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Eggplant, pepper, and tomato are the most exploited berry-poducing vegetables within
the Solanaceae family. Their genomes differ in size, but eadias 12 chromosomes which
have undergone rearrangements causing a redistribution ddci. The genome sequences
of all three species are available but differ in coverage, asmbly quality and percentage
of anchorage. Determining their syntenic relationship an@TL orthology will contribute
to exploit genomic resources and genetic data for key agronmic traits. The syntenic
analysis between tomato and pepper based on the alignment 084,727 tomato CDS

to the pepper genome sequence, identi ed 19,734 unique hits The resulting synteny
map con rmed the 14 inversions and 10 translocations previasly documented, but also
highlighted 3 new translocations and 4 major new inversiong-urthermore, each of the 12
chromosomes exhibited a number of rearrangements involvgnsmall regions of 0.5-0.7
Mbp. Due to high fragmentation of the publicly available eggant genome sequence,
physical localization of most eggplant QTL was not possiblethus, we compared the

organization of the eggplant genetic map with the genome segence of both tomato

and pepper. The eggplant/tomato syntenic map con rmed all he 10 translocations but
only 9 of the 14 known inversions; on the other hand, a newly dected inversion was
recognized while another one was not con rmed. The eggplarfpepper syntenic map

con rmed 10 translocations and 8 inversions already detead and suggested a putative
new translocation. In order to perform the assessment of egglant and pepper QTL
orthology, the eggplant and pepper sequence-based markersocated in their respective
genetic map were aligned onto the pepper genome. GBrowse in gpper was used as
reference platform for QTL positioning. A set of 151 pepper QL were located as well as
212 eggplant QTL, including 76 major QTL (PVE 10%) affecting key agronomic traits.
Most were con rmed to cluster in orthologous chromosomal regions. Our results highlight
that the availability of genome sequences for an increasingumber of crop species and
the development of “ultra-dense” physical maps provide nevand key tools for detailed
syntenic and orthology studies between related plant speeis.
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INTRODUCTION frutescenand C. annuumwhile Li et al. (2015)by resequencing
two C. annuumlines, developed an indel-based linkage map
Eggplant Solanum melongena) pepper Capsicum annuurh.)  which was anchored to the physical map of the Zunla-1 reference
and tomato Golanum lycopersicuin) are the most exploited genome Qin et al., 201} Furthermore, two high quality
berry-producing vegetables within the Solanaceae famhyctw  EST-basedCapsicumgenetic maps have been produced using
comprises over 3000 species. The genomes of the three spegigsheChip technology—a 16 K unigene interspeci ¢ and a 5.6 K
dier in size, but share a similar gene number 85,000). unigene intraspeci c mapHill et al., 2013.
Moreover, each has 12 chromosomes which have undergone |n eggplant some QTL were located on a map based on an
inversions as well as inter- and intra-chromosomal tranaltons  F, interspeci ¢ population Doganlar et al., 2002b; Frary et al.,
causing a redistribution of loci. The three species providecee 2003, while intraspeci ¢ populations were the basis for mapping
a model for exploring the basis of phenotypic diversity andwo QTL underpinning parthenocarpyMiyatake et al., 20)2as
adaptation to agricultural environments. well as a single dominant gene and a QTL conferring resistance
The whole-genome sequence of tomalti¢ Tomato genome  to Ralstonia solanacearuthebeau et al., 20).1More recently,
Consortium, 201pwas the rst to be published, followed by a densely-populated intraspeci ¢ linkage map based on RAD-
two chili pepper genomes<(m et al., 2014; Qin et al., 20)l4  tag-derived marker genotyping of an intraspeci ¢ population
More recently, an eggplant draft genome has also been releasggs been developed, and used for identifying QTL a ecting
(Hirakawa et al., 2094 anthocyanin content and key agronomic traitsgfchi et al.,
Synteny has been studied quite extensively within theo11: Portis et al., 20)1.4Jsing a GWAS approach, the previously
Solanaceae family. Closely related species, such as tomgfenti ed loci were validated and new marker/trait assditias
and potato, have been found to have a highly conservegere detectedfericola et al., 2014; Portis et al., 2015
marker order that is modi ed by clearly-de ned events such a  Based on available genetic maps, synteny among Solanaceae
paracentric inversionsHonierbale et al., 1988; Tanksley et al.has been extensively studied during the last three decades.
199). Wu et al. (2009a)conducted a comparison between However, the recent progresses on both sequencing techieslog
eggplant and tomato maps based on 289 orthologous markergnd assembly algorithms have enabled the release of genome
and identi ed at least 24 inversions (two per chromosome Onsequences in many species.
average), and 5 translocations di erentiating the two specie  The goal of the present study was to infer on the syntenic
At greater evolutionary distances, as in tomato and pepper, the|ationships between eggplant, pepper and tomato based on
chromosome number remains unchanged but inter- and intrathe availability of their genome sequence, as well as to parfor
chromosomal translocations and inversions have redistad the rst assessment of eggp]ant and pepper ortho|ogous QTL
and repOSitioned |OCi, and shorter SynteniC blocks were tbun in uencing key breeding traits. The reported results will prde

(Tanksley et al., 1988; Wu et al., 20ndh particular, Wu et al. 3 packbone platform for future genomic selection programs
(2009b)identi ed 299 syntenic markers and detected at least 19yithin the Solanaceae family.

inversions and 6 chromosome translocations that di eretitig

the two species.
Overall, as highlighted by/u and Tanksley (2010members MATERIALS AND METHODS

of the Solanaceae family have undergone a modest rate Retrieving and Alignment of Genome Data
chromosomal change and non-random positioning of thewe retrieved from publicly available databases: (i) the pepper
chromosomal rearrangement breakpoints compared to othegenome sequence (CM334 v1.55), its annotation, and the
plant families. CDS produced by the Plant Genomics and Breeding Institute
In pepper, and to a lesser extent in eggplant, the inheritancgseoul National University:); (i) the tomato genomic astéyn
of agronomic traits has been studied intensively, and a grgw (ITAG2.5) and the CDS (ITAG2.3) provided by the Internatiéna
number of genes and QTL have been identi ed and sometime$omato Genome Sequencing Consortium (ftp://ftp.solgenamic
the underlying genes isolate@(andillo et al., 1996, 1999; Frary net/tomato_genome); (iii) the eggplant draft genome asdgmb
etal., 2000; Chaimetal., 2001, 2003; Rao et al., 2003r2ygle  (SME_r2.5.1) supplied by the Kazusa DNA Research Institute
2005; Barchi et al., 2007; Bradshaw et al., 2008; Huang and V@p://ftp.kazusa.or.jp/pub/eggplant/).
der Knaap, 2011; Zhang et al., 2p12 The CDS of pepper (34,899) and tomato (34,727) were aligned
In pepper, several linkage maps have been developed, based@mhe tomato ITAG2.5 and the pepper v1.55 genome sequence,
both intraspeci ¢ and interspeci ¢ populations, and genotypedrespectively, using GMAP with default parameteku( and
with various marker systems. Some of them also permitted thWatanabe’ ZOQSThe resu|ting matches were ltered using a cut-
location of QTL associated with key breeding traitsitksley o threshold of 80% identity and 75% coverage, with a minimum
et al., 1988; Livingstone et al., 1999; Kang et al., 200EnParglignment length of 200 bpHill et al., 2015. Multiple hits per
et al., 2004; Sugita et al., 2005, 2013; Minamiyama et ab; 20€DS were Itered out, retaining in single copy the hit with
Yi et al., 2006; Barchi et al., 2007; Wu et al., 2009b; Lu et ahe highest match, identity and coverage. To identify npii
2012; Mimura et al., 2012; Kim et al., 2014; Park et al., 2014ieries aligned on the same match, the hits lying on the same
Qinetal., 201} Recentlyrarnes et al. (2013gentied QTLfor  |ocus were detected with a custom Python script. The script
capsaicinoids, fruit quality, and plant architecture-refdtiraits  \as set with a con dence interval (Cl) of 25 bp, thus partial
inaninterspeci ¢ RIL population from a cross betwe€apsicum  alignments were also included. The Itered alignment of pepper
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CDS to the tomato genome and the tomato CDS to peppeprovided information on gene structure and functions, gene
genome were termed PeCDS/ToG and ToCDS/PeG, respectivaeiyitology, and position and sequence of molecular markerg. Th
Translocations and inversions were considered as such whemsitions of the markers were visually screened by keyword
pepper genome regions spanning at least 0.5 Mb were involvedsearching and the most probable position of each marker on the
The 347 COSII primers fronWwu and Tanksley (2010and  developed genetic map was identi ed.
Wu et al. (2009a,b\ere aligned to pepper and tomato genomes The alignments PeCDS/ToG and ToCDS/PeG as well as
using Blastn Camacho et al., 20)%ith default settings. The EgM/ToG and EgM/PeG were used for the development of four
output was processed with the custom Python pipeline. Fosyntenic maps. In each of them the CDS or marker sequences of
each COSII marker only the forward and reverse primers whicliomato, eggplant and pepper were positioned in respect to the
aligned on the same chromosome and at a distance analogoreference physical or genetic map and the newly detecteddocat
to the COS length reported byWu and Tanksley (2010and  following the alignmentFigures 3-5 report the syntenic maps:
Wu et al. (2009a,byvere retained and included in the synteny EQM/ToG, EgM/PeG, and ToCDS/PeG, respectively, in which
map. marker sequences or CDS positions are reported on Y axis while
The 475 pepper unigene markers previously used to develdpe newly detected aligned genome location on X axis.
the pepper genetic map and perform QTL analysis (later referred For the ToCDS/PeG and EgM/PeG alignments the developed
to as PeM) Yarnes et al., 20)3wvere aligned on the pepper pepper GBrowse was used as a reference platform.
genome v1.55¢im et al., 201} with GMAP default settings. The
GFF3 output le was Itered for a minimum of 98% identity and Assessment of QTL Orthology between
200 matching bp and not more than 50 bp of mismatchingli( Eggplant and Pepper
et al., 201p The not-matching sequences were excluded fronThe markers associated with QTL previously identied in
further analyses. The alignment of pepper markers to the peppeiggplant Barchi et al., 2012; Portis et al., 2014, JGirid pepper
genome is referred to as PeM/PeG. (Yarnesetal., 20)8Supplementary Tables S52) were used for
The 339 eggplant RAD-tag sequences together with further 4Qrther analyses based on their alignment.
microsatellites, 27 COSII primers, 6 RFLPs and 1 CAPS which The CI (con dence interval) of pepper and eggplant QTL
were previously located in the eggplant genetic mBpr¢hi  were transformed into physical units (bp) according to position
et al., 201p were combined to obtain a nal dataset of 413inthe PeM/PeG and EgM/EgG alignments, respectively, and the
sequences (EgM). By using GMAP with default settings, thesiistances recorded on the genetic m&a(chi et al., 2012; Yarnes
were aligned to the available genomes of eggplant (EM/EgG); al., 2013
tomato (EgM/ToG), and pepper (EgM/PeG)lt{e Tomato QTL orthology between eggplant and pepper was assessed by
genome Consortium, 2012; Hirakawa et al., 2014; Kim et allocating the position, on the pepper genome, of eggpl&atr¢hi
2019. For each species, the GFF3 output les were processedal., 2012; Portis et al., 2014, 2pasd pepper markersvarnes
through a custom Python pipeline and high condence hitset al., 201Bassociated with the QTLSupplementary Tables S1
selected. The alignment EQM/EgG was ltered using a minimung2. As detection of pepper QTL was based on phenotypic data
of 75% identity and 100 matching bp and not more than 50collected in two environments, the average of the two@lr(ies
bp of mismatching as cut-o parameters, while the alignmentset al., 201Bwas taken for further analysis. The transformation
EgM/ToG and EgM/PeG were Itered at 75% identity andof centiMorgans (cM) to base pairs (bp) was obtained via the
40% coverage, with a minimum alignment length of 200 bpratio 1 ;-1 cm, wherel py, is the distance in base pairs between
When multiple hits were obtained for a given marker, only thetwo neighboring markers whilé ¢\ is their distance in cM. The
alignment with the highest number of matches was retainex. Tphysical Cl were then obtained by multiplying the number of
improve the number of aligned markers, unmatched sequencesp/cM for the LOD con dence interval of each QTL peak.
were aligned with BlastnQamacho et al., 200@nd manually All aligned eggplant markers associated with an eggplant
screened to Iter out poor quality sequences and misalignteen QTL were manually screened and, when the QTL from each
With the goal of increasing the percentage of eggplant anchorespecies in uenced related traits, the one lying within or im C
genome in a newly developed map, the not previously anchorggroximity to a pepper QTL was retained. QTL clusters associated
sca olds byHirakawa et al. (2014ut including markers mapped to related traits were retained. The nal comparative map was
by Barchi et al. (2012)were also anchored and, when possibledrawn using MapChart v2.1\oorrips, 200} according to the
correctly oriented. marker position obtained from the alignment.

Development of a Pepper GBrowse and RESULTS AND DISCUSSION

Assessment of Synteny Tomato and Pepper Synteny
The GMOD GBrowse viewer in combination with a MySQL Although the alignment of intra- and inter-speci ¢ pepper maps
database management system were used to store, search aiith the tomato genome has recently been performéd ¢t al.,
display the gene annotations of peppétir( et al., 2013 and 2015, we report on the rst alignment between the CDS and
PeM/PeG EgM/PeG alignments. genomes of the two species.

The les were uploaded to a MySQL database using the Two high quality genome sequences have been recently
Perl pipeline provided by the program. The GBrowse web pageleasediim et al., 2014; Qin et al., 20)LANe based our study
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on the genome sequenceldin et al. (2014)since its anchoring previously reported in centromere regions (e.g., the trarsioo
was performed on the bases the high-density pepper genetic maptween T02, T08, and P02, and the translocation between
we used in our study\arnes et al., 20).3 TO3 and upper PO6V{u et al., 20090 This might be due
The 34,727 tomato CDS aligned against the pepper genonte errors in the genomic mapping of these regions and/or to
v1.55 sequence resulted in 51,448 matches. The lteringneda software misalignment in repetitive regions. In agreemeithw
23,735 hits of which 19,734 were unique and were includeHill et al. (2015) we highlighted orthology between the P04
in ToCDS/PeG. Likewise, a total of 34,899 pepper CDS werentromere and T11Kigure 1) which, together with the already
aligned against tomato ITAG2.5 genome assembly resulting ireported translocation between upper P04 and TB8I (et al.,
52,737 matches. After Itering 27,417 were retained, ofséhe 2015, con rms that there have been at least 2 translocation
20,700 were unique and were included in PeCDS/ToG. Thevents within the non-recombining region of P04. P03 was
Itering removed multiple matches of the same query and afound to be consist of upper T09 plus an unreported non-
custom Python pipeline was programmed to screen alignmentgcombining region shared between T03/T12 and lower T03,
of multiple queries to the same matching sequence. The scriptghile a duplication was con rmed to have occurred between
screened the ToCDS/PeG and PeCDS/ToG coordinates in ordeExwer P03 and T12Kigure 1). Unlike Hill et al. (2015)we did
to detect multiple genes aligned to the same match or iteot detect a translocation between P04 and THigre 1).
proximity (within 50 bp). In TOCDS/PeG a total of 2145 genes Our results also reinforce the previously proposed hypothesis
giving rise to non-uniqgue matches were identi ed, while inthat an illegitimate pairing and crossing over event occurred
PeCDS/ToG there were 3679. These discrepancies might be doe relatively recent times between two non-homologous,
to paralog genes aligned to the same orthologous gene as wmlktacentric chromosomes in the ancestral genom@. @nnuum
as to the alignment of several CDS to non-coding sequenges. (Tanksley, 1984; Tanksley et al., 1988; Livingstone et389;1
order to better assess rearrangements between the two speci&u et al., 2009b; Wu and Tanksley, 2010; Qin et al., 014
it was essential to minimize the number of false matches, buts we also detected the translocation involving the distadsar
since it was impossible to distinguish the false queries ofi ea of PO1 and TO8Kigures 1, 2). As already noted, the outcome
group of matches, their removal was impossible. Thus, therlowef the reciprocal exchange corresponds to PO1 (submetacgntri
redundancy of TOCDS/PeG led us to choose it as the reference fand P08 (acrocentric) in the genome of cultivat€d annuum
further analyses. The dot plots showing relative tomato vysppe  (Tanksley, 1984; Tanksley et al., 1988; Livingstone et349;1
physical positions on each of the 12 chromosomes are reported iVu et al., 2009b; Wu and Tanksley, 2010; Qin et al., $014
Figure 1L Of the 19,734 aligned sequences, 11,919 (60.4%) wérawvever we were also able to identify the putative position of
aligned on the same chromosome. the rearrangement, around 37-38 and 225-227 Mbp of P01, as
Wu and Tanksley (2010and Wu et al. (2009a,bpreviously  reported inFigure 1and detailed irFigure 2
developed a synteny map of eggplant, pepper and tomato The high de nition of our ToCDS/PeG map highlighted
based on COSII markers. Using Blastbafmacho et al., 2009 a large number of small inversions, translocations, and
we aligned the 347 forward and reverse COSII primers omranspositions mainly located in centromeric regions (e.g.
pepper and tomato chromosomes and (presumably due to thelP03 between T12 and TO03; P05 between T04 and TO5;
shortness) 30,942 matches were obtained. Processing withP85 between TO5 and T11; P12 between T12 and T04—
custom Python pipeline was employed to locate their most likelgee Supplementary Figure SL It cannot be excluded that
position on each genome, and only those lying on the samsome of these small rearrangements might be the result of
chromosome were retained. Then, the distance between eaelrors in sca old anchoring and orientation due to the many
pair of forward and reverse primers was compared with theepetitive sequences in plant and animal centromeres, which
length of the corresponding COSII marker developeddyand  play a functional role in promoting concerted evolution of
Tanksley (2010and Wu et al. (2009a,band 160 were retained centromere DNA across chromosomesldlters et al., 2013
and included in the mapKigure 1). However, repeated exchanges of genetic material between
Our results complement those ofill et al. (2015) which  chromosomes, and transposon activity in untranslated regions,
provided insights on the genetic position of rearrangementsnight be the causes of most of the small rearrangements we
between pepper and tomato. However, thanks to availability afbserved. This is particularly the case with pepper, in which the
both CDS and genome sequences of pepper and tomato, we&pansion of repetitive sequences in both heterochromatit an
were able to develop a more detailed synteny map as well aseachromatic regions is responsible for its genome size, lwhic
recognize previously-unidenti ed small rearrangements. is approximately four-fold larger than in tomatd(m et al.,
Our results conrm 10 translocations and 14 inversions2019.
previously reported l(ivingstone et al., 1999; Wu et al., 2009b; Distances in genetic maps are based on recombination
Wu and Tanksley, 2010; Qin et al., 201Additionally, 3 new frequency and in regions characterized by low crossing over
translocations and 13 new inversions were detected. Hawevdrequency, such as centromeres and telomeres, this may caus
our results did not conrm 4 previously reported inversions errors in the assessment of marker order and distances.
(2 on PO1, one on the translocation between TO03/P04 and Our results highlight the improvement in analysis of their
one on P11 \(\Vu et al., 2009b; Wu and Tanksley, 2p1@while  synteny allowed by the availability of a high quality genome
a new translocation on lower PO3 was identi effigure ).  sequence of both pepper and tomato. We were able not only to
In addition, we did not observe several small translocaioncon rm the literature reports of chromosome rearrangements
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FIGURE 1 | Tomato CDS vs. pepper genome sequence.  Physical positions of tomato CDS®) matching pepper genome sequences with 80% ID and 75%
coverage. Physical positions of COSII marker®] matching tomato and pepper genome sequences. The physicdbcation of the sequences in tomato are shown on
the vertical axis, with the pepper genome on the horizontabas. A total of 19,734 CDS were mapped on pepper chromosomesThe translocations and inversions
previously reported in literature are circled in green and arked with an orange asterisk, respectively. The newly idé¢ired translocations and inversions are circled in
red and marked with a red asterisk, respectively.

but also to identify previously undetected translocatiom&l a determine the physical position of genetic markers previously

inversions. located in an intraspeci ¢ genetic ma@érchi et al., 200)Zand

. . . to infer candidate genes lying within their Cl. Most were RAD-
Comparative Analysis of Eggplant Genetic tag markers, generated from DNA sequences anking restnict
Map and Genome Sequence sites throughout the genoméérchi et al., 2011 Nevertheless,

The eggplant markers (EgM) were aligned to the availablthe sequences belonged to the same species, due to the lower
eggplant draft genomeHjrakawa et al., 20)4in order to  conservation of interspersed genomic regions of these mgrke
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FIGURE 2 | Details of tomato CDS aligned to PO1.  Physical positions of tomato CDS matching pepper genome wit 80% ID and 75% coverage. The relative
position of tomato CDS belonging to TO1 (in blue) and TO8 (ired) is shown on the vertical axis. The horizontal axis show$i¢ normalized PO1. Matches belonging to
TO1 are in blue, matches from TO08 in red.

in respect to coding sequences, a relatively low value fattige Gene prediction indicated a total of 3158 genes on the ordered
and coverage were adopted. sca olds, of which 623 were transposable elements, pseudo, or
Of the 413 eggplant markers previously mapped, 342 werghort genes, or both. For the remaining 2535 genkble 1),
aligned on the eggplant genome sequendeskawa et al., 2004  the identi cation of putative candidate genes was not possibl
Filtering retained 316 unique matches (77%), of which 103werand transformation of their Cl from genetic to physical unitasv
associated with QTLHRarchi et al., 2012; Portis et al., 2014, 2015 obtained for just 14 markers, which were positioned in pairs on 7
The positions of aligned markers and the corresponding scaoldsca olds.
were ordered according to the eggplant map, but our attempts to Fragmentation of the genome (N3D 64,536 bp) and limited
determine the physical position of QTL we previously identi ed coverage (833 of 1124 Mbp) restricted the number of mapped
(Barchi et al., 2012; Portis et al., 2014, JMére not successful. markers we were able to align to the eggplant sequence and
A total of 276 sca olds, corresponding to 28 Mbp [2.48% ofin most cases scaolds were shorter than the CI of the
the estimated total eggplant genome size of 1127 Mbgorchi  mapped QTL.
et al.,, 2011; Delledonne et al., 2014; Hirakawa et al.,)P014 Syntenic analyses and identication of QTL orthology
were ordered according to the genetic map. The average lengbietween eggplant and pepper were thus based on our previously
of the sequences was 102,338 bp with an N50 of 146,573 lgeveloped genetic mapérchi et al., 2012
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TABLE 1 | Statistics of the eggplant sequenced scaffolds bear  ing eggplant previous studies was also observed, involving three closksd

genetic markers. markers of the upper arms of chromosomes P09 and E10.

Ordered SME_r2.5.1 QTL Orthology between Eggplant and

Total sequence number 276 Pepper

Total length (bp) 28245253bp  The alignments against the pepper genorider( et al., 201} of
Average length (bp) 102,338 bp the 475 markers from the previously developed pepper genetic
N50 146,573 bp map (Yarnes et al., 20) #vere Itered using relatively demanding
N90 57,379 bp requirements, since these markers belong to the same geneti
GC% 33.29% map on which the sca olds of the pepper genome sequence were
Number of genes 2535 anchored Kim et al., 2013t The ltering retained 357 markers
Number of transposable elements or pseudo genes 623 (75%). Of the total 175 markers in uencing plant architectiyra

phenological, or fruit quality traits arnes et al., 20)3we
aligned 139 markers (79%). The position and CI of each QTL
. . . associated with the aligned markers were converted into phi/si
Collinearity of the Eggplant Map with the units (bp).
Pepper and Tomato Genomes The 313 markers positioned in the eggplant genetic map
Ofthe 413 eggplant marker sequendesichi etal., 200)aligned developed byBarchi et al. (2012)and previously aligned
to the ITAG2.50 tomato The Tomato genome Consortium, with the pepper genomeK(m et al., 2013 (EgM/PeG) were
2012 and to the CM334 v1.55 pepper genome assembifies ( screened in order to retain the eggplant markers aligning
etal., 201} 327 were positioned on tomato (79%) and 313 (76%j\vith pepper loci of potential interest. The specic “Pepper
on pepper. We plotted the eggplant marker genetic position&Browse” developed as tool for this research provided a viduab
vs. their physical positions on tomatd-igure 3) and pepper help in the visualization of the putative orthologous loci. A
(Figure 4) genomes. physical eggplant-pepper syntenic map was developed based
In the EgM/ToG dotplot Figure 3) all 10 translocations on physical Cl of pepper markers and the aligned orthologous
previously identi ed on the basis of COSII markers in commoneggplant markers Rigures 5A,B. This map locates a total
between the two specie§V( et al.,, 2009pwere conrmed. of 88 eggplant markers associated with 212 eggplant QTL
The translocations between EO03/T05 and E04/T10 include@Supplementary Table SBand 114 pepper markers associated
only one and two markers, respectively, presumably due to theith 151 pepper QTLSupplementary Table S
low conservation of our randomly distributed eggplant gémet  In order to detect orthologous QTL and nd new regions of
markers, which hampered the alignment of the majority ofpotential interest, the coordinates of all the eggplant meske
sequences. For the same reason only 9 of the 14 inversiossrted by trait, are reported iBupplementary Table S30nly
previously identied by Wu et al. (2009b)were conrmed. major QTL (PVE 10) or QTL clusters potentially indicating
Most of the others could not be assessed but, interestingly, wiew orthologous regions were considered. The regions inlwhic
con rmed two translocated segments involving the lower armeggplant and pepper markers formed clusters of QTL are
of E11 and T04 as well as E12 and T11, with the latter havingeported in detail inSupplementary Figure S2together with
also an inverted small portion/{u et al., 2009p In addition, an  pepper QTL physical Cl and the LOD peaks.
unreported inversion was detected on upper chromosome 3. We identied 14 clusters of eggplant markers related to
The genetic positions of the eggplant markers plotted againsinthocyanin content, fruit, leaf, ower and plant phenology,
their physical positions on the pepper genome (EgM/PeG) arand morphology. Eight of them are related to one or more
reported in Figure 4 Our results, which to our knowledge orthologous QTL in pepper: i.e., POl (interval 3—7 Mbp); P02
represent the rstdirect syntenic analysis of the two speciese  (127-169 Mbp); and P03 (216—256 Mbp) included eggplant and
compared with syntenic analyses previously carried out amongepper QTL in uencing peduncle, fruit and owering time;
Solanaceae speciés and Tanksley, 20)Pas well as between P06 (195-235 Mbp), P07 (220—225 Mbp), P09 (245-247 Mbp),
tomato and pepper\(/u et al., 2009pand eggplant and tomato and P11 (243-258 Mbp) included QTL related to fruit shape
(Wu etal., 2009a and size; and P12 (234 Mbp) contains traits related to the
We detected 14 translocated chromosomal segments; thoBeit peduncle Supplementary Tables S5S6 Figures 5A,B.
involving E08/P01, E09/P03, and E11/P12 were also invertedlhe remaining 6 clusters: P02 (interval 36—40 Mbp); P03 (10—
As expected only a portion of the translocated chromosomas5 Mbp); P08 (134-136 Mbp); P10 (19-22 Mbp); P10L§2
segments involving EO5/P12, E11/P05, and E12/P11 were algbp); and P10 (230-233 MbpS(upplementary Tables S556
inverted, although our conclusions are based on alignmentBigures 5A,B, co-localized multiple eggplant markers associated
involving only two or three markers. Furthermore, two toananalogous QTL,though they have no counterpartin pepper.
inversions involving chromosome 2 of both eggplant and peppe®TL clustering has previously been reported and might be due
were also highlighted. Our results con rm what was expectedo inter-trait correlations or pleiotropy Poganlar et al., 2002a;
on the basis of previous syntenic studié§'( et al., 2009y  Portis etal., 2014, 20).5
including the small inversion between P05 and E11, and foeze As expected, the QTL aecting capsaicinoid content in
enables us to exclude the possibility that this result is dupepper as well as the QTL a ecting prickliness and anthocyanin
to misalignment. Interestingly, a translocation not degztin  pigmentation in eggplant did not nd reciprocal counterparts.
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FIGURE 3 | Eggplant map vs. tomato genome.  Genetic and physical positions of eggplant RAD-tag marker@®) matching tomato genome sequences with 75%
ID and 40% coverage. A set of 327 contigs were mapped on tomato chronesomes. The vertical axis shows the eggplant genetic map wha the tomato genome is
on the horizontal axis. The 7 translocations and 9 inversi@previously reported are circled in green and orange, respively. New rearrangements observed here are
circled in red.

As previously highlighted by micro-synteny analyses, thand co-localized with others related to the length of thatfaund
capsaicinoid-related genes in pepper emerged only after thaf the peduncle in both pepper and eggplant (P01 3—7 Mbp; P02
nal round of genome duplication and following their neo- 144-159 Mbp; P06 195-235 Mbp, P07 186—220 Mbp). Although
functionalization Kim et al.,, 2013 On the other hand, the reason is still unknown, we hypothesize that the clusterin
prickliness is a specic trait characterizing some eggplanbn the same genetic region of QTL controlling breeding sait
genotypes, which underwent negative selection pressuragluri may be related to the co-localization of genes involved ih ce
domestication with the goals both of avoiding damage to theroliferation, cell elongation or both. Indeed the di erentia
fruit skin during plant growth and of facilitating harvest and activity of these genes in the two species might promote the
post-harvest operations. growth of the prickle in eggplant and the elongation of the

Our results show that QTL associated to prickliness of stenfruit in pepper. Understanding how these genes are di erentially
calix, and leaf in eggplant clustered on upper P01 (3—7 Mbp), PG2gulated in both species might be a key issue for the agronomi
(144-159 Mbp), P06 (195-235Mbp), and P07 (195-220 Mbp)mprovement of prickly eggplant varieties.
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FIGURE 4 | Eggplant map vs. pepper genome. Genetic and physical positions of eggplantg) markers matching the pepper genome sequence with 75% ID
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In addition to contributing to their visual attraction, several traits, rather than multiple independent loci. Other
the accumulation of anthocyanins in fruits is an important analyses for candidate genes carried out in several Sokmace
nutritional factor for the human diet and is a trait widely isolated a highly conserved transcription factor of the MYB
studied in members of the Solanaceae familpdlt et al., 2000; family which was called, respectively, anthocyanin2 (ANR) i
Doganlar et al., 2002a; Mathews et al., 2003; Borovsky,et getunia Borovsky et al., 20Q4anthocyaninl (ANT1 or AN1)
2004; De Jong et al., 2004; Gonzali et al., 2009; Barchi et #.,tomato (Mathews et al., 2003and just anthocyanin (A
2012; Portis et al., 20).4A major QTL located in a conserved gene) in pepper Chaim et al., 2003; Borovsky et al., 2004
region on lower chromosome 10 was detected in several studitnterestingly, by aligning the sequences of AN2, ANT1, and A
of Solanaceae family members. This was con rmed in eggplamgiene with the pepper genome, using Blastn, we con rmed a
by Doganlar et al. (2002aBarchi et al. (2012)and Portis  locus on lower P10 (183 Mbp) at which each of these genes
et al. (2014) who identi ed several major QTL at the same co-localized. In the same region 182.5Mbp) two aligned
locus related to anthocyanin pigmentation. The three stadieeggplant markers (15158 Pstl_L379 and 19126 Pstl_L349,
suggest the presence of a single pleiotropic gene in uencingeeSupplementary Table S3Figures 5A,B related with QTL
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strongly in uencing the accumulation of anthocyanin in theaf,

peduncle, stem, and calix. This provides support for the presen@m anthocyanin content were found on upper P11 and lower P06

trait (De Jong et al., 20Q4Furthermore, three other loci related

in Solanaceae species of an orthologous region controllieg t and P12 Supplementary Table S8
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FIGURE 5 | (A,B) Pepper QTL and eggplant marker locations. The scale shown othe left indicates the chromosome length in Mbp. Map positins of pepper QTL
(Yarnes et al., 2013 are given on the right of each chromosome by the red bars. Thiength of the bars represents the QTL con dence interval. Egglant marker
names Barchi et al., 2012) are shown to the left. The groups formed by QTL clustering ercircled in green.
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CONCLUSIONS the QTL used in this study; LB, EP, LT, and GLR developed

the genetic map of eggplant and identi ed the QTL used in

Our results demonstrate that the increasing availability othis study; RR and HA performed sequence alignments and
genomic tools and of physical maps for crop plants permits highljevelopment of Pepper Gbrowse; RR and TH performed the
detailed syntenic analyses among related plant species. synteny establishment between tomato, pepper and eggplant; RR
This is the case for pepper and tomato, where we wergerformed programming and evaluated the associations betwee
able to perform an in-depth analysis of synteny and to identifypepper and eggplant QTL; SL, RR, EP, TH, and LB drafted the

previously reported as well as newly detected chromosomahanuscript; all authors read and approved the nal version of

rearrangements which occurred during lineage into theirent  the manuscript.
forms.

However, due to the availability of only a rather fragmente UPPLEMENTARY MATERIAL

eggplant genome sequence, of which only about 12% w

anchored, we were not able to identify the physical IDOSitionI'he Supplementary Material for this article can be found

of QT.L we had previously located in an intr_aspeci c_eggplanton"ne at: http://journal.frontiersin.org/article/10389/fpls.2016.
genetic map. This led us to conduct syntenic analysis betweqﬁosl

eggplant and both pepper and tomato by aligning a high ) o _
resolution aenetic map of the former with the publicly avhl Supplementary Table S1 | List of eggplant QTL identi ed by Barchi et al.
g P P y . (2012) and Portis et al. (2014, 2015) .
genome sequence of the latter. The results we obtained o
demonstrate the lower resolution of comparative genomeigtud SUPPlementary Table S2 | The pepper QTL identied by - varnes et al.
. . . : : ; 2013).
achievable with this approach. Notwithstanding, followinge th (01
alignment of an eggplant marker dataset with both the tomatgUPPlémentary Table S3 | The eggplant markers aligned on peppe
enome sequence.
and pepper genome sequences we conrmed most of the q
rearrangements previously identi ed, and were able to detecSupplementary Table S4 | The pepper markers aligned on pepper g enome
putative new ones. sequence.
A further step of our study was to identify QTL orthology Supplementary Table S5 | The eggplant and pepper markers group  ed by
between eggplant and pepper. This was achieved by locatiflf®"s
the position on the pepper genome of eggplaBa(chi et al., Supplementary Table S6 | The table shows the clusters observe  d in the
2012 Portis et al.. 2014 ZQﬁﬂd pepper markers\r@rnes et al alignment of eggplant and pepper markers. The eggplant traits are given in
’ . o I - . . "’ the left column while on the right the pepper traits includedn each cluster are
2013 associated with QTL in uencing key breeding traits, Whllereported.
eggplant QTL lying on translocated chromosomal portions were

validated by the syntenlc anaIyS|s we had prewously performeamato CDS and pepper genome.  Physical positions of tomato CDS matching

Overall, we found 152 eggplant QTL orthologous to 151 PEPP&Jepper genome in detail. The relative position of tomato CD® shown on the
QTL, and to our knowledge, these results represent the ns&ai  ordinate axis while on the abscissa axis there are the normiakd pepper
assessment of orthology between the two species. chromosomes. The captions on the right show the chromosome 6origin of
As future perspectives, candidate gene analyses will bc&nato CDS. Physical positions of COSII markers matching toato and pepper
. . . genome sequence are shown by the red and yellow stars. The irvsions
performed .tO identify the gene S_eql‘.lences Iyln_g On. QTl'previously reported in literature are marked with an orangasterisk, while the
con dence intervals. The future ava"ab'l'ty of an hlgh d’tba newly identi ed inversions are marked with a red asterisk.

eggplant genome sequence will

upplementary Figure S1 | Details of chromosome synteny betwee n

improve the resolution Oéupplementary Figure S2 | QTL location (only loci harboring Q  TL are

syntenic analyses of eggplant with tomato and pepper. shown). The gure is complementary with theSupplementary Table S5 and
shows the loci bearing both eggplant and pepper markers. Thecale shown on
the Y axis indicates the LOD score. The scale on the X axis iradites the position
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on pepper chromosome in Mbps. Map positions of the QTL are gien by the
. . peaks formed by each marker and the con dence interval is indiated by the
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