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Abstract We constructed an integrated DNA marker
linkage map of eggplant (Solanum melongena L.) using
DNA marker segregation data sets obtained from two
independent intraspecific F, populations. The linkage map
consisted of 12 linkage groups and encompassed 1,285.5 cM
in total. We mapped 952 DNA markers, including 313
genomic SSR markers developed by random sequencing of
simple sequence repeat (SSR)-enriched genomic libraries,
and 623 single-nucleotide polymorphisms (SNP) and
insertion/deletion polymorphisms (InDels) found in egg-
plant-expressed sequence tags (ESTs) and related genomic
sequences [introns and untranslated regions (UTRs)].
Because of their co-dominant inheritance and their highly
polymorphic and multi-allelic nature, the SSR markers may
be more versatile than the SNP and InDel markers for
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map-based genetic analysis of any traits of interest using
segregating populations derived from any intraspecific
crosses of practical breeding materials. However, we found
that the distribution of microsatellites in the genome was
biased to some extent, and therefore a considerable part of
the eggplant genome was first detected when gene-derived
SNP and InDel markers were mapped. Of the 623 SNP and
InDel markers mapped onto the eggplant integrated map,
469 were derived from eggplant unigenes contained within
Solanum orthologous (SOL) gene sets (i.e., sets of ortholo-
gous unigenes from eggplant, tomato, and potato). Out of
the 469 markers, 326 could also be mapped onto the tomato
map. These common markers will be informative land-
marks for the transfer of tomato’s more saturated genomic
information to eggplant and will also provide compara-
tive information on the genome organization of the two
solanaceous species. The data are available from the
DNA marker database of vegetables, VegMarks (http://
vegmarks.nivot.affrc.go.jp).

Introduction

The Solanaceae family is a major plant group that includes
several important species of practical value, including
tomato (Solanum lycopersicum L.), potato (Solanum
tuberosum L.), bell pepper (Capsicum annuum L.), and
eggplant (Solanum melongena L.). Except for bell pepper,
these species belong to the largest genus in the Solanaceae,
Solanum, which includes more than 1,000 species (D’ Arcy
1991). Tomato and potato have been used as model plants
for the Solanaceae and for genus Solanum, and extensive
genetic and genomic information has been accumulated for
these species. High-density molecular marker linkage maps
(Bonierbale et al. 1988; Shirasawa et al. 2010; Tanksley
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et al. 1992) and comprehensive data sets of expressed
sequence tags (ESTs) (Aoki et al. 2010; Flinn et al. 2005)
have been developed for both species. Recently, a draft
genome sequence has been published for potato (Potato
Genome Sequencing Consortium 2011) and a draft
sequence will soon be released for tomato.

In contrast, eggplant has been used less often in
molecular genetics research, probably because it is pro-
duced and consumed less widely than tomato and potato.
Eggplant and closely related Solanum species belonging
to the subgenus Leptostemonum are, however, some of the
most important vegetables in many countries in Asia, the
Middle and Near East, Southern Europe, and Africa. From
botanical and agronomical points of view, eggplant has
many unique traits compared with the two Solanum model
species, including larger fruit size, high temperature- and
water-stress tolerance, parthenocarpy without negative
pleiotropic effects, and stable Verticillium and bacterial
wilt resistance. Furthermore, eggplant has a unique phy-
logenic aspect: it is endemic to the old world, whereas
most solanaceous crops are believed to have originated in
the Middle and South America (Daunay and Lester 1988).
Therefore, the accumulation of genomic information
about eggplant will not only facilitate genetics research
and molecular breeding of eggplant itself, but will also
make this species a valuable and unique member of the
Solanaceae for comparative biological studies of the
genetics, physiology, development, and evolution of this
taxon.

Large-scale DNA marker development and the con-
struction of a high-resolution linkage map would provide
fundamental tools for the accumulation of genomic infor-
mation. The first DNA marker linkage map in eggplant was
reported by Nunome et al. (2001); the map was constructed
using random amplified polymorphic DNA (RAPD) and
amplified fragment length polymorphism (AFLP) markers
developed for an intraspecific F, mapping population. The
map was unsaturated and the estimated number of linkage
groups in the map did not converge with the haploid
chromosome number of eggplant (n = 12). Consecutively,
more than 1,000 simple sequence repeat (SSR) markers
were developed and an SSR-based linkage map was
constructed using the same intraspecific F, population
(Nunome et al. 2009). Since SSR markers are based on
polymerase chain reaction (PCR), have co-dominant
inheritance, and are highly polymorphic, this research
remarkably advanced the marker resources and linkage
map information available for eggplant.

However, this map was also unsaturated and consisted
of 12 provisional linkage groups that contained gaps of
unknown genetic distance. Some linkage groups were
much shorter than expected, suggesting that some parts of

@ Springer

the eggplant genome were significantly under-represented.
It has been reported that genomic SSRs exist preferentially
in heterochromatic regions, and therefore it would be dif-
ficult to cover the whole genome solely using randomly
isolated genomic SSR markers (Ohyama et al. 2009;
Shirasawa et al. 2010). In addition, limited sequence
homology information was available between SSR-flank-
ing eggplant genomic sequences and tomato genome
marker sequences (Nunome et al. 2009), leaving the cor-
respondence between the eggplant linkage groups and the
tomato chromosomes unclear. Recently, Barchi et al.
(2010) also reported an AFLP-based linkage map for
eggplant created using an intraspecific F, mapping popu-
lation. Although their map consisted of 12 linkage groups
and 238 markers, including 20 SSR markers common to the
map reported by Nunome et al. (2009), the number of
the common markers was too low to permit integration of
the information in the two maps. On the other hand,
Doganlar et al. (2002) adopted tomato restriction fragment
length polymorphism (RFLP) markers to construct an
eggplant map using an interspecific cross between eggplant
and its wild ally Solanum linnaeanum. They successfully
constructed a linkage map consisting of 12 converged
linkage groups that spanned a total length of 1,480 cM.
Their comparative analysis using tomato markers permitted
inferences about syntenic relationships between the egg-
plant and tomato genomes. Recently, more than 100
additional markers developed from the conserved ortholog
set (COSII), deduced by interspecific comparison of ESTs
among higher plant species (Wu et al. 2006), were mapped
to the reference RFLP map, and syntenic relationships
between the two Solanum species were elucidated in more
detail (Wu et al. 2009b). However, the markers used in the
experiments of Doganlar et al. (2002) and Wu et al.
(2009b) relied on interspecific DNA polymorphisms and,
therefore, most of the markers were not directly applicable
to the mapping population derived from intraspecific
crosses.

In the present study, we performed large-scale screening
of intraspecific DNA polymorphisms to focus on functional
gene-related genomic sequences in eggplant. We used the
results of this screening to construct eggplant linkage maps
that would represent possible genomic regions that had
been missed in our previous SSR-based map (Nunome
et al. 2009). To select the eggplant genes that should be
mapped, we performed comparative sequence analysis of
three unigene data sets (eggplant, tomato, and potato) to
build orthologous gene sets, and mapped more than 300
markers derived from the gene sets that were common to
the eggplant and tomato maps. The results let us establish
connections between the genomic and genetic information
for the two species.



Theor Appl Genet (2012) 125:47-56

49

Materials and methods
Plant material

Two intraspecific F, mapping populations, LWF2 and ALF2,
were used for construction of the eggplant map. The LWF2
population (n = 90) and the ALF2 population (n = 93)
were derived from crosses between S. melongena LS1934
and S. melongena WCGR112-8 and between S. melongena
AE-P03 and LS1934, respectively. An interspecific tomato
F, population, EXPEN (with S. lycopersicum LLA925 and
S. pennellii LA716 as the parental lines), was used for
mapping of tomato markers. Total genomic DNA samples
were prepared from young leaves of each plant using the
DNeasy Plant Mini Kit (Qiagen GmbH, Hilden, Germany).

Construction of Solanum orthologous (SOL) gene sets

As eggplant, tomato, and potato unigene data sets, we used
16k eggplant (16,245 sequences; Fukuoka et al. 2010), 47k
tomato (DFCI Tomato Gene Index v. 12 (LeGI_v12);
46,849 sequences; Quackenbush et al. 2001), and 57k
potato (Potato Gene Index v. 11 (StGI_vll); 56,712
sequences; Quackenbush et al. 2001). We constructed
putative ortholog sets of ESTs from the three Solanum
species as illustrated in Fig. 1. First, unigene data sets of
the three species were reciprocally compared with each
other using the Smith—Waterman algorithm, as imple-
mented by the SSEARCH program (Pearson and Lipman
1988). If “reciprocal best hit” relationships existed (i.e.,
the first sequence finds the second sequence as its best hit
in the second species and vice versa; Li et al. 2003) among
all combinations of unigenes of the three species, the three
unigenes (one unigene from each species) were presumed
to comprise an ortholog group. Second, we applied an
additional criterion to the tentative ortholog groups: we
required that the ratio of the aligned homologous sequence
length to the overlapping sequence length be 0.8 or higher
in all comparisons. The putative ortholog groups that met
both criteria were used for subsequent single-nucleotide
polymorphism (SNP) and insertion/deletion (InDel) dis-
covery. Gene ontology (GO)-based functional annotation
of eggplant unigenes was done using the plant GO-Slim
categories according to Fukuoka et al. (2010).

SNP and InDel discovery, marker development,
and genotyping

Each eggplant and tomato unigene pair from each Solanum
ortholog group was subjected to a BLASTX search against
the Arabidopsis thaliana predicted proteome (TAIRS). The
gene and cDNA sequences corresponding to the best-hit
Arabidopsis protein and the eggplant and tomato query

1. Reciprocal best-hit (RBH) relationship should exist between
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Fig. 1 The method used to construct the Solanum orthologous (SOL)
gene sets

sequences were subjected to multiple alignment using the
T-COFFEE program (Notredame et al. 2000) to predict
intron positions and the 5'- and 3’-UTRs (untranslated
regions) of each unigene. PCR primers were designed
to amplify intron-containing genomic sequences Or non-
coding UTRs using the Primer3 software (Rozen and
Skaletsky 2000). SNPs and InDels were screened by direct
sequencing of amplified genomic DNA fragments using
BigDye v3 sequencing premix and a 3730xl DNA
sequencer (Life Technologies Corporation, Carlsbad, CA,
USA). Sequence data were processed using the phred/
phrap/cross_match package (Ewing et al. 1998). SNPs
found between parental lines of mapping populations were
mainly genotyped using the melting temperature (T,,)-shift
PCR method (Wang et al. 2005), with some modifications
(Fukuoka et al. 2008). When reliable allele specificity
could not be achieved using T,-shift PCR, such SNPs were
genotyped by direct sequencing using the same primer sets
used for SNP discovery. Genotyping of InDel markers was
done using the GeneScan method with the 3730x]1 DNA
sequencer, the GeneMapper software (Life Technologies
Corporation), and post-PCR fluorescent labeling (Kukita
and Hayashi 2002). Genotyping of SSR markers was per-
formed using the procedure of Nunome et al. (2009).

Linkage analysis and map construction

Genotyping data obtained from the two eggplant mapping
populations (LWF2 and ALF2) were used separately for
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linkage grouping and marker ordering using the MAP-
MAKER/EXP 3.0 software (Lander et al. 1987), with LOD
>6.0 (grouping) or LOD >3.0 (ordering) and a maximum
distance <37.2 cM. The two mapping data sets were then
combined using JoinMap 4.0 (Kyazma B.V., Wagenin-
gen, The Netherlands) to construct an integrated map
(LWA2010) from the two linkage maps (LW2010 and
AL2010) under the condition that the order of the common
markers in each linkage group was fixed, and was deter-
mined in advance by MAPMAKER/EXP. For tomato, map
construction was done using JoinMap 4.0, as described by
Shirasawa et al. (2010).

Results

Construction of SOL gene sets and screening
for intraspecific DNA polymorphisms

We performed reciprocal Smith—Waterman comparisons
among the 16k eggplant, 47k tomato, and 57k potato uni-
gene data sets using the SSEARCH program. In total, 4,754
putative Solanum orthologous gene groups were identified
(Supplementary Table S1). Table 1 summarizes the clas-
sification of the unigenes used to build orthologous gene
sets based on reciprocal best-hit (RBH) relationships
defined by the comparative sequence analysis of the
unigenes among the three Solanum species. Between the
eggplant and tomato unigenes, RBH relationships were
confirmed for 11,048 unigene pairs. Of these pairs, 8,540
met the second criterion (more than 80% of the overlapping
sequence was aligned) for homology, which had the goal of
excluding pairs in which only a limited part of the sequence

Table 1 Number of putative ortholog sets

Criteria No. of gene set Common
to COSII
Eggplant unigene 16,245 -
Tomato unigene 46,849 2,527
Potato unigene 56,712 -
RBH between eggplant and tomato 11,048 1,340
Aligned ratio >0.8 8,540 1,099
RBH between eggplant and potato 10,860 -
Aligned ratio >0.8 8,258 -
RBH between tomato and potato 18,062 1,890
Aligned ratio >0.8 16,830 1,849
RBH among eggplant—tomato—potato 6,203 1,061
Aligned ratio >0.8 4,754 874

RBH Smith-Waterman reciprocal best-hit relationships. The align-
ment ratio equals the aligned sequence length (bp) divided by the
overlapping sequence length (bp), and we used these ratios to exclude
gene sets identified by the RBH analysis that were not strongly
aligned
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contributed to the RBH relationship (e.g., short coding
sequences for conserved functional motifs). In the same
way, 8,258 and 16,830 putative orthologous unigene pairs
were identified between eggplant and potato and between
tomato and potato, respectively. Furthermore, 6,203 triple-
gene sets were found that consisted of an eggplant unigene,
a tomato unigene, and a potato unigene that shared RBH
relationships with each other. Of these triplets, 4,754 gene
sets met the 80% alignment criterion. We designated these
4,754 gene sets as the SOL gene set, and used them as the
basis for DNA marker development. Among the 4,754
tomato unigenes included in the SOL gene set, 874 genes
were identical to the genes in the COSII (Wu et al. 2006)
gene set. Therefore, the other 3,880 SOL gene triplets were
newly identified putative orthologs. The distribution of
functional properties of the SOL genes based on GO-Slim
classification showed no significant difference compared
with that in the total eggplant 16k unigene set (Supple-
mentary Fig. S1).

For non-coding-region-directed screening of SNPs, we
predicted the positions of exon—intron junctions, 5’-UTRs,
and 3’-UTRs by multiple alignments of the unigene
sequences of the SOL members and known Arabidopsis
genome sequences. We successfully designed PCR primer
sets that would amplify the intron- and UTR-containing
genomic regions for 2,489 eggplant SOL genes out of the
4,754 total SOL genes; the primer sequence information is
available from the VegMarks database (http://vegmarks.
nivot.affrc.go.jp), and is summarized in Supplementary
Tables S2 and S4. SNPs and InDels were screened in the
amplicons among the parental eggplant lines (AE-P03,
LS-1934, and WCGRI112-8). In total, 564 of the 2,489
SOL genes (23%) exhibited at least one SNP among the
three lines. Table 2 summarizes the results of the SNP
screening. The total length of the genomic DNA sequence
that we examined was 2.87 Mbp; on average, we found

Table 2  Single-nucleotide polymorphisms (SNPs) found in the
genic regions of the eggplant genome

SNP position Total

Coding  Intron and UTR
SNPs 99 1,224 1,323
Nucleotide examined (bp) 429,250 2,443,351 2,872,601
SNP/kb 0.231 0.501 0.461
Transition 58 715 773
Transversion 41 509 550
Codon first nucleotide 25 - -
Codon second nucleotide 26 - -
Codon third nucleotide 48 - -
Synonymous 45 - -
Non-synonymous 54 - -
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0.46 SNP/kbp. The SNP rate in introns and UTRs was
roughly 2x that in the coding sequence (0.50 and 0.23
SNP/kbp, respectively). Transitions were more common
than transversions (773/550 = 1.4x). For the SNPs
found in exons, the mutation rate was highest in the third
codon position, and synonymous variations (n = 45) were
slightly less common than non-synonymous variations
(n = 54). The InDel frequency was much lower than the
SNP frequency; such mutations were only found in 28 of
the SOL genes.

SNP and InDel marker development and linkage map
construction

We performed linkage mapping for SNPs and InDels that
we found between parental lines from each mapping pop-
ulation using the F, segregation data. In addition to the
SNP and InDel markers based on the SOL gene set, we
used 154 EST-based SNP and InDel markers for con-
struction of the linkage map. These additional markers
were initially developed as SOL markers in 2007, but were
subsequently defined as non-SOL markers based on the
results of re-calculation of RBH relationships using new
unigene data obtained in 2009. These EST-based non-SOL
markers were designated using the prefixes ‘est_’ and
‘est_sl_’ for eggplant and tomato markers, respectively.
They were used separately for construction of the eggplant
and tomato linkage maps, but not for comparative analysis
of the two species. We also used 329 previously reported
SSR markers in the experiments. Detailed information on
the markers that we developed or used in this study is
available in the VegMarks database and is summarized in
Supplementary Table S2.

To overcome the problem of a low intraspecific poly-
morphism rate among the lines, we used two F, populations,
LWEF2 and ALF2, for construction of the linkage maps
LW2010 and AL2010, respectively. Marker segregation
data were obtained for 499 SNP and InDel markers and 212
SSR markers in LWF2, and for 310 SNPs and InDels and
263 SSRs in ALF2, and 328 of these markers were common
to the two populations. The two segregation data sets were
used separately for linkage grouping and marker ordering
with the MAPMAKER/EXP 3.0 software. Segregation
distortion was observed for 4.6 and 6.5% of the mapped
marker loci for the population ALF2 and LWF2, respec-
tively (Supplementary Table S2). We then combined the
two maps to generate an integrated map using JoinMap 4.0
(Fig. 2, Supplementary Table S2). The linkage map
LWAZ2010 spanned a total genetic distance of 1,285.5 cM
and consisted of 12 linkage groups (Table 3), which cor-
responds to the haploid chromosome number of eggplant.
In total, we mapped 952 loci in the integrated map, with an
average interval between markers of 1.4 cM (Table 3).

Based on the common SSR markers, we compared
LWA2010 with our previous linkage map (EW2009;
Nunome et al. 2009) using genomic SSR and RAPD
markers. Although the linkage grouping and marker order
of the two maps were generally comparable, EW2009 was
missing several large genomic regions that were included
in LWA2010 (Fig. 2). In the most striking examples (E05
and E12), more than 70% of the genomic region had not
been explored in EW2009 and was first recognized by
mapping of EST-derived SOL markers in the present study.
In total, LWA2010 covered approximately 1.5 times the
genomic region covered by EW2009.

Mapping of SOL markers to the tomato linkage map
and macro-syntenic relationships between eggplant
and tomato

SNPs and InDels in the tomato SOL genes were screened
between LA925 and LA716, the parental lines of the
tomato mapping population EXPEN; in total, 288 tomato
SOL genes were successfully mapped in the EXPEN
tomato linkage map (EXPEN-NIVTS-2010) by means of
T,-shift PCR genotyping or direct sequencing. Detailed
information on the markers is available from the VegMarks
database, and is summarized in Supplementary Table S3.
Of these 288 newly mapped tomato SOL genes, 255 were
common to the eggplant LWA2010 map. In addition, 67
COSII markers and four other EST-based markers that
were already mapped in EXPEN (Shirasawa et al. 2010)
were found to be derived from the SOL gene sets defined in
the present study, corresponding to the eggplant SOL
markers mapped in LWA2010. In total, 326 markers were
mapped in both the eggplant LWA2010 and tomato
EXPEN-NIVTS-2010 maps.

Predicted macro-syntenic relationships between the
genomes of the two species are shown in Fig. 3, and
detailed information on the correspondence between
markers is provided in Supplementary Table S4. The
eggplant linkage groups EO1, E02, E03, E06, E07, E08,
and E09 showed good correspondence with TO1, T02, T03,
T06, TO7, TO8, and T09, respectively, but inversions of
partial chromosomal segments in these groups were pre-
dicted in E02-T02 and E09-T09. More complex relation-
ships appear to exist among the other chromosomes. T04
and T10 correspond to the lower half of E04 and the lower
half of El11 (inverted) and to the upper half of E04
(inverted) and lower half of E10 (partly inverted), respec-
tively. In addition, a correspondence between short seg-
ments of E12 and T10 was suggested by three closely
linked SOL markers (SOL1056, SOL1218, and SOL2050;
shown in Supplementary Table S4). In T11, the upper half
corresponds to the upper half of E11 (inverted) and the
lower half corresponds to the lower half of E12 (with
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distance of 1,285.5 cM in 12 linkage groups. Red regions in the
linkage groups and lines with double arrowheads indicate the
genomic regions corresponding to our previous SSR-based linkage
map (EW2009; Nunome et al. 2009)

Fig. 2 The integrated eggplant DNA marker linkage map
(LWA2010) developed in the present study. Eggplant linkage groups
are designated as EO1-E12 corresponding to Doganlar et al. (2002).
The map consists of 952 DNA markers and spans a total genetic
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Table 3 Markers in the integrated eggplant linkage map LWA2010
Linkage group Length (cM) Number of markers Marker interval (cM)
SoL? Other gene-based Genomic SSR Total Average Max
EO1 145.4 60 (42) 18 33 111 1.3 11.2
E02 94.9 41 (27) 18 27 86 1.1 6.5
EO03 113.9 47 (31) 17 22 86 1.3 11.5
E04 106.6 35 (24) 10 26 71 1.5 6.3
EO05 101.2 50 (38) 11 18 79 1.3 8.9
E06 107.3 54 (41) 16 31 101 1.1 9.3
E07 96.8 24 (17) 9 28 61 1.6 10.4
E08 91.7 34 (18) 20 36 90 1.1 8.5
E09 120.7 31 (21) 14 25 70 1.7 12.2
E10 105.0 32 (26) 15 20 67 1.6 10.8
El1 93.1 29 (18) 10 26 65 1.4 11.6
E12 102.9 32 (23) 12 21 65 1.6 14.0
Total 1285.5 469 (326) 170 313 952 1.4 14.0

4 Numbers in parentheses represent the number of markers also mapped in the tomato EXPEN-NIVTS-2010 map

several rearrangements). The upper half of TO5 mainly
corresponds to the upper half of E10, but short (in genetic
length) segments of E03 are also present, and the lower
half of TOS5 corresponds to the upper half of EO5 (inverted).
Lastly, the upper half of T12 corresponds to the upper half
of E12 and, in part, the upper half of E10, whereas the

Fig. 3 Macro-syntenic E01  TO1 E02  T02
relationships between the
eggplant (EO1-E12) and tomato
(T01-T12) genomes deduced
using the SOL and COSII
markers developed in the
present study. Each eggplant
linkage group and its
corresponding tomato
chromosomal regions are
assigned a different color. Each
marker pair that is common
between the two maps is
connected by a dotted line
whose color is that of the
linkage group in which the
eggplant marker is located

EO7  TO7 EO8  TO8

lower half corresponds to the lower half of E05. In T04,
TOS, T11, and T12, small regions that were not assigned to
any eggplant genome remained (shown in gray) because
the junctions of the neighboring regions corresponding to
the different eggplant linkage groups could not be objec-
tively determined.

E03  TO3 E04  TO4 EO05 T05 E06  TO06

E09  T09

[ Eo1 [ E02 [ E03 [M E04 [ E05 [ E06

[ E0o7 []E08 []E09 [ E10 [ E1 [ E12 [ Unassigned

@ Springer



54

Theor Appl Genet (2012) 125:47-56

Discussion

To date, most comprehensive molecular marker-based
linkage maps of eggplant have been constructed using
mapping populations derived from interspecific crosses
(e.g., Solanum melongena x S. linnaeanum) because of the
low frequency of intraspecific DNA polymorphisms
(Doganlar et al. 2002; Wu et al. 2009b). Therefore, most
markers in those maps were not directly applicable for
intraspecific genetic analysis to support practical eggplant
breeding. The marker resource developed in this study was
highly polymorphic and transferable among eggplant cul-
tivars, and it would therefore be quite useful for further
applied studies to support eggplant molecular breeding. In
addition, segregation data sets obtained from F, popula-
tions derived from intraspecific crosses would have
advantage in ordering and mapping of markers in terms of
possible segregating distortion. Shirasawa et al. (2010)
reported that segregation distortion was observed for
38.2% of the mapped marker loci in tomato interspecific
mapping population EXPEN. In this study, only 4.6 and
6.5% of the mapped marker loci exhibited significant
(P < 0.05) segregation distortion in the two interspecific
populations, ALF2 and LWF?2, respectively, which would
contextually support the reliability of the linkage maps
reported in this study.

It is known that genomic SSRs tend to be unusually
abundant in the pericentromeric heterochromatin regions;
as a result, large chromosomal segments would be under-
represented by SSR markers. In the present study, a set
of 623 SNP and InDel markers (469 SOLs and 154 other
EST-based markers) was newly mapped to construct the
integrated eggplant linkage map LWA2010 using two F,
populations derived from intraspecific crosses. Compara-
tive analysis of LWA2010 with EW2009 revealed that
LWAZ2010 covered 1.5 times the genomic region covered
by EW2009; thus, approximately one-third of the eggplant
genome was under-represented in the latter map, which
was constructed using genomic SSR markers that had been
isolated randomly from SSR-enriched genomic libraries.
This suggests that the genomic SSRs were not evenly
distributed throughout the whole genome and, therefore,
marker development based on nucleotide sequences
obtained from various experimental sources (e.g., enriched
genomic libraries and cDNA libraries) would be important
for map construction covering the whole genome of an
inadequately explored species. As shown in Table 2, the
SNP frequency in non-coding sequences was 0.501 SNP/
kbp, which was comparable to a previous result (0.8 SNP/
kbp) detected by means of large-scale sequencing of
reaction site-associated DNA (RAD) tags (Barchi et al.
2011). In coding regions, the SNP frequency was approxi-
mately half of that in non-coding regions (0.23 SNP/kbp);
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this is similar to the results obtained in rice (Yamamoto
et al. 2010), for which about half of the SNPs (54/99) were
non-synonymous variations. These results are not robust
because they might be greatly influenced by the genetic
relationships among the cultivars used in each experiment.
However, the data suggest that it would be practically fea-
sible to screen for SNPs in protein-coding genes and their
adjacent non-coding introns and UTRs for DNA marker
development in eggplant, and probably in similar autoga-
mous crop species with low levels of intraspecific DNA
polymorphism.

The integrated map LWA2010 converged into 12 link-
age groups with a total map length of 1,285.5 cM. In
LWA2010, 639 gene-based markers (469 SOL and 170
other) and 313 genomic SSR markers were mapped with an
average marker interval of 1.4 cM and the largest gap
equaling 14.0 cM. The total map length of LWA2010 was
comparable to that of the interspecific linkage maps
reported by Doganlar et al. (2002) and Wu et al. (2009b).
Our comparison of LWA2010 with the tomato reference
linkage map EXPEN2000 showed that the whole eggplant
genome generally corresponded to the reference tomato
genome, though with several rearrangements, inversions,
and gaps. This suggests that LWA2010 covered most of the
eggplant genome. Therefore, LWA?2010 is currently, to our
knowledge, one of the most informative, comprehensive,
and versatile eggplant linkage maps based on intraspecific
crosses and consisting of PCR-based and sequence-tagged
markers. Recently, Barchi et al. (2011) reported a large-
scale effort to discover SNPs between the parental lines of
their eggplant intraspecific mapping population, with more
than 2000 SNPs detected that are likely to be mappable by
means of bead-array technology. When those SNPs have
been mapped in their intraspecific linkage maps, it should
be feasible to integrate their map with LWA2010 to
improve our knowledge of the eggplant genome.

Most of the SNP and InDel markers developed in this
study were based on the genic sequences of hypothetical
orthologs within the genus Solanum (SOL genes). Wu et al.
(2006) proposed an approach similar to ours, and their
concept of “conserved ortholog sets” (COS) has contrib-
uted greatly to the comparative genetics of several solana-
ceous species (Wu et al. 2009a, 2010; Wu and Tanksley
2010) and species in other plant taxonomic groups (Cabrera
et al. 2009; Fregene and Castelblanco 2006; Krutovsky
et al. 2006) In our study, 4,754 putative SOL gene sets were
identified by comparative sequence analysis among unigene
sets of eggplant, tomato, and potato. Of the 2,527 tomato
unigenes in the COSII gene sets built by Wu et al. (2006),
only 874 genes (35%) were common to the tomato unigenes
in the SOL gene sets. When the COSII gene set was con-
structed, a limited number of eggplant ESTs were available
and, therefore, an eggplant data set was not involved in
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computational screening of the orthologous gene set in their
study. On the other hand, species such as Arabidopsis tha-
liana (Brassicaceae), coffee (Coffea arabica, Rubiaceae),
and sunflower (Helianthus annuus, Asteraceae) that are
more distantly related to the Solanaceae were involved. The
difference in the taxonomic scope of the calculations could
explain the discrepancy between our results and those of
Wu et al. (2006). As Wu et al. (2006) noted, incomplete
genomic information would lead to fallacious inferences
about orthologous and paralogous relationships. The egg-
plant data set used in the present study consisted of 16,245
unigenes, which is likely to be much less than the number of
transcripts encoded by the eggplant genome. The incom-
pleteness of the eggplant unigene set used in our study
might also explain the discrepancy. Recently, 86% of the
potato genome sequence has been sequenced, and 39,031
protein-coding genes have been predicted (Potato Genome
Sequencing Consortium 2011). Even though 14% of the
potato genome must still be explored, the size of the potato
unigene set (56,712 unigenes, StGI_v11) used in our study
might over-represent the whole transcriptome and, there-
fore, potential data redundancy might also confuse infer-
ences about orthologous and paralogous relationships. In
addition, we based our nucleotide sequence comparisons on
the Smith—Waterman algorithm implemented by the
SSEARCH program, whereas the COSII gene set was
constructed based on the results of BLASTN/BLASTX/
TBLASTN comparisons, and the difference in calculation
methods would also contribute to the discrepancy.

Even though the DNA marker set developed based on
putative orthologous genes might contain some fallacious
inferences about orthologous and paralogous relationships,
it remains a powerful tool for the recognition of genome-
wide syntenic relationships among the genomes of related
solanaceous species. Our GO-based comparison (Supple-
mental Fig. S1) showed that no obvious difference existed
between the distribution of functional annotations of the
SOL genes and that of the whole eggplant unigene set,
suggesting that selection of a gene set based on RBH rela-
tionships would not severely bias the selection of nucleotide
sequences for genome-wide marker development. Com-
parative analysis of the organization of the tomato and
eggplant genomes was first reported by Doganlar et al.
(2002) using RFLP-based tomato COS markers, to which
more detailed information based on PCR-based and
sequence-tagged markers (COSII markers) was appended
by Wu et al. (2009b). In the present study, the corre-
sponding chromosomal regions in the eggplant and tomato
genomes were identified by mapping of 326 common
markers, including 255 SOL markers, 67 COSII markers,
and 4 other EST-derived tomato markers in the SOL gene
sets. The overall systemic relationships between eggplant
and tomato deduced in this study agreed well with those

described by Wu et al. (2009b), except that a small segment
of eggplant linkage group 12 shared three orthologous
markers (SOL1056, SOL2050, and SOL1218) mapped in a
possible pericentromeric heterochromatin region of tomato
chromosome 10. On the other hand, 14 other SOL markers
(shown in Supplementary Table S4) corresponded to
unexpected (less plausible) tomato genomic regions;
because these correspondences were not supported by two
or more neighboring markers, we considered them to be
unreliable and ignored them in this study. Genomic infor-
mation with much higher resolution would be required to
elucidate the possible mid- to microscale synteny between
the eggplant and tomato genomes.

The integrated intraspecific eggplant linkage map
developed in this study contains a total of 952 markers. All
markers were PCR based and sequence tagged and, there-
fore, offer a highly versatile tool for genetic analysis of
various parental combinations in eggplant. Once traits of
interest have been successfully mapped using the SOL
markers, the corresponding tomato genome information
(contigs, scaffolds, and pseudomolecule sequences) will be
a good source for additional marker development to sup-
port the next investigative steps, such as fine mapping and
map-based cloning. In addition, genetic information on the
basis of useful eggplant-specific characteristics such as
resistance to soil-borne diseases (Liu et al. 2009), water-
logging tolerance (Lin et al. 2004), and parthenocarpy
without pleiotropic defects (Saito et al. 2009) would
become transferrable to molecular breeding of tomato and
potato through comparative genetic analyses. The SOL
markers reported here provide powerful genetic tools to
connect eggplant, an old world Solanum species, with
tomato and potato, its new world allies.
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