarly, a slower rate of evolution is evident in
N. acuminata since its divergence from N. syl-
vestris: 0.4–1.3 rearrangements/MY before to 0.2
rearrangements/MY after divergence.

Comparison of SSR marker positions between
the diploid Nicotiana species and tobacco
revealed a minimum of 12 rearrangements: 9
inversions and single occurrences of chromo-
some breakage, fusion, and reciprocal transloca-
tion (Wu et al. 2010). The inversions were split
almost equally between the T- and S- genomes (4
and 5 events, respectively). Since the speciation
event, which the authors estimated as occurring
less than one MY ago, the sub-genomes of
tobacco are evolving at a faster rate than their
diploid relatives: six changes in the T-genome as
compared to just one in the Tmf genome. Esti-
mated chromosomal evolution rates provide
another measure of accelerated evolution fol-
lowing interspecific hybridization and poly-
ploidization: 3.5 rearrangements/MY in the
T-genome (as compared to 0.6 in N. tomentosi-
formis) and as many as 1.2 rearrangements/MY
in the S-genome (vs. 0.2 in the Acn genome).
Bindler et al. (2011) also found evidence for

chromosomal rearrangement in tobacco, so much
so that they were unable to identify homeologous
chromosomes: more than 90 % of their SSR
markers were specific to just one of the ancestral
genomes. Nevertheless, the fact that markers
specific to N. sylvestris and N. tomentosiformis
mapped to the same linkage group in tobacco
was interpreted as evidence of translocation
between homeologous chromosomes. Thus the
findings of Wu et al. (2010) and Bindler et al.
(2011) provide valuable insight into how plant
genomes reorganize after polyploidization.

Wu et al. (2010) also used COSII marker
position to investigate the synteny of the Nico-
tiana and tomato genomes. Colinearity of
markers was observed in 25 CSSs. With an
average size of 15 cM, these CSSs spanned 34 %
of the Tmf map. Outside of these regions of
conservation, at least 11 reciprocal translocations
and three (and perhaps as many as 10) inversions
have occurred since the divergence of tomato and
the LCA of the Nicotiana species. The relative
frequency of each type of structural change was a
bit of a surprise; previous analyses in the Sola-
naceae had prepared the authors to expect a
greater number of inversions relative to translo-
cations. Given the length of evolutionary time
separating tomato and Nicotiana (some 27.7
MYA as calculated in this study), a number of
inversions may have been obscured by subse-
quent changes in chromosome structure. In
addition, they also noted that comparing tomato
to the extant species N. tomentosiformis shows a
slightly different picture: 14 inversions and 11
translocations, supporting the hypothesis that
inversion is the predominant mode of rear-
rangement. As with the analysis of the ancestral
genomes of tobacco, numerous instances of sin-
gle marker transpositions were found between
tomato and the Nicotiana species (36 in Tmf and
13 in Acn), suggesting that this is another
important mechanism contributing to loss of
synteny as genomes diverge.

Rapid progress has been made in sequencing
Nicotiana genomes as evidenced by the recent
publication of draft genome sequences of the
diploid species N. sylvestris and
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N. tomentosiformis (Sierro et al. 2013) as well as
the allotetraploid species N. benthamiana
(Bombarely et al. 2012) and N. tabacum (Sierro
et al. 2014). These sequences should provide
considerable insight into synteny within the
genus and the family, however such analyses
remain in their infancy. Thus, comparison of the
diploid species genomes with those of other
solanceous species was limited to localizing
COSII markers from the N. acuminata and N.
tomentosiformis genetic maps on the genome
assemblies of N. sylvestris and N. tomentosi-
formis, respectively (Sierro et al. 2013). Only
one-third of COSII markers could be mapped,
highlighting the fragmented and incomplete nat-
ure of these assemblies. The lack of a genetic
map for N. benthamiana has restricted compar-
ative genomic studies with this species despite its
popularity as a model system for plant–pathogen
interations. However analysis of the draft N.
benthamiana genome sequence revealed
microsynteny with tomato in the Pto-Prf gene
cluster, suggesting that this region evolved
before the divergence of Nicotiana and Solanum
(Bombarely et al. 2012).

The sequencing of three varieties of commer-
cial tobacco (N. tabacum) has provided the
greatest insight into genome evolution within the
genus (Sierro et al. 2014). Comparisons with the
genetic maps generated by Wu et al. (2009b) and
Bindler et al. (2011) show the extent of chromo-
somal rearrangements that have occurred within
the diploid and allotetraploid species. Moreover,
use of the sequence data provided by the sylves-
tris and tomentosiformis draft genomes (Sierro
et al. 2013) helped verify these species as the
putative ancestors of N. tabacum and revealed
that only 4–8 % of the ancestral genomes was lost
subsequent to the hybridization event that created
N. tabacum (Sierro et al. 2014). Mapping protein
sequences of tomato and potato onto the tobacco
genome sequence revealed considerable genome
reorganization, however syntenic regions do exist
and gene content is strongly conserved across
the * 30 MY of evolution separating these
solanaceous species (Fig. 12.6).

Petunia

Analyses of synteny between the horticultural
plant Petunia and tomato have been hampered by
the fact that genome mapping efforts in petunia
have been limited. Until recently, the most
comprehensive genetic linkage map for petunia
contained just 36 RFLP markers spread across
the plant’s seven chromosomes (Strommer et al.
2000). For this reason, early reports of synteny
between petunia and tomato arose from research
focused on specific genomic regions.

It is not surprising that thefirst report of synteny
between the petunia and tomato genomes origi-
nated from an analysis of the self-incompatibility
(SI) locus. Members of the Solanaceae, including
petunia, have served as model organisms for the
analysis of gametophytic SI for several decades.
While mapping the self-incompatibility locus
(S locus), ten Hoopen et al. (1998) established a
syntenic relationship between petunia chromo-
some III and chromosome 1 of tomato and potato.
The position of the S locus was initially deter-
mined through T-DNA tagging and further sub-
stantiated by the cosegregation of an S-linked
potato RFLP marker (CP100) with a peroxidase
isozyme locus (PrxA) that had been previously
mapped to chromosome III. Citing similar linkage
between the S-locus and a peroxidase isozyme in
Nicotiana alata (Labroche et al. 1983), the authors
suggested that synteny of the self-incompatibility
locus may be conserved in the Solanaceae (ten
Hoopen et al. 1998).

In contrast, a region of the Petunia genome in
which five floral traits (color, UV absorption,
scent, and pistil and stamen length) are tightly
linked appears not to be conserved in the family
(Hermann et al. 2013). BLAST searches revealed
that homologs of ten Petunia markers spanning
this pollination syndrome gene cluster were
widely distributed in the tomato and potato
genomes, mapping to six chromosomes in
tomato and five in potato. The authors speculate
that this difference between Petunia and Solanum
species may reflect different evolutionary pres-
sures on these genes in the two genera. Solanum
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species tend to be bee-pollinated, whereas Petu-
nia species exhibit frequent pollinator changes
which could be facilitated by tight linkage of the
genes underlying pollinator attraction.

On a broader scale, the conservation of a
17-gene region in the Solanaceae was revealed in
sequence analysis of a 105 kb CSS in five spe-
cies including petunia (Wang et al. 2008). While
gene order and orientation were largely main-
tained, a small number of petunia-specific evo-
lutionary changes were identified including a
relatively recent tandem duplication of gene 12
and a 20 kb inversion involving genes 15 and 16
(Fig. 12.3). Comparison of gene structure
revealed that ORFs and exon/intron positions in
four out of seven genes were conserved across
lineages. The degree of conservation of gene
content was somewhat surprising given that
homologous regions of the Arabidopsis genome
have evolved at a considerably faster rate (Ku
et al. 2000). However, the authors attributed this
difference to the fact that no whole genome
duplication events have occurred within the
solanaceous lineage over the * 30 million years
since the divergence of petunia and tomato.

The recent construction of linkage maps for
wild Petunia species (Bossolini et al. 2011) has

made it possible to compare synteny within
Petunia as well as between petunia and tomato on
a genome-wide basis. Such comparative mapping
studies provide valuable insight into patterns of
chromosomal evolution throughout the Solana-
ceae. A question of particular interest which the
work of Bossolini et al. (2011) begins to answer is
how chromosome number in the family was
reduced from an ancestral value of x = 12 to x = 7
in the lineage leading to petunia. Bossolini et al.
(2011) mapped a total of 207 CAPs and AFLP
markers in two interspecific populations:
P. exserta × P. parodii and P. axil-
laris × P. inflata. Thirty-seven shared markers
revealed complete preservation of marker order
between the two petunia maps. In order to com-
pare the petunia and tomato genomes, BLASTN
searches were used to position the petunia marker
sequences on the physical map of tomato. A large
amount of rearrangement was uncovered, with the
degree of macrosynteny varying depending on the
chromosome. Petunia chromosomes 5 and 7 were
found to be syntenic with tomato chromosomes
T12 and T8, respectively. Petunia chromosomes 1
and 6 were composite in nature. Petunia chromo-
some 1 has segments specific to T5 and T6 while
chromosome 6 carries markers shared with T1 and

Fig. 12.6 Synteny between Nicotiana species and
tomato for selected tobacco linkage groups. The compar-
ison of N. tabacum and tomato is based on mapping
tomato proteins. Links between tobacco and N. acuminata

and N. tomentosiformis are derived from shared SSR
(solid lines) and COSII (dotted lines) markers (used with
permission from Sierro et al. 2014)
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T9. While portions of chromosomes 3 and 4 are
syntenic with T3 and T4, the synteny is limited to a
segment of the long arms of the tomato chromo-
somes. An even more complex pattern is seen in
the make up of chromosome 2 as it comprises
markers found on T2, T7, T8, and T10. Thus, as
compared to the localized synteny revealed by ten
Hoopen et al. (1998) and Wang et al. (2008), the
genomes of petunia and tomato show evidence of
extensive structural differentiation when viewed
on a larger scale. This loss of synteny makes it
difficult to use the abundant genomic resources of
tomato to assist petunia genetics but is indicative
of the complex patterns of evolutionary change
that occur during genome evolution.

Conclusions

The Solanaceae has been the subject of
pioneering work in studies of genome synteny.
By investigating the differences in genome size,
content, and organization, this work has provided
insight into the ways in which the structural
rearrangement of chromosomes can lead to
reproductive isolation and, ultimately, speciation.
Moreover, it has helped to extend the utility of
the extensive genomic resources of tomato to
other members of this economically important
family of plants.

Both DNA content and chromosome number
vary in the Solanaceae. It has been hypothesized
that the primary mechanisms responsible for
genome size variation in plants and animals are
transposable element replication, polyploidy,
intron size, gene, and chromosome loss (Gregory
2005). Species in the Solanaceae provide exam-
ples of each of these mechanisms. There is ample
evidence of transposable element, especially
retrotransposon, activity in the genomes of tomato
(Asamizu et al. 2012), wild tomato (Xiao et al.
2008), potato (Peters et al. 2012), eggplant (Wu
et al. 2009a) and pepper (Mazourek et al. 2009;
Park et al. 2011). For example, the pepper genome
is three times larger than that of tomato and large
scale (35.6 Mb) sequence comparisons indicated
that many LTR retrotransposons (primarily Tat
and Athila) have been inserted in the pepper

genome while gene order and content are con-
served across the two species (Park et al. 2011).
Transposable element activity is also evident in
the displacement of single markers/genes in gen-
omes that are otherwise syntenic as observed in
potato (Perez et al. 1999), eggplant (Wu et al.
2009a; Doganlar et al. 2014), pepper (Mazourek
et al. 2009; Wu et al. 2009b), and tobacco (Wu
et al. 2010). Examination of repetitive DNA at
rearrangement junctions in potato indicates that
transposition has played an important role in lar-
ger breaks from synteny including translocation
and inversion (Zhu et al. 2008; Peters et al. 2012).
In addition, transposable element activity was
found to be responsible for a duplication resulting
in the sun locus phenotype in tomato (Xiao et al.
2008). Polyploidy is observed in both the potato
and tobacco genomes. Studies of synteny in these
species provide insight into how genomes are
rearranged after polyploidization (Bindler et al.
2011; Wu et al. 2010). Intron size has not yet been
examined extensively in the Solanaceae, how-
ever, preliminary work in pepper indicates that
increased gene size in pepper is mainly due to the
presence of longer introns as compared to tomato
(Park et al. 2011). Gene and chromosome loss are
observed in some species of tobacco which have
fewer members within multigene families and
only ten chromosomes (Suen et al. 1997; Lin et al.
2001). Chromosome loss is also apparent in the
petunia lineage as this species has only seven
chromosomes (Bossolini et al. 2011).

While genome size is affected by a number of
factors, only a few mechanisms are responsible
for restructuring chromosomes: inversions,
translocations, and transpositions (discussed in
the previous paragraph). In the Solanaceae, para-
centric inversions are usually reported as the most
common type of rearrangement in potato, pepper,
nightshade, and eggplant (Tanksley et al. 1992;
Livingstone et al. 1999; Chetelat et al. 2000;
Doganlar et al. 2002). A definite pericentric
inversion was reported for S. etuberosum (Lou
et al. 2010) and others have been hypothesized for
pepper (Livingstone et al. 1999; Wu et al. 2009a,
b). The preponderance of paracentric as compared
to pericentric inversions supports the hypothesis
that these inversions have fewer harmful effects
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on fertility than pericentric inversions (Burnham
1962), and therefore, may be less detrimental to
organism fitness. Similarly, translocations may be
more likely than inversions to interfere with
chromosome pairing and are usually less frequent
than inversions in the Solanaceae (Wu and
Tanksley 2010). Interestingly, during the evolu-
tion of the Solanaceae, a few recurrent chromo-
somal breakpoints seem to have been primarily
responsible for genome restructuring (Wu and
Tanksley 2010). These breakpoints are commonly
found in pericentromeric regions (Wu and
Tanksley 2010), areas of the tomato genome that
are known to be rich in retrotransposons (Wang
et al. 2006) and other repetitive sequences
(Presting et al. 1996). Thus, these observations in
Solanaceae are in accordance with the general
finding that rearrangements involving repetitive
DNA are important in plant speciation
(Raskina et al. 2008).

Examination of synteny among tomato,
potato, eggplant, pepper, and tobacco using
COSII markers has allowed rates of rearrange-
ment and divergence times along these lineages
to be calculated (Fig. 12.2). Such estimates allow
comparison of rates of evolution within the
family, as well as with other plant families. Thus
it has been hypothesized that the eggplant lineage
has undergone the more frequent rearrangements
than the tomato, potato or pepper lineages (Wu
and Tanksley 2010). The same work also indi-
cates that genomes in the Solanaceae are evolv-
ing at similar rates as genomes in the Poaceae
(the true grasses, including all the major cereals),
Malvaceae (the mallows, including cotton and
cacao) and Brassicaceae (the crucifers including
rapeseed and cabbage) (Wu and Tanksley 2010).

In addition to impacting our understanding of
the modes and tempo of plant genome evolution,
synteny studies in solanaceous species have had
several practical applications. Discovery of shared
synteny in the family has allowed the use of RFLP
and COSII markers originally developed for
tomato (Bernatzky and Tanksley 1986; Wu et al.
2006) in related species (Tanksley et al. 1992;
Livingstone et al. 1999; Doganlar et al. 2002;

Albrecht and Chetelat 2009; Wu et al. 2009a, b,
2010; Doganlar et al. 2014). This has been a
tremendous advantage for studies of the less
important solanaceous species such as eggplant
and nightshade. Shared synteny also enables in
silico mapping of markers (Wu et al. 2009a, b) and
facilitates gene cloning. For example, late blight
resistance genes in both potato (Huang et al. 2005)
andwild potato (Pel et al. 2009) were isolated with
the help of comparative genomic analyses made
possible by conserved genome organization in
these species. In addition, knowledge of syntenic
relationships between donor and recipient gen-
omes can be extremely useful when attempting to
minimize linkage drag while introgressing traits
(Peters et al. 2012). Thus, synteny studies in the
Solanaceae have provided fruitful results in both
basic and applied plant genetics and will continue
to do so as genome sequence data become more
readily available.
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