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SUMMARY

We have analysed the structural homology in euchromatin regions of tomato, potato and pepper with special
attention for the long arm of chromosome 2 (2L). Molecular organization and colinear junctions were
delineated using multi-color BAC FISH analysis and comparative sequence alignment. We found large-scale
rearrangements including inversions and segmental translocations that were not reported in previous
comparative studies. Some of the structural rearrangements are specific for the tomato clade, and
differentiate tomato from potato, pepper and other Solanaceous species. Although local gene vicinity is
largely preserved, there are many small-scale synteny perturbations. Gene adjacency in the aligned segments
was frequently disrupted for 47% of the ortholog pairs as a result of gene and LTR retrotransposon insertions,
and occasionally by single gene inversions and translocations. Our data also suggests that long distance intra-
chromosomal rearrangements and local gene rearrangements have evolved frequently during speciation in the
Solanum genus, and that small changes are more prevalent than large-scale differences. The occurrence of
sonata and harbinger transposable elements and other repeats near or at junction breaks is considered in the
light of repeat-mediated rearrangements and a reconstruction scenario for an ancestral 2L topology is
discussed.

Keywords: comparative sequence analysis, fluorescent in situ hybridization (FISH), chromosome rearrange-
ment, orthology, transposon, chromosome evolution.

INTRODUCTION

The Solanaceae or nightshade family is a large group of
more than 3000 species that includes tuber or fruit-bearing
vegetables [tomato (Solanum lycopersicum), potato (Sola-
num tuberosum), pepper (Capsicum annuum) and eggplant/
aubergine (Solanum melongena)], and plants of horticul-
tural (petunia, Petunia hybrida) and medicinal (tobacco,
Nicotiana tabacum) importance (Knapp, 2002; Sesso et al.,
2003). The family is economically the third most important,
and ranks number one in terms of vegetable crops (Foolad,
2007). The Solanaceae show remarkable adaptability to
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diverse climatic conditions, ranging from wet rainforests to
dry and arid environments, and exhibit a huge phenotypic
diversity from tiny annual herbs to large forest trees (Knapp,
2002). In contrast, cultivated Solanum and Capsicum crops
have a strikingly narrowed genetic basis through domesti-
cation, resulting in loss of desirable traits, including those
that confer (a)biotic stress tolerance. In addition, rapidly
changing climate conditions and increasing competing
claims for arable lands will increase the demand for new
varieties that tolerate harsh environmental conditions,
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confer resistance against pathogens and at the same time
have better productivity and nutritional quality. The need to
compensate for such genetic losses requires introgression
of alien chromatin from wild relatives to the crops, a process
referred to as introgressive hybridization. In general, the
wild relatives of solanaceous crops provide a gene pool that
is sufficiently rich for crop improvement. However, their use
as donor in introgressive breeding is limited (Rick et al.,
1987; Singh, 2007; Bai and Lindhout, 2007). Crossing barriers
and linkage drag are well-known phenomena that limit the
use of germplasm for introgressive hydridization (Rieseberg
and Willis, 2007; Bedinger et al., 2010).

The transfer of alien chromatin containing the genetic
information for a desirable trait depends on homeologous
recombination between the donor chromosome and its
corresponding counterpart in the crop, which, amongst
other factors, is determined by their level of colinearity.
Severe problems may occur in those cases where the donor
chromosome and its homeolog differ as a result of large-
scale rearrangements (inversions or translocations). Hetero-
zygosity for such rearrangements may lead to failure of
synapsis and/or illegitimate crossovers at meiosis. As a
consequence, genes are unlikely to recombine, and so are
transmitted as a single locus, a phenomenon known as
linkage drag. To facilitate identification of compatible donor
species or genotypes for error-free homeologous introgres-
sion of important agronomic traits such as (a)biotic stress
tolerance, elucidating the genome organization is impera-
tive. This is usually accomplished by analysing colinearity,
synteny and linkage at both the chromosome and gene level.

The synteny concept was introduced in 1971, and pertains
to the preserved co-location of homologous genes on
chromosomes between species, irrespective of genetic
linkage and gene order (Ehrlich et al., 1997; Passarge et al.,
1999). Conservation of both synteny and order of homologs
determine conserved linkage of genes. Both synteny and
conserved linkage have been used to investigate solana-
ceous genome organization, gene diversification and evo-
lutionary ancestry (Ku et al., 2000; Fulton et al., 2002; Wu
et al., 2006; Wang et al., 2008). The identification of ancestral
relationships between homologous genes and their distinc-
tion into orthologs and paralogs has become more feasible
with the advent of high-throughput sequencing that facili-
tates comparisons of entire genomes. Until now, sequence
comparisons for conserved syntenic segments in Solanum
have mainly been obtained for relatively small orthologous
regions. In general, the order and sequence of orthologs was
found to be conserved, despite a few small-scale differences
and positive gene selections (Doganlar et al., 2002a; Wang
et al., 2008).

Analysis of chromosome structure in Solanaceae has been
based on several lines of research. For example, light
microscopy observations on pachytene chromosomes of F4
hybrids showed normal synapsis along the chromosomes.
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Furthermore, linkage maps of intra- and inter-specific hybrids
were found to be largely colinear (Pertuzé et al., 2002;
Chetelat and Ji, 2007; Moyle, 2008). Both similarity in
chromosome morphology and marker colinearity supported
the notion that Solanum species have evolved primarily by
genic change rather than by large-scale chromosomal rear-
rangements. Nonetheless, genetic linkage analyses indicated
thattomato and potato are differentiated by a series of whole-
arm inversions of chromosomes 5, 9, 10, 11 and 12 (Bonier-
bale et al., 1988; Tanksley et al., 1988; Livingstone et al., 1999;
Doganlar et al., 2002b; Pertuzé et al., 2002). Furthermore,
electron microscopy studies on somatic hybrids of tomato
and potato (De Jong et al., 1993) and F; hybrids from inter-
specific crosses revealed substantial changes in chromo-
some structure among Solanum species (Anderson et al.,
2010). Most of these structural changes, however, were found
in the heterochromatin, with comparatively few genes and
low recombination, and thus would have little effect on the
colinearity of linkage maps (Anderson et al., 2010).

Although genetic mapping studies provided valuable
starting points for unraveling plant genome organization,
they are inaccurate in regions where crossover recombina-
tion is suppressed or even absent, as in the distal hetero-
chromatin and the large pericentromere regions, for
example. Furthermore, there are insufficient DNA polymor-
phisms for simple markers that are locus-specific across
species, causing markerless gaps in linkage maps that could
leave chromosome rearrangements undetected. Such prob-
lems were recognized within the framework of the tomato
genome sequencing project (Szinay et al., 2008; Peters et al.,
2009). For example, integrated mapping revealed genetic
intervals comprising hundreds of tomato genes in euchro-
matic regions with a marker coverage insufficient to support
microsynteny analysis. Some studies used a sequence-
based comparison for microsyntenic analysis in Solanaceae
(Fulton et al., 2002; Van der Hoeven et al., 2002; Datema
et al., 2008; Wang et al., 2008), but genome-wide compara-
tive sequence analysis is still limited for Solanum, as
comparable sequence clades have not yet emerged. Alter-
natively, genome-wide cross-species fluorescence in situ
hybridization (FISH) has provided a foundation for compre-
hensive comparative maps, as well as rapid and reliable
detection of genetic elements that are associated with traits
of interest. For example, FISH has been used to analyse the
organization of the short arm of chromosome 6 (6S) in
tomato and potato, which contains the Mi resistance homo-
log cluster. An additional inversion was revealed on 6S
(lovene et al., 2008; Tang et al., 2008) that was not reported
in synteny studies with molecular markers (Tanksley et al.,
1992; Grube et al., 2000), probably due to lack of marker
coverage and suppression of recombination (Liharska et al.,
1996; Bai et al., 2004; Seah et al., 2004).

Recently, the complete genome sequences of both tomato
and potato have become available, and this allowed us to
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take advantage of a combined cytogenetic-based macro-
syntenic approach and a comparative sequence-based
microsyntenic approach. Here, we address a number of
issues including content and gene organization in Solanum
chromosomes. In addition, we present a detailed analysis of
chromosome rearrangements in tomato (S. lycopersicum),
potato (S. tuberosum) and pepper (Capsicum annuum), with
special attention to regions containing stress tolerance and
disease resistance homologs, and discuss the rearrange-
ments in the light of chromosome evolution.

RESULTS

Cytogenetic macrosynteny between tomato, potato and
pepper

Nucleotide sequences and translations from annotated
coding regions of 32 genes that have been implicated in
stress tolerance (Jenks et al., 2007) were collected from the
Genbank and Refseq sequence databases (http:/
www.ncbi.nlm.nih.gov), and were used for BLASTN- or
TBLASTX-based similarity searches. We identified 19 stress
tolerance gene homologs in 19 tomato BACs, and verified
the cytogenetic mapping position on tomato and potato
chromosome 2, 6, 10 and 11 pachytene complements using
BAC FISH. Eight BACs, of which six contain a stress tolerance
homolog, display a single clear fluorescent signal on chro-
mosome 2. This chromosome can easily be distinguished
from the other chromosomes by its acocentric structure and
the large nucleolar organizing region. Previously, cytoge-
netic studies of tomato pachytene chromosomes revealed
long continuous stretches of less condensed euchromatin in
both chromosome arms, flanked by highly condensed het-
erochromatin at the telomere ends and the centromeres
(Ganal et al., 1991; De Jong et al., 2000; Chang et al., 2008).
Based on these morphological properties, the foci observed
were in the euchromatic part on the long arm of tomato
chromosome 2 (2L) (Figure 1). Genetically, these BACs have
been mapped at an interval between 82 and 143 cM based
on BLASTN hits to SGN EXPEN2000 markers (http://solge-
nomics.net/cview/map.pl?map_version_id=52). The genetic
map order of all BACs is consistent with the linear cyto-
genetic mapping order, except for H14606, which appears to
be inverted (Figure 1 and S1). Using common markers, we
mapped the tomato BACs to the euchromatic portion of
potato 2L (see below) in an interval between 33 and 50 cM
on the potato TXB genetic map (Koo et al., 2008). Strikingly,
the cytogenetic mapping order on potato and tomato
pachytene is clearly different, suggesting multiple rear-
ranged segments. On potato and pepper chromosome 2L,
the BAC FISH mapping order appears colinear (Figure 1).

In addition to 2L, cross-species FISH analysis previously
revealed major differences in chromosome organization for
6S, including the Mi disease resistance homolog cluster.
Mapping results in the 1-10 cM interval were interpreted as

a large paracentric inversion that covers the 4.5 Mb euchro-
matin part with breakpoints close to the top arm telomere
and at the border of the pericentromeric heterochromatin.
The observations also suggested rearrangements in the
middle part of the short arm. However, the precise differ-
ences in chromosomal organization were not resolved at the
time (Tang et al., 2008; Peters et al., 2009). Here we aim to
further elucidate the topology of 6S. A distal inversion was
detected in pepper and potato 6S compared to tomato. In
addition, one BAC displayed two foci on pepper 6S, which
could be due to a duplicated segment or a breakpoint in
pepper, or a deletion in potato (Figure 1).

Differences in the mapping order of markers on tomato,
potato and pepper genetic maps also indicate rearrange-
ments near the TSWand L loci. These loci reside on the long
arm of chromosomes 10 (10L) and 11 (11L), respectively, and
have been implicated in tomato spotted wilt virus and
tobacco mosaic virus resistance in Capsicum spp. (Jahn
et al., 2000; Yang et al., 2009). We selected three anchored
tomato BACs in the 52-62 cM interval and the 74-90 cM
interval on the EXPEN2000 genetic map for FISH analysis
(Figures S2 and S3). These tomato BACs each display a
focus in the euchromatic portion of tomato, potato and
pepper pachytene chromosomes, and the order of foci on
potato and pepper is colinear. However, the order of foci is
inverted on tomato 10L, indicating rearrangements in this
part of the tomato genome. On tomato and potato 11L the
order is colinear, but cytogenetic mapping indicates a
translocated segment with a reversed orientation in 11L of
pepper (Figure 1), in agreement with the comparative map-
ping in the 57-115 cMinterval (Yang et al., 2009) (Figure S3).

Comparative sequence alignment

To further delineate differences in the chromosomal orga-
nization, we selected tomato scaffold sequences based on
BLASTN hits using tomato BAC ends and genetic marker
sequences (http:/solgenomics.net). On 2L, the 82-143 cM
interval corresponds to a sequence of approximately 7 Mb
from tomato scaffold SL2.40sc03665 (http://solgenomics.
net/sequencing/agp.pl), which spans H159F19 and H072B02
on the FISH map (Figure 1). Tomato BAC ends and markers
anchoring BACs to the EXPEN2000 map show BLASTN
matches to five potato scaffolds (DM244, DM441, DM1213,
DM12 and DM4) from Solanum tuberosum group Phureja
DM1-3 516 R44 (hereafter referred to as S. tuberosum DM),
which have a total length of approximately 7 Mb. Both DM
scaffold order and orientation on the potato 2L FISH map are
consistent with the genetic marker order, and the ‘acces-
sioned golden path’ (AGP) map for potato chromosome 2
(Potato Genome Sequencing Consortium, 2011). Subse-
quently, a comparative alignment revealed the coordinates
of the junction breaks of translocated segments for scaffold
DM4, DM12 and DM244. In addition, two segments of
approximately 3 Mb and 980 kb originating from scaffold
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Figure 1. Comparative FISH analysis of tomato
BACs on tomato, potato and pepper 2L, 6S, 10L
and 11L. Identifiers for tomato BACs are indi-
cated on the right of each pachytene chromo-
some. White arrows indicate the positions of Mi,
L and TSW loci. Corresponding cytogenetic
mapping positions of Hindlll (H), EcoRI (E) and
Mbol (M) tomato BACs, and telomere positions
on tomato, potato and pepper pachytenes are
shown by coloured connecting lines and white
connecting lines, respectively. The positions of
SGN markers from the tomato EXPEN2000,
potato TXB1992 and pepper AC99 genetic maps
(http://solgenomics.net/cview/map.pl?map_id=11)
associated with the tomato BACs are indicated
(cM).

Pepper 2L Potato 2L

Pepper 10L Potato 10L

DM4, two DM12 segments of 300 and 690 kb, and a small
20 kb segment of DM1213 align in the opposite orientation
(Figure 2), which suggests inversions have occurred.

The identity plot also displays multiple rearrangements
between corresponding segments of tomato and potato 6S,
10L and 11L (Figure 2b—d and Table S1). We observed large
inversions for practically the entire 4.5 Mb of tomato 6S,
with several segments that appear translocated compared to
potato 6S. In addition, the first 0.5 Mb just downstream of
the tomato 6S telomere position appears almost entirely
missing in potato, leaving only a small colinear fragment of
60 kb. Fora 2.9 Mb segment from tomato 10L, we found two
colinear fragments of 375 kb and 1.35 Mb. Two fragments of
approximately 470 and 710 kb aligned in opposite orienta-
tion to fragments from a 7.5 Mb potato segment, of which
4.14 Mb did not align. A comparative alignment of a 1.9 Mb
tomato 11L segment to a corresponding 2.5 Mb potato
segment showed three inversions of 144, 295 and 190 kb,
and deletions of approximately 230, 140 and 90 kb. Although
cytogenetic mapping did not reveal the inversions in tomato
11L, the FISH mapping order is explained by the BLASTN hit
positions (Figure 2d). Because genomic sequences are cur-
rently lacking for pepper, we cannot confirm the structural
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telomere 65

HO54K13

E092M23  (111cM)

*
» HO072B02 (143cM)

telomere 2L

Tomato 2L Tomato 65

telomere 11L

telomere 10L

Tomato 10L Potato 11L Tomato 11L

Pepper11L

rearrangements between tomato and pepper 6S, 10L and
11L by sequence comparison.

Topology of tomato and potato 2L segments

To exclude the possibility that the observed colinearity
breaks in the comparative sequence alignment arose from
aberrantly assembled sequences, we validated the borders
of colinear scaffold segments by comparative FISH analysis
using BACs that span a junction break. The FISH mapping
shows single clear foci for the junction break BACs on
tomato 2L (Figure 3). The mapping order is in agreement
with the order and BLAST position of BACs on scaffold 3665,
and thus confirms correct assembly of the 7 Mb region.
Remarkably, several tomato BACs that span alignment
breaks displayed two FISH signals on 2L of both potato
accessions G254 and RH89039 (Figure 3, lanes 1, 3,5 and 7).
In addition, the FISH map position of H138J12 is just north of
E129C17 (Figure 3, lanes 3 and 4), in agreement with the
inverted orientation of a 300 kb DM12 segment. H028F18
co-localizes with HO15P22 on potato 2L from accession
RH8903916 (Figure 3, lane 3), in contrast to two distinct foci
on tomato (Figure 3, lane 4). This is in agreement with two
overlapping BLASTN hits on DM4 and two hits on scaffold
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Figure 2. Identity plots of S. lycopersicum and S. tuberosum group Phureja DM1-3 516 R44 segments of 2L, 6S, 10L and 11L. Sequences aligned in forward and
reversed orientation are represented by red and blue lines, respectively. Tomato and potato chromosome labels are indicated on the x and y axes. Segment
positions aligning to BAC H303G16, H150M12 and E043B08 are marked in the bottom right plot by arrows (a) to (c), respectively.

. HO40C22
H138P10

SL2.40sc03665, which map several megabases apart. Fur-
thermore, M046B12 and E129C17 both show a single focus
on tomato and potato (Figure 3, lanes 3, 4,7 and 8), and both
H015P22 and HO028F18 co-localize on potato pachytene
(Figure 3, lane 3). Apparently, a large 3 Mb segment from
DM4 has been translocated and has a reversed orientation in
tomato. HO88K05 and H040C22/H138P10 each display a sin-
gle focus in a similar order on both tomato and potato
pachytene (Figure 3, lanes 5 and 6). This confirms the ori-

Figure 3. FISH analysis of colinearity breaks
between tomato and potato 2L. Tomato BACs
were hybridized on pachytene complements
from tomato Heinz 1706 (lanes 2, 4, 6 and 8)
and pachytenes from potato G254 (lane 1) and
RH8903916 (lanes 3, 5 and 7). Corresponding
cytogenetic mapping positions of Hindlll (H),
EcoRI (E) and Mbol (M) tomato BACs on tomato
and potato pachytenes are shown by coloured
connecting lines. Telomere positions on the 2L
are indicated by white connecting lines.

entation and position of DM441 and a translocated 690 kb
segment from DM12. The two signals for H160D06 (Figure 3,
lanes 5 and 7) are in agreement with BLAST hits to DM244
and DM4 sequences. For E022J22, we also observed one
signal on tomato (Figure 3, lane 2) and two foci on potato
(Figure 3, lanes 1 and 5), consistent with two BLAST hits to
DM244 and DM12, which are 1 Mb apart on the physical
map. The corresponding cytogenetic spacing between two
foci from E022J22 appeared to be comparable to that ob-
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served between H160D06 and E022J22 (Figure 3, lane 5).
This result adds to the notion that 660 and 386 kb segments
from DM244 have an inverted orientation, of which the
660 kb segment is also translocated in tomato. Furthermore,
mapping confirms that potato accessions G254 and
RH890391 share a similar 2L topology with potato DM. Based
on these results, we reconstructed the tomato and potato
chromosomal organization (Figure 4).

Orthologs on tomato and potato 2L and linkage
conservation

The recent tomato and potato genome sequencing efforts
and available genetic map information enable analysis of the
gene repertoire and relative order and orthology detection, a
prerequisite to investigate the extent of conserved linked
genes in repositioned homeologous segments. In this
respect, Bonierbale et al. (1988) have demonstrated that
cDNA markers are largely colinear along the tomato and
potato chromosomes. In particular, the segments from to-
mato and potato 2L have several EST-derived genetic
markers in common, and thus appear to be conserved syn-
tenic (Figure 4). To assess the conserved linkage, we used
the complete set of ITAG2 and PSCG release 3.4 annotated
protein sequences (see Experimental procedures) to identify
and map the main orthologs in syntenic tomato and potato
2L segments, respectively.

Ortholog detection. The syntenic 2L segments contain 893
predicted genes in tomato and 820 in potato, respectively.
Use of InParanoid (Remm et al., 2001) identified 664 ortholog
groups, of which 623 comprise an ortholog pair localized in
corresponding colinear segments, consistent with a con-
served syntenic nature. For 25 ortholog groups, 14 tomato

© 2012 The Authors

and 11 potato ortholog genes mapped outside homeologous
segments (Table S2). Within the 623 ortholog groups, we
detected 721 tomato genes and 679 potato genes, apparently
indicating that gene duplications have occurred. The mean
tomato and potato gene copy (paralog) numbers for the 623
ortholog groups are 1.16 and 1.09, respectively (Table S2).
There are 36 ortholog groups with more than two members,
of which 12 groups have multiple tomato paralogs, 16 groups
have multiple potato orthologs, and eight groups have mul-
tiple tomato and potato paralogs. In two ortholog groups,
tomato genes Solyc02g090350 and Solyc02g085990 have
adjacent paralogs. Thus, although it appears that tomato and
potato share a comparable basic set of genes overall, the
order and number of gene copies is substantially different.

Gene adjacency, orientation and unclustered genes. We
found 335 ortholog pairs that have a conserved linkage, and
288 pairs that have disrupted gene adjacency. For example,
comparison of tomato genes with their potato orthologs just
downstream of the F18 junction in scaffold DM12 showed
that local gene vicinities are preserved but gene adjacency is
disrupted. Tomato and potato orthologs were frequently
interrupted by putative LTR retrotransposons (Figure S4). In
total, we predicted 28 LTRs in tomato scaffold 3665 and 56
LTRs in the colinear potato DM scaffolds.

Of the identified orthologs, eight orthologous gene pairs
show irregular positioning compared to the layout of the
colinear segments (Figure 5 and Table S3). The orthologs
corresponding to the gene models located on potato scaf-
fold DM1213 are shifted by 1.23 Mb upstream and inverted
in tomato (Figure 5, genes ‘e’ and ‘f’, and Figure 2). Here, the
provisional state of the current potato scaffold order appears
to be the most straightforward explanation for this aberrant

The Plant Journal © 2012 Blackwell Publishing Ltd, The Plant Journal, (2012), 71, 602-614
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Figure 5. Orthologous gene matches for potato
versus tomato. The first 6.7 Mb of tomato scaf-

fold SL2.40sc03665 and potato scaffolds DM4
(green), DM12 (purple), DM244 (red), DM441
(yellow) and DM1213 (blue) are shown. The
midpoint of a gene model is represented by a
dot. An orthologous gene pair is indicated by a
dot in the first quadrant, unclustered genes are
shown at -100 000, paralogs are shown at
-50 000, and clustered genes without a matching
counterpart in the selected segment are shown at
-500 000 along the corresponding axis. Ortholog
pairs with an irregular position are indicated by
arrows (a) to (h).
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position, although a biological rearrangement cannot be
excluded. In tomato, this domain contains two AP2-domain
transcription factors. ITAG RepeatMasker annotation (see
Experimental procedures) shows that these AP2 homologs
are flanked by copies of LTRs that possibly originate from
the same transposon. Furthermore, there are three orthol-
ogous gene pairs that remain as relicts of the proposed
splitting of scaffold DM244 into separate contigs (Figure 5,
genes b, ¢ and d). In addition, we found two pairs of
orthologs with an inverted orientation to the syntenic
segment (Figure 5, genes a and h), and one ortholog pair
that shows transposition of the tomato ortholog to a region
approximately 2.8 Mb distal of its expected position (Fig-
ure 5, gene g).

A substantial proportion of the 241 and 173 putative
genes, respectively, in the tomato and potato aligned
segments remained unclustered (Figure 5), and probably
are the result of stringent clustering cut-off values or
aberrantly predicted genes in the gene annotations, or they
may be species-specific. Furthermore, some unclustered
genes are probably false negatives, taking into account that
Inparanoid has a false-negative rate of approximately 3%
when omitting the use of an outgroup (Remm et al., 2001).

A rearrangement pathway model

There is compelling evidence that recombination plays a
much larger role in the evolution of plant genomes than

previously appreciated. Recombination in plants is highly
variable, and includes (i) meiotic recombination between
homologous chromosomes, (ii) intra-strand crossing over
between direct and inverted repeats, (iii) unequal crossing-over
between misaligned repeats on homologous chromosomes,
and (iv) illegitimate or non-homologous recombination
(Gaut et al., 2007). Although the mechanisms that underlie
complex genome rearrangements in plants are quite diverse
and not fully understood, there is accumulating evidence
that links rearrangement breakpoints and repeats (Coghlan
et al., 2005). Thus, rearrangements in tomato and potato 2L
may be explained in conformance with the type and location
of repeats. We detected similarity to class | and Il transpo-
sons in 20 kb bins near the synteny breaks, in particular so-
nata, harbiner, Long Interspersed Elements (LINEs), Short
Interspersed Elements (SINEs), unknown retrotransposons
and telomere-like related sequences (Figures S5 and S6).
Furthermore, comparative sequence analysis revealed two
copies of a 4.5 kb inverted repeat on tomato 2L flanking the
junction between the 690 and 978 kb syntenic blocks, and
spanning the synteny junction between the 308 and 662 kb
segments. Another repeat of 267 bp is located near the 386—
3030 kb segment junction and the 308-662 kb segment
junction (Figure S7). We did not detect similarity to known
transposable elements (TEs), and therefore these repeats are
not likely to be of transposon origin. Currently, we do not
have direct evidence for their involvement in the rearrange-
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ments, but, taking into account their location near synteny
breaks, we hypothesize that transposon element/repeat-
mediated recombination may be explanatory for the 2L
rearrangements as follows. We assume the existence of
unichromosomal breakpoints, as we have not found any
7 Mb segmental duplication in other parts of the tomato
genome, and according to Pevzner and Tesler (2003), that the
unichromosomal breakpoints are related and inter-depen-
dent. Furthermore, the 2L rearrangements are probably
tomato lineage-specific. This notion is substantiated by
several genome mapping studies (Bonierbale et al., 1988;
Tanksley et al., 1988, 1992; Livingstone et al., 1999; Thorup
et al., 2000; Doganlar et al., 2002b; Pertuzé et al., 2002;
Ashrafi et al., 2009) and the colinear BAC FISH maps for 2L of
S. lycopersicum, S. lycopersicoides, S. pennellii and S. chi-
lense (H.d.J., unpublished results). Therefore, we assumed
the potato and pepper organization to be ancestral, and thus
the rearrangements needed to transform the tomato into
potato chromosome topology can be used to reconstruct an
ancestral karyotype. Taking this evolution direction into ac-
count, we propose a rearrangement pathway model in which
intra-strand crossing-over and ectopic recombination give
rise to segmental rearrangements (Figure 6). First, two seg-
ments from DM244 become inverted by ectopic recombina-
tion mediated by copies of the same transposon elements
that are positioned near the synteny breaks, or by non-
homologous recombination. After the second reversal, a
chromatid strand folds back, generating local pairing of the
276 bp inverted repeats, subsequent to which, inter-chro-
matid crossing-over occurs, leading to a third inversion.
After breakage and fusion, this generates an intermediate
configuration in which the 4.5 kb repeat is inverted. The
4.5 kb inverted repeat element then mediates a second intra-
strand crossing-over event, resulting in a fourth inversion.

Figure 6. Proposed rearrangement scenario

involving four structural conversions given the 244 244

initial potato order (upper panel) and final
tomato order (bottom panel) of 2L segments.
Positions of intra-strand crossing-overs between
segments are marked ‘X'. Arrows indicate the
relative order and orientation of 2L segments.

244 244
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Indeed, when using GRIMM (Tesler, 2002), a single and most
parsimonious scenario was predicted, which consisted of a
trajectory involving four recombination events (Figure S8)
that resembled the conversion steps presented in the rear-
rangement model proposed above.

DISCUSSION
Unravelling structural differences in Solanum and Capsicum

In recent decades, marker-based mapping studies provided
broad knowledge of the structural and molecular organiza-
tion of various plant genomes, including tomato and potato.
It is apparent that plant genomes share extensive conserved
linkage despite their diversity in size and complexity (Bo-
nierbale et al, 1988; Tanksley etal., 1992; Bennetzen,
2000a). These studies also indicated large-scale differences
in genomic organization, most of which were found in het-
erochromatic domains. Nevertheless, comparative maps
have limitations that arise from low marker density and low
placement accuracy that complicate local resolution of
chromosomal organization. Tang et al. (2008) and Peters
et al. (2009) used BAC FISH painting to unravel complex
rearrangements in euchromatin regions and elucidated
discrepancies between genetic and physical maps. In this
paper, we provide more detailed mapping at the sequence
level in order to identify the coordinates of colinear seg-
ments and subsequent selection of BAC targets to validate
the colinearity breaks. We have shown that large-scale
structural differences in Solanum and Capsicum are not only
confined to heterochromatin portions, but frequently
occurred in the euchromatic portion of 2L, 6S, 10L and 11L.
Thus, although genetic maps and comparative sequence
analysis each have limitations in power and resolution,
their combined usage is indispensable for unsurpassed
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knowledge of chromosome organization at the structural
and sequence level.

Large-scale rearrangements

Comparative sequence alignment indicated the location of
colinearity breaks between tomato and potato DM 2L. Using
BACs that span junction breaks, FISH revealed double sig-
nals marking the borders of colinear segments in potato
accessions G254 and RH890316. In total, six large-scale
rearrangements were discovered on a 7 Mb euchromatic
region of 2L between tomato cv. Heinz 1706 and potato G254
and RH8903916. Although chromosome 2 markers TG34
and TG48 in the 89-143 cM intervals show an inverted order
(Tanksley et al., 1992), these structural differences between
tomato and potato were not apparent from linkage maps.

Linkage maps between tomato and several wild relatives
show a similar order of 2L genetic markers (Tanksley et al.,
1992; Fulton et al., 1997; Pertuzé et al., 2002; Ashrafi et al.,
2009; http://solgenomics.net), but they appear to be inverted
for pepper, eggplant/aubergine (Livingstone et al., 1999;
Thorup et al., 2000; Doganlar et al., 2002b; http://solgenom-
ics.net) and potato (this paper). Furthermore, potato, pepper
and eggplant share extensive marker colinearity in the
homeologous 2L segments. Taken together, these results
suggest that the rearrangements in 2L are specific for the
tomato clade, and thus occurred after the split from the
common ancestor of tomato and potato.

A tomato-specific rearrangement was also reported for
chromosome 10, for which the tomato, potato and pepper
homeologs apparently differ by a paracentric inversion
(Tanksley et al., 1988, 1992; Livingstone et al., 1999). Com-
parative linkage map studies in sister species of tomato, S.
lycopersicoides and S. sitiens (Pertuzé et al., 2002) showed a
10L configuration that was similar to that of potato and
pepper (Capsicum), and this provided further evidence for
the notion that the paracentric inversion was already fixed in
the common ancestor for the tomato lineage. The FISH
mapping presented here confirms two inversions in tomato
10L compared to the potato and pepper chromosome
organization, and is consistent with the tomato lineage-
specific nature of the rearrangements.

The structural organization appears less similar in tomato
and potato 11L. The comparative sequence alignment
indicates multiple breakpoints corresponding to three inver-
sions and three deletions. Although an accurate sequence
alignment for pepper 11L is currently lacking, cytogenetic
mapping revealed at least one translocated segment with a
reversed orientation. By comparing tomato and pepper
genetic maps, a minimum of 22-32 breakages of tomato
chromosomes would be necessary to transform the order
and position of tomato genes to that observed in pepper
(Tanksley et al., 1988; Livingstone et al., 1999). We have not
investigated all putative chromosome rearrangements, and
it is conceivable the number of rearrangements is an under-

estimate and a consequence of a low density of genetic
markers. This notion is supported by our observation that
the previously reported hidden inversion for the 4.5 Mb
short arm of chromosome 6 (Tang et al., 2008) actually
appears more complex. A comparative sequence alignment
revealed multiple reversals, translocated segments and a
deletion in potato 6S. From the present results and those of
previous studies, we propose a genome landscape in which
evolution on the structural level for the majority of the 12
chromosomes in Solanaceae was far more dynamic than
currently appreciated.

Chromosomal rearrangements and reproductive isolation

The role of the large structural rearrangements in 2L with
respect to inter-generic and intra-generic reproductive iso-
lation and speciation of Solanaceae, remains unclear. Rear-
rangements can impede proper pairing of homeologous
chromosomes and reduce recombination, and may also
cause decreased fitness or even sterility (Noor et al., 2001;
Livingstone and Rieseberg, 2004; Rieseberg and Willis, 2007;
Bedinger et al., 2010). For example, inter-specific hybrids
between S. lycopersicum and S. pennellii are highly fertile,
and light microscopy analysis demonstrated near normal
levels of meiotic pairing and crossing-over (Tanksley et al.,
1992). However, high-resolution electron microscopic anal-
ysis of chromosomes at pachytene showed frequent unu-
sual synaptic configurations (Anderson et al., 2010). The
latter observation might seem in contradiction with fertility
and the unaffected recombination between tomato and S.
pennellii. However, it is possible that relatively small struc-
tural differences between homeologous chromosomes may
be tolerated, but relatively large rearrangements may dis-
rupt meiotic synapsis or recombination and may result in
infertility. For example, inter-specific hybrids between
S. lycopersicoides and S. sitiens are fertile and show
recombination rates similar to tomato (Pertuzé et al., 2002).
In contrast, inter-generic hybrids of S. lycopersicum with
S. lycopersicoides or S. sitiens are sterile and show genome-
wide suppressed recombination (Chetelat et al., 1997).
Moreover, recombination is completely abolished for 10L,
which may be explained by a large paracentric inversion
between the L-type (Lycopersicon spp.) and S-type (S. lyc-
opersicoides and S. sitiens) genomes (Pertuzé et al., 2002).

Although we have not investigated the molecular nature
of inter-specific barriers between tomato and potato, the
rearrangements presented here may very well impede
proper synapsis. In line with this are results obtained from
somatic hybrids of tomato and potato, in which irregular
synapsis was also frequently observed (De Jong et al.,
1993). The latter may perhaps involve absent, repositioned
or protected blocks of genes that suppress homeologous
pairing (Bedinger et al., 2010). In this respect, a phenome-
non known as transmission ratio distortion is often observed
in inter-specific crosses between tomato and wild relatives.
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Possibly, selection against particular allelic combinations
that are associated with ‘transmission ratio distortion’ loci
underlies hybrid incompatibility (Moyle and Graham, 2006).
For example, strong reproductive barriers have been
observed between S. lycopersicum and the tomato-like
nightshades S. ochrantum and S. juglandifolium, which
have been placed phylogenetically and morphologically
in an intermediate position between tomato and potato
(Spooner et al., 2005). Remarkably, we physically mapped
markers associated with distortion loci trd2.2, sd10.1,
sd10.2, and trd11.1 from Solanum species (Pertuzé et al.,
2002; Albrecht and Chetelat, 2009) to the rearranged seg-
ments in 2L, 10L and 11L discussed here (Figures S1-S3),
suggesting a relationship between hybrid incompatibility,
transmission ratio distortion and large rearrangements.

Small-scale rearrangements and changes in gene repertoire

Overall, tomato and potato have a 7% difference in gene
copy number in rearranged 2L segments (Table S2). Studies
on gene repertoire and gene order in tomato and pepper
indicated a change in locus number for approximately 12%
of the loci, accompanied by an extensively modified linear
order of genes and many chromosome rearrangements
(Tanksley et al., 1988). These differences in copy number are
in line with the slightly larger genome size of tomato com-
pared to potato and the expanded pepper genome com-
pared to tomato.

Our observation that small rearrangements are more
frequent than large-scale differences seems consistent with
earlier observations made for other plant genomes (Bennet-
zen, 2000a). In particular, micro-colinearity and conserved
linkage between orthologs is apparent, but we nevertheless
found many small exceptions. Observations in yeast and
Drosophila, for example, show that direct repeats of LTR
transposon copies may act in reciprocal recombination,
giving rise to gene loss. Reciprocal recombination between
inverted repeats from LTR retrotransposons may result in
gene inversions, while recombination between repetitive
elements on different chromosomes may lead to reciprocal
translocation (Bennetzen, 2000b; Gray, 2000). In some cases,
we suspect the micro-colinearity in 2L has been disrupted by
TEs. For example, two translocated AP2-like transcription
factors in tomato 2L with a disrupted conserved linkage are
flanked by LTRs from a single retrotransposon, suggesting
its involvement in the relocation and inversion of these
genes. Strikingly, the inversion of AP2-like transcription
factors in tomato maps to near the fw2.2 and fs2.2 loci
controlling fruit weight and bell-shaped fruit morphology in
the heirloom tomato cv. Yellow Stuffer and garden pepper
(Grandillo et al., 1999; Van der Knaap and Tanksley, 2003).
The inverted context of genes functioning in signalling
pathways has been reported to affect traits and cause
phenotypic changes in Drosophila (Hoffman et al., 2004).
However, we currently have no functional or phenotypic
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evidence indicating an inversion-induced difference in gene
interaction or regulation in tomato.

Analyses of chromosomal rearrangement junctions and
rearrangement scenario

Currently, it is unclear what might have caused the large
rearrangements in 2L. TEs are known to induce large inver-
sions, deletions and translocations, mediated directly via
their transposition mechanisms, or indirectly via homolo-
gous recombination, or by ectopic or non-allelic homolo-
gous recombination (Bennetzen, 2000b). For example, in
maize (Zea mays), pairs of TEs spaced beyond 100 kb are
efficient chromosome breakers, generating deletions and
inversions via alternative tranposition (Huang and Dooner,
2008; Zhang et al., 2009). Recombination in plants is not
limited to homologous chromosomes only. For example,
inter-chromatid recombination can result in deletions and
inversions, and such recombination between different
genomic regions can lead to large chromosomal rear-
rangements (Gaut et al., 2007). Furthermore, it is important
to realize that meiotic as well as mitotic rearrangements in
plants can be passed to progeny. In Arabidopsis, elevated
somatic recombination rates have been observed and found
to be positively correlated with DNA damage and stress,
suggesting that genomic flux caused by recombination
plays an important role in environmental stress adaption.
Direct evidence for genomic flux involving large-scale rear-
rangements caused by repeat-mediated recombination has
not been reported for plants. However, indirect evidence has
been found in Brassicaceae species, in which rearrange-
ments are to a large extent located near repetitive sequences
(Ziolkovski et al., 2003; Lysak et al., 2006).

In general, any chromosomal rearrangement involves a
breakage and a subsequent repair of the chromosome ends
or fusion to another chromosome end. Of the different types
of rearrangements in plant genomes, inversions probably
occur the most frequently, and can range size from a few kb
up to hundreds of genes in length (Coghlan et al., 2005). Our
results are in agreement with this notion, showing that
inversion is the predominant rearrangement type in tomato
2L, 6S, 10L and 11L. Previously, Livingstone et al. (1999)
inferred the most recent ancestral genome using line-
age-specific rearrangements, the phylogeny of tomato,
potato and pepper (Spooner et al., 1993), and comparative
maps. We reasoned that, as the potato and pepper 2L
organization appear similar, with pepper being considered
as an outgroup, and because the rearrangements are tomato
lineage-specific, the potato/pepper topology may be con-
sidered ancestral. In the proposed model, the inversion
rearrangement was preferred above other types, and the
reconstruction was directed from potato/pepper towards the
tomato 2L organization. Indeed, when calculating a most
parsimonious rearrangement scenario, only four reversion
steps were needed to transform the potato 2L organization
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into the tomato 2L organization. However, we currently
cannot exclude other rearrangement pathways. Tandem
repeats and (retro)transposons are present also outside the
2L junction breaks, and as we have no indications about the
relative order of the proposed inversion steps, the proposed
model should be considered as a working hypothesis.

The efficiency and success of introgressive hybridization
breeding on the basis of DNA-based selection depends,
among others, on adequate identification of chromosome
organization. The implication of technological advances
with respect to next-generation sequencing technology for
the use of extant germplasm resources is that large numbers
of complex genomes can be sequenced relatively fast and
cheaply. This will undoubtedly speed up identification of
compatible genomes for introgression breeding, the rear-
rangement phylogeny within the Solanaceae, and recon-
struction of the ancestral Solanum karyotype. The present
project is a first step in mining of structural genetic diversity
and the development of genome-based breeding tools.

EXPERIMENTAL PROCEDURES

Scaffold selection

S. lycopersicum Heinz 1706 (build 2.40) and S. tuberosum DM
scaffolds were obtained from ftp:/ftp.solgenomics.net/tomato_-
genome/wgs/assembly/ and http:/potatogenomics.plantbiolo-
gy.msu.edu/, respectively. Tomato and potato scaffolds were
aligned against genetic and physical maps from the Sol Genomics
Network (http://solgenomics.net) to verify the chromosomal loca-
tion. Genome sequences were aligned using MUMMER 3.22 (http://
mummer.sourceforge.net/) with the tomato scaffold as a reference.
Subsequently, the coords file output from generated by the MUM-
mer script 'NUCmer’ was converted into ClustalW format and used
as an input for the generic synteny browser GBrowse_syn (http://
gmod.org/wiki/Synteny) for visualization and further analysis.
Tomato Heinz 1706 BACs and potato BAC sequences from the RH
clone library were aligned to scaffolds using BLASTN.

BAC selection, growth and DNA preparation

For solanaceous species-derived stress tolerance genes, a genomic
location was determined by best BLASTN hits against tomato
scaffolds from the Sol Genomics Network (http://solgenomics.net).
Translated coding regions from non-solanaceous species-derived
stress tolerance genes were used in a TBLASTX screen against
tomato unigene sequences. Unigenes were then used for a BLASTN
screen against tomato scaffolds to determine sequence coordi-
nates. Subsequently, BAC clones containing stress tolerance gene
homologs were identified by BLASTN of a scaffold sequence
interval against a tomato BAC end sequence database, and linked to
the EXPEN2000 genetic map by screening the genomic intervals
against the genetic marker database. Subsequently, BAC clones of
tomato cv. Heinz 1706 Hindlll, EcoRl and Mbol libraries were grown,
and BAC DNA was isolated as described previously (Peters et al.,
2009).

Chromosome preparations

All FISH experiments were performed on tomato cv. Heinz 1706
(2n = 2x = 24). Pachytene preparations from young anthers con-
taining pollen mother cells and spreads of extended DNA fibers

from young leaves were made as described by Zhong et al. (1996b)
and Budiman et al. (2004).

Fluorescence in situ hybridization (FISH)

Two-color and multi-color FISH of BAC clones to pachytene chro-
mosomes were performed as described by Zhong et al. (1996b).
Slides were examined under an Axioplan 2 imaging photomicro-
scope (Zeiss, Jena, Germany) equipped with epifluorescence
illumination, and small band filter sets for DAPI (4',6-diamino-
2-phenylindole) and for FITC (fluorescein-5-isothiocyanate), Cy3
(cyanine 3), Cy5 (cyanine 5), DEAC (7-diethylaminocoumarin-3-
carboxylic acid) and Cy3.5 (cyanine 3.5) fluorescence. Capturing of
selected images and image processing were performed as previ-
ously described (Szinay et al., 2008).

Sequence annotation

Interspersed repeats were identified through similarity searches to
the Magnoliaphyta section of the RepBase repeat database (release
2008-08-01) (Jurka et al., 2005) and the Institute for Genomic
Research Lycopersicon repeats version 3.1 and Solanaceae
repeats version 3.1 (currently available via http:/plantrepeats.
plantbiology.msu.edu/) using RepEaTMasker 3.2.5 (http://www.
repeatmasker.org/) and cross_match 0.990319 (http://www.phrap.
org/). In addition, LTR retrotransposons were predicted ab initio
using LTR Finder (Xu and Wang, 2007) (http://tlife.fudan.edu.cn/
Itr_finder). Ab initio gene prediction on the repeat masked se-
quences was performed using Genscan (Burge and Karlin, 1997)
using Arabidopsis thaliana gene models. Alignments of tomato and
potato ESTs and genetic markers were generated using BLASTN
2.2.17 (Altschul et al., 1997). Tomato and potato EST sequences and
marker sequences were downloaded from the Sol Genomics Net-
work (http://solgenomics.net).

Orthology analysis

For ortholog detection, tomato ITAG annotation 2.31 (http://solge-
nomics.net/gbrowse/bin/gbrowse/ITAG1_genomic/) and potato
PGSC annotation 3.4 (Potato Genome Sequencing Consortium,
2011) were used to obtain the sequences of the predicted proteins. In
each case, only the longest transcripts were taken into consideration.
Reciprocal best hits were obtained using BLASTP (Altschul et al.,
1997) and results were clustered into orthologous groups by
INPARANOID version 4.1 (Remm et al., 2001) with a score cut-off of 40.
Further processing of annotation data to fit the coordinates on the
selected segment was perfomed using custom Perl and R scripts in
combination with BioPerl (http://www.bioperl.org/wiki/Main_Page).

The coordinates and identity of ortholog group members,
together with the mapped positions of BAC sequences, LTR retro-
transposons and unigenes and coordinates for mapped annotated
proteins were subsequently stored in a gff format for visualization of
the local gene repertoire with SynBrowse (Pan et al., 2005).

The predicted orthologs were clustered into ortholog groups and
subsequently classified into genes with conserved or disrupted
linkage based on the linear order of orthologs.
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Figure S1. Integrated map of tomato and potato chromosome 2L
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Figure S2. Comparative map of tomato, potato and pepper chro-
mosome 10L.

Figure S3. Comparative map of tomato, potato and pepper chro-
mosome 11L.

Figure S4. Tomato synteny browser snapshot of a 150 kb region at
the F18 junction.

Figure S5. Distribution of class | transposon-related repeats in
chromosome 2L.

Figure S6. Distribution of class Il transposon-related repeats in
chromosome 2L.

Figure S7. Identity plot of synteny junctions.

Figure S8. Parsimonious trajectory for rearrangements between
potato and tomato chromosome 2L.

Table S1. Large-scale rearrangements between tomato, potato and
pepper.

Table S2. Predicted ortholog pairs and paralogs in tomato and
potato chromosome 2L.

Table S3. Outliers identified by colinearity analysis of orthologous
gene pairs.
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