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Abstract In this study, two melon bacterial artiWcial
chromosome (BAC) clones have been sequenced and anno-
tated. BAC 1-21-10 spans 92 kb and contains the nsv locus
conferring resistance to the Melon Necrotic Spot Virus
(MNSV) in melon linkage group 11. BAC 13J4 spans 98 kb
and belongs to a BAC contig containing resistance gene
homologues, extending a previous sequenced region of
117 kb in linkage group 4. Both regions have microsyntenic
relationships to the model plant species Arabidopsis thali-
ana, and to Medicago truncatula and Populus trichocarpa.
The network of synteny found between melon and each of
the sequenced genomes reXects the polyploid structure of
Arabidopsis, Populus, and Medicago genomes due to
whole genome duplications (WGD). A detailed analysis
revealed that both melon regions have a lower relative syn-
tenic quality with Arabidopsis (eurosid II) than when

compared to Populus and Medicago (eurosid I). Although
phylogenetically Cucurbitales seem to be closer to Fabales
than to Malphigiales, synteny was higher between both
melon regions and Populus. Presented data imply that the
recently completed Populus genome sequence could prefer-
entially be used to obtain positional information in melon,
based on microsynteny.

Keywords Microsynteny · Melon · BAC clone · Nsv · 
Populus · Arabidopsis

Introduction

Melon (Cucumis melo L.) is a major horticultural crop world-
wide. It belongs to the Cucurbitaceae family, which is only
second to the Solanaceae as the most economically important
vegetable crop. This diploid species (2n = 2x = 24) has a rel-
atively small genome size of 4.5 £ 108 bp (Arumuganathan
and Earle 1991), being in the same range as the genome of
rice and approximately three-times that of the Arabidopsis
genome. Several melon genetic maps are available, consist-
ing of molecular markers and a few important agronomic
traits (Périn et al. 2002; Gonzalo et al. 2005). These studies
have shown that melon is a highly diverse crop with wide
variation in plant growth habit and morphology, as well as
having diverse agronomical traits involved in fruit ripening,
Xowering time, and tolerance to biotic and abiotic stress.

Although important agronomic traits in crop species can
be isolated by a map-based cloning approach [e.g., the Pto
disease resistance gene in tomato (Martin et al. 1993) and
the fw2.2 QTL in tomato (Frary et al. 2000)], the procedure
is time consuming and expensive in crops without high-
density maps, or with large genomes. Over the last few
years, whole genome sequences of plant species such as
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Arabidopsis thaliana (The Arabidopsis Genome Initiative
2000), rice (International Rice Genome Sequencing Project
2005), and recently, black cottonwood (Populus tricho-
carpa) (Tuskan et al. 2006) have become available. These
oVer an eYcient alternative for the isolation of agronomi-
cally important genes by making use of large blocks of con-
served gene order between model plant species and the crop
plant of interest (Schmidt 2002). By combining the infor-
mation of annotated genome sequences with Wne mapping
strategies, the number of putative candidate genes in a
delimited genomic region, harboring the trait of interest,
can be reduced (Cnops et al. 1996; Schwarz et al. 1999).
Microsynteny has been reported between Arabidopsis and
tomato, near the ovate, and lateral suppressor regions (Ku
et al. 2000; Rossberg et al. 2001) among others, leading in
some cases to the identiWcation of a candidate gene from
the corresponding Arabidopsis region (Liu et al. 2002).

In melon, this strategy has resulted in the cloning of the
nsv locus that confers resistance to the Melon necrotic spot
virus (MNSV), a major viral disease (Nieto et al. 2006).
When comparing bacterial artiWcial chromosome (BAC)
end sequences from a 500 kb BAC contig near the melon
nsv locus and the Arabidopsis genome, a syntenic region in
Arabidopsis chromosome 4 was found (Nieto et al. 2006).
Among the annotated genes in this region of the Arabidop-
sis genome, the eukaryotic translation initiation factor 4E
(eIF4E) was identiWed as a good candidate for the nsv gene,
which was conWrmed after transient complementation
experiments (Nieto et al. 2006). Previous work has also
described sequence colinearity between two duplicated
regions in A. thaliana and a 117 kb region in melon linkage
group 4, showing that microsynteny may be found in short
intervals between the two species, although important local
genome rearrangements are frequently found (van Leeuwen
et al. 2003). In order to get further insight into the genome
organization around the nsv locus and microsynteny with
closely related species, we have sequenced a melon 92 kb
BAC clone containing the eIF4E region in linkage group 11
and another BAC clone of 98 kb from a contig in linkage
group 4 that contains a cluster of disease resistance genes,
extending the previously annotated BAC 60K17 (van
Leeuwen et al. 2003). Both regions (92 and 215 kb) have
been compared with the A. thaliana, Medicago truncatula,
and P. trichocarpa genomes.

Materials and methods

BAC isolation and DNA preparation

The BAC clone 1-21-10, encompassing the nsv locus, was
isolated from a melon genomic BAC library constructed
from the MNSV susceptible WMR29 genotype (Nsv/Nsv)

(Morales et al. 2005). BAC clone 13J4 belongs to the BAC
contig MRGH63, a region in linkage group 4 that contains
a cluster of resistance gene homologues (van Leeuwen
et al. 2003, 2005). A PCR screening for BAC clones
located downstream the 3�-end of the already sequenced
melon BAC 60K17 was performed using DNA pools of the
PIT92 BAC library (van Leeuwen et al. 2003), using BAC
60K17 3�-end speciWc primers. Isolated positive clones
were analyzed for the size of the inserts using pulse-Weld
electrophoresis, as described in van Leeuwen et al. (2003).
BAC ends from the selected clones were sequenced in
order to establish the relative position of the genomic frag-
ments. Prior to the PCR sequence reaction, 10 �l DNA
samples were mixed with 10 �l H2O and then sheared with
a cut-oV 0.8 mm syringe and incubated 30 min at 65°C.
One �l DMSO, 2 �l SP6 or D primers, 8 �l premix, and
8 �l (Terminator cycle sequencing ready reaction kit,
Applied Biosystems, Warrington, UK) were then added and
the sequencing reaction performed as follows: 95°C 5�,
60£ (95°C 60�, 50°C 50�, 60°C 4�). BAC 13J4 was then
selected for shotgun sequencing based in a compromise
between maximum insert length and minimum length of the
overlapping region with BAC 60K17. BAC DNA was pre-
pared as described by van Leeuwen et al. (2005).

Subcloning, sequencing, and assembly

A shotgun subcloning sequencing strategy was used to
obtain the full-length insert sequence of BACs 1-21-10 and
13J4. Subclone libraries of BAC 1-21-10 and 13J4 consist-
ing of 1,152 and 1,104 clones with average insert sizes of
1,500 and 2,000 bp, respectively, and plasmid DNA from
these clones were provided by GATC Biotech, Konstanz,
Germany. Insert fragments were cloned into the pCR®

4Blunt-TOPO® (1-21-10) and the pSAMRT-HCkan (13J4)
vectors. Seven hundred and sixty-eight clones were
sequenced for BAC 1-21-10 using the M13 forward primer
and the BigDye™ Terminal Cycle DNA sequencing kit 1.1
(Applied Biosystems) with average reads of about 700 bp,
so representing a Wvefold coverage of the 92 kb BAC
insert. For BAC 13J4, 858 independent readings using
primers SL1 (5�CAGTCCAGTTACGCTGGAGTC) and
SR2 (5�GGTCAGGTATGATTTAAATGGTCAGT) pro-
duced a sixfold coverage of the 98 kb BAC insert. The
sequences were then assembled with the Pregap4 and Gap4
programs from the STADEN package (Staden 1996).
Remaining gaps in the contigs were resolved by sequencing
additional clones using the reverse-oriented primers.

Sequence analysis, gene prediction, and annotation

The nucleotide sequences of BACs 1-21-10 and 13J4 were
initially analyzed using the TBLASTX program (Altschul
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et al. 1990) and subsequently with multiple ab initio
gene prediction programs (van Leeuwen et al. 2003).
The entire sequence of the BAC inserts was analyzed and
then parsed into 3 and 6 kb pieces for similar analysis.
Additional gene prediction programs available on the web
were included for comparison, and to search for additional
open reading frames that might not have been detected by the
previous algorithms, such as ORNL GRAIL (Version 1.3)
(http://compbio.ornl.gov/Grail-1.3/), FgenesH and BestORF
(http://sun1.softberry.com), and AUGUSTUS (Stanke
et al. 2006). ReWnement of ab initio predicted genes was
performed with web-based gene prediction programs
that allow the incorporation of homologous NCBI-
annotated gene structures to infer improved predictions,
such as Genomescan (Yeh et al. 2001), GeneBuilder (http://
l25.itba.mi.cnr.it/»webgene/genebuilder.html) and Geneid
(Parra et al. 2000). Further analysis of putative proteins was
performed using TBLASTN and BLASTP (Altschul et al.
1997), SMART (http://smart.embl-heidelberg.de; Letunic
et al. 2006), Blast2Sequences (http://genopole.toulouse.
inra.fr/blast/wblast2.html), and InterProScan (Quevillon
et al. 2005; http://www.ebi.ac.uk/InterProScan). The BAC
sequences containing the predicted melon proteins were
further analyzed with TBLASTX and TBLASTN at the
MELOGEN melon database (http://www.melogen.upv.es)
to look for the presence of ESTs for the predicted genes.
Repetitive sequences were searched using STADEN
(Staden 1996), Sputnik (Abajian 1994), Webtroll (Castelo
et al. 2002), and Palindrome (http://bioweb.pasteur.fr/
seqanal/interfaces/palindrome; Rice et al. 2000) programs.

Analysis of microsynteny

Predicted melon proteins were analyzed for synteny with A.
thaliana at the NCBI Blast site (http://www.ncbi.nlm.
nih.gov/blast/) with the program TBLASTN. The BLAST
parameters were modiWed to restrict the search to Arabid-
opsis sequences. In addition, this process was repeated by
limiting the search to nucleotide entries with lengths
between 100 and 6,000 bases to select for cDNA
sequences. Syntenic regions were deWned as contiguous
regions containing two or more homologous genes in A.
thaliana and C. melo, irrespective of the orientation and
exact order of the genes. These regions were investigated
within the ‘Genomic Content’ and ‘MapViewer’ sections at
NCBI to look at all the genes. Synteny between C. melo and
M. truncatula was identiWed using the TBLASTN program
under standard conditions at http://www.medicago.org/
genome. The syntenic gene sequences in the annotated
Medicago BAC clones were retrieved from NCBI. Synteny
between C. melo and P. trichocarpa was also analyzed at
the Populus genomeDB (http://www.genome.jgi-psf.org/
Poptr1). Levels of identity and similarity between the

amino acid sequences were determined with the BLASTP
program of BLAST 2 Sequences.

The relative syntenic quality in a region, expressed as a
percentage, was calculated by dividing the sum of the con-
served genes in both syntenic regions by the sum of the
total number of genes in both regions, excluding retroele-
ments and transposons, and collapsing tandem duplications
(Cannon et al. 2006).

For phylogenetical analysis of paralogous genes,
sequences were aligned using the MEGA3 package (Kumar
et al. 2004).

Results

BACs 1-21-10 and 13J4 shotgun sequence and annotation

The sequence of the BAC clones 1-21-10 and 13J4 was
obtained using a shotgun sequencing approach after
sequencing 768 and 858 shotgun clones, respectively. The
size of the BAC inserts was 92,343 and 98,716 bp, with
GC% contents of 33.0 and 33.9% (Table 1). Sequence
annotation revealed 13 genes in BAC 1-21-10 and 16 genes
and in BAC 13J4 (including putative transposable ele-
ments) (Table 1). Gene densities within BACs 1-21-10 and
13J4 were similar with one gene per 7.7 and 6.8 kb, respec-
tively, considering the partial genes at the 5� and 3� BAC
ends as half genes.

Thirteen genes were annotated in BAC 1-21-10, with
two partial genes in the 5� and 3� borders (Fig. 1, Table 2).
Eight of the predicted genes are supported by an EST from
the MELOGEN database (www.melogen.upv.es). The nsv
gene, which was cloned using a positional cloning and
microsynteny approach (Nieto et al. 2006), is located from

Table 1 Melon BACs 1-21-10 and 13J4 sequence characteristics

a Partial genes at BAC borders counted as 0.5 each
b From start to stop codon
c Excluding transposable elements

BAC 1-21-10 BAC 13J4

Sequence length 92,343 bp 98,716 bp

Number of genes 13 16

Gene densitya 1 gene/7.7 kbp 1 gene/6.8 kbp

Average exon lengthc 199.5 bp 189.5 bp

Average intron lengthc 538.7 bp 475.4 bp

Exons per genea,c 4.0 8.1

Average gene lengthb,c 2,360.4 bp 4,857 bp

GC content 33.0% 33.9%

Microsatellite number 245 101

Transposable elements 2 2
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23,049 to 25,863 bp in BAC 1-21-10. This gene encodes a
eukaryotic transcription initiation factor (eIF) with high
homology to eIF4E from Arabidopsis. 15d_03-C10 and
15d_01-G03 genes were predicted from the presence of
matching ESTs in the melon database. These putative novel
genes do not show any similarity with sequences in the
NCBI or in the Populus genome database. The SH3P3
gene, which is located in position 35,930–51,616 bp, con-
tains a last intron of 7 kb in length, increasing the overall
length of the gene drastically when compared to its Arabid-
opsis homolog. Sequence analysis showed that the intron is
longer largely because of the insertion of a retroelement,
although the intron/exon splice site and donor site of the
melon SH3P3 gene are intact. The retroelement is homolo-
gous to the Ty3-gypsy class of transposable elements (see
below) previously described in melon by van Leeuwen
et al. (2003). A transposase belonging to the DDE super-
family is also found in position 72,923–77,435 bp. This
transposase belongs to a possibly autonomous mobile
genetic element related to the insertional sequence 4 (IS4)
(Klaer et al. 1981), which is required for the excision and
insertion of the mobile element.

Sixteen genes were annotated in BAC 13J4, with two
partial genes in the 5� and 3� borders (Table 2). Five of the

predicted genes are supported by an EST from the MELO-
GEN database (www.melogen.upv.es). The Mki1 gene in
the 5� border of BAC 14J4 corresponds to the 3� of the
Mki1 gene that was annotated in BAC 60K17 (van
Leeuwen et al. 2003) (Fig. 2). The gene is interrupted by the
insertion of a residual retroelement of the Ty3-gypsy class.
BACs 60K17 and 13J4 are not contiguous and they are sep-
arated by an unsequenced region of around 3 kb that may
contain two exons of the Mki1 gene that are missing in both
BAC ends (Fig. 2). 15d_15-H04 gene was predicted by the
presence of an EST in the MELOGEN database, and it
shows no homology with sequences present in public data-
bases. A second retrotransposon is found in the 3� region,
containing regions with homology to a reverse transcriptase
and an integrase of the copia-type. A partial resistance gene
(R-gene) homolog (MRGH) is found in the 3� of BAC
13J4, conWrming the presence of a cluster of disease resis-
tance gene homologues in this region (van Leeuwen et al.
2003).

Repetitive sequences in BACs 1-21-10 and 13J4

CURE retrotransposons (Cucumis retrotransposable ele-
ment, van Leeuwen et al. 2003) were discovered into the

Fig. 1 Overview of microsynteny between melon BAC 1-21-10 and
regions in the Arabidopsis thaliana, Medicago truncatula, and Populus
trichocarpa genomes. Genes are represented by arrows, with the gene
name, number or ID above or below it. Homologous genes are illus-
trated with the same color and indicated by narrow connecting lines of
the corresponding color. Arrows representing genes that have one or
more ESTs are spotted. Genes without homologs are black. Transpos-

able elements are in gray and indicated by Tn. Mt4 consists in BAC
clones AC137837, AC153460, and AC144608. At1g, At2g, At4g Ara-
bidopsis thaliana chromosomes 1, 2, and 4, respectively, Cm11 Cuc-
umis melo linkage group 11, Pt_XI Populus trichocarpa linkage group
XI, Pt_204 Populus unmapped scaVold 204, Mt4 Medicago truncatula
chromosome 4. * = End of scaVold. Figure not drawn to scale
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last intron of the melon SH3P3 gene (BAC 1-21-10), and
into the Mki1 gene (BAC 13J4). The CURE retrotranspo-
sons, identiWed based on strong homology to previously
isolated retroelement polyproteins from Arabidopsis and
rice, were established as Ty3-Gypsy retroelements due to
the protein domains found and their distribution. The total
length of the retroelements was 5,413 and 2,862 bp, the

second one probably representing a residual retroelement
with homology to a reverse transcriptase.

Simple sequence repeats (SSRs) were identiWed from
BACs 1-21-10 and 13J4 using identical parameters to those
described by van Leeuwen et al. (2003, 2005) (Table 1).
The average frequency of occurrence in 1-21-10 was one
SSR per 0.37 kb (245 SSRs in 92.3 kb), and in 13J4 it was

Table 2 Analysis of predicted genes from melon BACs 1-21-10 and 13J4

TPS1 trehalose-6-phosphate synthase, eIF4E eukaryotic initiation factor 4E, SH3P3 Src homology-3 domain family, AWPM19 plant speciWc
membrane protein, RPL32A 60S ribosomal protein L32, Mki1 mevalonate kinase, Gpi GPI-anhored protein, nGTP nucleolar GTPase, Mfc mito-
chondrial FAD carrier, GTPb ATP/GTP/Ca++ binding protein, Cdk cyclin-dependent kinase, Gtf glycosyl transferase, NPK1 NPK-1 like kinase,
Tangled microtubule binding protein, Kns kinesin, MRGH melon resistance gene homolog
a Most representative melon EST in MELOGEN (www.melogen.upv.es) when multiple ESTs per gene are present
b Partial genes from BAC borders
c E-value <1e-10, at NCBI database restricted to plant sequences
d n.a. = not available
e Residual retroelement

Predicted genes TBLASTN MELOGEN ESTa

Gene Protein size (aa) Position (bp) Number of hitsc GI Best hit organism E-value

BAC 1-21-10

TPS1b 280 1–1,461 143 42563322 A. thaliana 3e-96 n.a.d

Esterase 351 3,663–4,718 664 92871235 M. truncatula 3e-87 CI_08-A05

Unknown protein 141 12,511–12,936 11 30686016 A. thaliana 3e-17 n.a.

Exonuclease 336 18,745–20,659 353 42562397 A. thaliana 4e-144 n.a.

eIF4E 235 23,049–25,863 496 48431257 P. sativum 5e-91 PS_08-A06

15d_03-C10 103 28,700–29,529 0 n.a. n.a. n.a. 15d_03-C10

SH3P3 348 35,930–51,616 61 30684287 A. thaliana 1e-129 PS_29-C05

Ty3-gypsy 1459 37,316–42,728 >3,000 89257494 B. oleracea 0.0 n.a.

15d_01-G03 30 61,887–62,524 0 n.a. n.a. n.a. 15d_01-G03

Transposase 347 72,923–77,435 14 50928378 O. sativa 1e-18 n.a.

Expressed protein 328 82,120–83,831 0 30690776 A. thaliana 7e-02 15d_36-D09

AWPM19 159 88,172–89,741 66 47104603 L. esculentum 1e-62 CI_60-G08

RPL32Ab 103 91,846–92,239 1,077 13877125 M. annua 2e-58 46d_35-G05

BAC 13J4

Ty3-gypsye 407 148–3,009 504 123705518 V. vinifera 6e-67 n.a.

Mki1b 161 3,588–4,863 33 16417945 H. brasiliensis 6e-63 46d_01-D07

Gpi1 403 6,924–10,270 71 123713225 V. vinifera 6e-22 n.a.

Gpi2 196 12,265–14,017 55 145336765 A. thaliana 9e-45 n.a.

nGTP 934 15,255–22,066 24 145362338 A. thaliana 5e-62 A_31-F05

Mfc 317 24,776–27,491 140 145338141 A. thaliana 2e-131 HS_39-D02

GTPb 647 32,300–41,517 176 79328824 A. thaliana 0 A_27-C11

Cdk 216 43,456–44,740 92 47105314 L. esculentum 3e-44 n.a.

15d_15-H04 206 45,010–46,540 0 n.a n.a n.a 15d_15-H04

Gtf 614 50,415–54,356 140 18405126 A. thaliana 5e-142 n.a.

NPK1 692 56,047–60,679 122 42540754 V. vinifera 0 n.a.

Tangled 430 61,311–63,964 27 107785185 A. thaliana 4e-101 n.a.

Kns 791 65,498–69,613 175 18421129 A. thaliana 1e-173 n.a.

Unknown protein 399 70,085–77,392 0 n.a. n.a n.a. n.a.

Retrotransposon 1,658 79,471–91,152 764 109134366 P. trichocarpa 0 n.a.

MRGHb 1,312 91,486–98,716 235 28558775 C. melo 5e-150 n.a.
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one SSR per 0.97 kb (101 SSRs in 98.7 kb). For 1-21-10, it
corresponds to the same value found in melon BAC 60K17
(1 SSR per 0.35 kb; van Leeuwen et al. 2003).

Two large palindromic sequences were identiWed using
the program Palindrome in BAC 1-21-10. The Wrst
sequence was over 62 bp from 59,791 to 59,852 bp, and its
palindrome was located between 60,193 and 60,254 bp. It
contained only 6 mismatches in total. The second palin-
dromic sequence was interspersed with the Wrst one, run-
ning from 59,882 to 59,968 bp, with the palindromic
sequence between 60,068 and 60,154 bp. This latter
palindromic region was 88 bp in length and had Wve
mismatches. The palindromic sequences were located in a
region containing a large number of SSRs.

Synteny between A. thaliana, M. truncatula, 
P. trichocarpa, and the melon nsv region

Microsynteny between the region surrounding the nsv locus
in melon and a 128 kb region on chromosome 4 of A. thali-
ana was previously described by Nieto et al. (2006). To
further analyze the presence and nature of the microsynteny
between melon and Arabidopsis, we compared the amino
acid sequences of the predicted melon proteins in BAC
1-21-10 with the NCBI database using TBLASTN and
BLASTP. Two additional Arabidopsis genomic regions
were identiWed on chromosomes 1 and 2 that harbored

multiple genes with similarity to those predicted in BAC
1-21-10 (Fig. 1).

Four melon genes are found in a syntenic region in Ara-
bidopsis At4g <20 kb in length (Fig. 1, Table 3). These
genes are not part of multigene families, but are either sin-
gle copy genes or have one to three paralogous genes in
Arabidopsis. Among the syntenic genes, the nsv locus in
melon was 78% identical to At4g18040. This 20 kb region
in Arabidopsis chromosome 4 contains eight genes in total,
leading to a gene density of 1 gene per 2.9 kb. Beyond this
20 kb region, we screened for further homologies, in both
directions, by browsing the Arabidopsis MapViewer (http://
www.ncbi.nlm.nih.gov/mapview/maps.cgi?), but no further
genes were found with synteny to melon. The resulting rel-
ative syntenic quality between the nsv region in melon and
the corresponding region in Arabidopsis on chromosome 4
is 44.4% (Table 4).

We also found several syntenic genes on At1g, with a
syntenic quality of 50% after collapsing all tandem duplica-
tions on Arabidopsis and excluding the transposable ele-
ments in the melon nsv region (Table 4). The gene density
of this 32.8 kb Arabidopsis region, with 13 genes, is one
gene per 2.7 kb. The melon nsv gene was homologous to
two genes in this region, At1g29550 and At1g29590
(Table 3), suggesting a duplication of the ancestral eIF4E
gene during evolution in the lineage that led to Arabidopsis.
Both Arabidopsis proteins showed high similarity to the

Fig. 2 Overview of microsynteny between BAC contig in melon link-
age group 4 (60K17 and 13J4) and regions in the Arabidopsis thaliana,
Medicago truncatula, and Populus trichocarpa genomes. Genes are
represented by arrows, with the gene name, number or ID above or
below it. Homologous genes are illustrated with the same color and
indicated by narrow connecting lines of the corresponding color.
Arrows representing genes that have one or more ESTs are spotted.
Genes without homologs are black. Transposable elements are in gray

and indicated by Tn. At1g, At3g, At5g Arabidopsis thaliana chromo-
somes 1, 3, and 5, respectively, Cm4 Cucumis melo linkage group 4,
Pt_XIII Populus trichocarpa linkage group XIII, Pt_70 Populus un-
mapped scaVold 70, Mt1 Medicago truncatula chromosome 1, Mt7
Medicago truncatula chromosome 7. Bars in Cm4 indicate a 3 kb gap
of sequence between 60K17 and 13J4. About 40 kb in the 5� of Cm4
corresponding to BAC 60K17 are not represented. Figure not drawn to
scale
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melon eIF4E using BLASTP (65% identity), as well as to
each other (95% identity). This duplication event is also
suggested from the duplicated genes At1g29610 and
At1g29600, which with the eIF4E gene At1g29590, form a
tandem duplication block with At1g29570, At1g29560, and
At1g29550.

Further synteny in the nsv region between melon and
Arabidopsis was revealed on At2g with a syntenic quality
of 25% (Table 4). With one gene every 3.2 kb, gene density
in this 15.9 kb region is lower than the in the above men-
tioned Arabidopsis syntenic regions, although it is still
more than double the density of the melon nsv region. An
eIF4E paralog is absent in Atg2.

To uncover higher degrees of synteny with the region
harboring the nsv locus, we analyzed the partial sequence of
the M. truncatula genome. Medicago has been phylogeneti-
cally grouped among the eurosids I, along with the Cucur-
bitaceae, whereas Arabidopsis, as a member of the
Brassicaceae is clustered within the clade of the eurosids II
(Hilu et al. 2003).

The nsv region in melon showed synteny to a single con-
tiguous region in M. truncatula consisting of BAC clonesT
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Table 4 Relative syntenic quality amongst Arabidopsis, Populus
trichocarpa, and Medicago truncatula regions syntenic to (A) the mel-
on nsv region and (B) the contig of melon BACs 60K17 and 13J4

Values (in %) calculated as described in Cannon et al. (2006), with col-
lapsing tandem duplications (two homologous genes within tandem
duplicated regions counted as one) and by excluding transposable ele-
ments

Cm Cucumis melo, At Arabidopsis thaliana, Pt Populus trichocarpa,
Mt Medicago truncatula
a Pt_204 partial values only, as the scaVold sequence ends upstream of
protID 100357

A Cm11 At4g At1g At2g Pt_XI Pt_204a Mt4

Cm11 – 44.4 50.0 25.0 53.8 40.9 30.0

At4g – 25.0 33.3 36.4 50.0 11.1

At1g – 42.9 41.7 20.0 11.1

At2g – 20.0 12.5 0.0

Pt_XI – 42.3 16.7

Pt_204a – 23.8

Mt4 –

B Cm4 At1g At3g At5g Mt1 Mt7 Pt_70 Pt_XIII

Cm4 – 25.6 47.1 45.7 47.8 50.0 59.6 54.2

At1g – 5.4 5.3 32.7 30.8 28.0 27.5

At3g – 36.4 31.8 29.4 48.9 39.1

At5g – 31.1 34.3 30.4 25.5

Mt1 – 47.8 42.1 51.7

Mt7 – 38.3 41.7

Pt_70 – 71.1

Pt_XIII –
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AC137837, AC153460, and AC144608 (Fig. 1). Regions
Xanking the contiguous region containing the synteny were
analyzed, but additional homologs of the nsv region in
melon were not identiWed. The Medicago syntenic region
between TPS1 and SH3P3 spans 51.5 kb and consists of
nine predicted genes, giving an average of one gene per
6.4 kb. The low number of syntenic genes between melon
and Medicago leads to a rather low-relative syntenic quality
of 30.0% (Table 4).

With the publication of the black cottonwood (P. tricho-
carpa) genome sequence (Tuskan et al. 2006), another
member of the eurosid I clade of higher eudicots was ana-
lyzed for putative synteny with melon. The melon BAC
1-21-10 has homology to two syntenic regions in the Populus
genome (Table 3). The Wrst region is found on chromosome
XI, whereas the other is the unmapped scaVold 204. The
region on chromosome XI is a 205.3 kb region containing
17 predicted genes, with seven of them showing synteny
with the nsv region resulting in a syntenic quality of 53.8%
(Table 4). The syntenic genes have conserved the order and
orientation, with the exception of the exonuclease gene.

The scaVold 204 is an 88.8 kb segment of the Populus
genome that stops abruptly upstream from an ABC trans-
porter (ID 100357) (Fig. 1). Synteny to melon was found in
four genes, with a syntenic quality between scaVold 204
and the melon nsv region of 40.9% (Table 4). Additionally,
a metallophosphoesterase gene (ID 674792) is highly con-
served in the syntenic region on Populus chromosome XI
(ID 568470), and the pentatricopeptide (PPR) gene (ID
100353) is conserved in the Medicago syntenic region
(gene21).

Synteny between A. thaliana, M. truncatula, 
P. trichocarpa, and the melon region in linkage group 4

In order to conWrm the synteny found around the nsv locus
and Arabidopsis, Medicago, and Populus, a second melon
genomic region containing a cluster of disease resistance
genes was also compared. The region of 215 kb spans a
contig of two BACs, 60K17 (117 kb, van Leeuwen et al.
2003) and 13J4 (98 kb) that are separated by a gap of 3 kb
(Fig. 2). High microsynteny between 60K17 and two Ara-
bidopsis regions in At3g and At5g was previously
described, but 60K17 was not compared with Populus and
Medicago (van Leeuwen et al. 2003). The 5� 40 kb region
of 60K17 was not included in Fig. 2 because it did not show
synteny with any of the three sequenced species.

Again, syntenic regions were found between melon and
three segments of Arabidopsis (At1g, At3g, and At5g), two
segments of Populus (Pt_XIII and scaVold Pt_70), and two
segments of Medicago (Mt1 and Mt7). The highest syn-
tenic quality values were obtained between melon and
Pt_70 (59.6%) and Pt_XIII (54.2%). The lower syntenic

values were obtained with the three Arabidopsis regions
(from 25.6 to 47.1%). The At1g region was not found in
van Leeuwen et al. (2003) because synteny is higher in the
region of the newly described BAC 13J4.

Discussion

The melon BAC clone 1-21-10 was sequenced to obtain
information on gene distribution around the nsv locus in
melon linkage group 11. Its physical structure was analyzed
in detail and the predicted genes were annotated. A second
genomic region in linkage group 4 consisting in two BAC
clones (60K17 an 13J4) spanning 215 kb was also ana-
lyzed. BAC 13J4 was sequenced, whereas BAC 60K17
sequence was already available (van Leeuwen et al. 2003).
Subsequently, the microsynteny between the melon genes
in both regions to other eudicotyledonous model plant spe-
cies was established.

The BACs 1-21-10 and 13J4 contain a total of 13 and 16
predicted genes, respectively. Among them are homologs
of transposable elements belonging to diVerent classes: two
Ty3-gypsy retrotransposons, a transposase sequence, and a
retrotransposon with homology to copia-like elements.
Transposable elements have been shown to be important
for the physical structure of many plant genomes (Schmidt
2002). AmpliWcation of these elements plays a large part in
the shaping of plant genomes, causing insertions, deletions,
and even translocations of genes to new locations in the
genome (Bennetzen 2000). Integration of transposons into
the genome often occurs in gene poor areas, leading to an
increase in genome size over time (Bennetzen et al. 2005;
Biemont and Vieira 2006). Transposon integration within
the coding sequence of a gene frequently leads to a knock-
out allele of that gene. In BAC 1-21-10, however, a retro-
transposon was found within the intron sequence of the
melon SH3P3 gene. This event apparently left the coding
region of the gene intact, while signiWcantly increasing the
total size of the gene.

Three novel genes 15d_03-C10, 15d_01-G03, and
15d_15-H04 were found that did not show similarity to any
gene in the sequence databases. They were predicted due to
the isolation of corresponding EST sequences in the melon
EST database. This shows that the melon EST database
could be a useful tool for gene discovery, annotation, and
description, as other species such as Arabidopsis (The Ara-
bidopsis Genome Initiative 2000), rice (International Rice
Genome Sequencing Project 2005), and Populus (Tuskan
et al. 2006).

The rest of the predicted genes in BACs 1-21-10 and
13J4 are homologous to single or low-copy number genes
of known function, with ESTs supporting the expression of
most of them (Table 2). The values of 33.0 and 33.9% GC
123
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content in 1-21-10 and 13J6, respectively, are similar to
values measured in two previously annotated melon BACs,
60K17 (32.4%) and 31O16 (33.9%) (van Leeuwen et al.
2003, 2005). Gene densities for the new BACs were also
similar to melon BACs 60K17 and 31O16, with one gene
per 7.7 kb and 6,8 kb as opposed to one gene per 9.0 and
8.0 kb, respectively (van Leeuwen et al. 2003, 2005). These
values are higher than in the Populus genome (1 gene per
11.1 kb), but lower than in Arabidopsis and Medicago (1
gene per 4.5 and 6.0 kb, respectively) (Tuskan et al. 2006;
The Arabidopsis Genome Initiative 2000; Mudge et al.
2005). It has been suggested that gene density is primarily
related to the average length of introns and non-coding
intergenic DNA (van Leeuwen et al. 2003; Kevei et al.
2005; Schmidt 2002). The diVerences in gene spacing
might be inXuenced by local genomic arrangements. Ara-
bidopsis and Populus gene densities are based on the avail-
ability of the whole genome sequence, whereas in
Medicago a 3 Mb section of the genome was used for the
calculation. In melon, however, the estimation of gene den-
sity was based on four BAC sequences, which may not be
representative for the overall gene density in the species.

Microsynteny has been previously described among
many monocot and eudicot species (Ku et al. 2000; Schmidt
2002; Yan et al. 2003). Unraveling microsynteny between
phylogenetically related genomes has allowed the isolation
of genes encoding agronomically important traits (Ku et al.
2000; Rossberg et al. 2001; Ramakrishna and Bennetzen
2003). Melon is an important crop species that lacks genome
sequence information. The isolation of genes responsible for
agronomically important traits could be speeded up by ana-
lyzing genomic regions of closely related model species, as
has been shown by cloning the nsv resistance gene to
MNSV using data based on Arabidopsis (Nieto et al. 2006).
In this report, we have analyzed the corresponding syntenic
regions in two additional dicot species, M. truncatula and P.
trichocarpa. A second unrelated region in the melon
genome has also been analyzed for comparison.

Phylogenetically, Medicago and Populus are more
closely related to melon than Arabidopsis; however, their
exact relationships remain unclearly deWned within the
eurosids I clade (Hilu et al. 2003; Judd and Olmstead
2004). Arabidopsis is a eurosid II member species, being
more distantly related to the other three species. This taxo-
nomical classiWcation has been mirrored in our microsynte-
nic analysis (Figs. 1, 2). Both melon regions are scattered
over three Arabidopsis chromosomes, with some chromo-
somal regions having retained more genes arranged synte-
nically than others. Synteny, measured as syntenic quality,
was usually lower between melon and Arabidopsis than
with the eurosids I species (Table 4). In contrast, synteny of
the melon region in linkage group 11 with Populus was
highest on linkage group XI (53.8%), and still fairly high

on scaVold 204 (40.9%). A similar result was obtained
when comparing the region in linkage group 4 and the two
corresponding syntenic regions in Populus. The level of
synteny between Populus chromosome XI and melon might
be even higher, as several genes in Populus may be incor-
rectly annotated, since they are not supported by ESTs and
do not have homologies with known genes. The Populus
scaVold 204 also ends upstream from the ABC transporter
gene (ID100357), preventing further insight into a putative
extension of synteny in this direction. Synteny values
between melon in linkage group 4 and Medicago were also
high, whereas low-syntenic values were found between the
melon nsv region and Medicago (30%).

Synteny was previously demonstrated between Arabidop-
sis chromosome 4 and the nsv BAC contig containing BAC
1-21-10 (Nieto et al. 2006). Three BAC ends in the contig
containing BAC 1-21-10 had high homology with genes in
the chromosome 4 region (At4g18260, At4g18810, and
At4g20140). We searched for this synteny in Populus, Medi-
cago, and Arabidopsis chromosomes 1 and 2. Although synt-
eny was absent in Medicago and A. thaliana chromosomes 1
and 2, the Populus protein ProtID 660544 on linkage group
XI had homology to BAC end 41I23sp6 (63% identity). In
addition, internal sequences from BAC 7K20 are syntenic
with the LRR protein kinase RFK1 (At1g29750; 50% iden-
tity) and the Populus homolog ProtID 82916 (identity 63%)
on chromosome XI, showing that microsynteny of the nsv
region may extend beyond BAC 1-21-10.

Independent whole genome duplications (WGD) have
been suggested for Arabidopsis, Medicago, and Populus
after separation of the eurosids I and II and within eurosids
I after the separation of Salicaceae and Fabaceae (Tuskan
et al. 2006; Cannon el al. 2006), followed by selective gene
divergence and gene loss (Ku et al. 2000). In Populus a
recent duplication aVected »92% of the genome and a
more ancient duplication may have happened in an ances-
tral eurosid lineage, probably shared by Populus and Ara-
bidopsis (Tuskan et al. 2006). We have found two syntenic
regions for each melon region in Populus and three in Ara-
bidopsis. In Medicago, two syntenic regions with melon
linkage group 4 have been found and only one with melon
linkage group 11, which might be attributed to the sequence
of the Medicago genome only being partial (149 Mbp avail-
able from the estimated 475 Mbp in Cannon et al. 2006).
Our Wndings would reXect the polyploidy of the three
genomes used for comparison with melon, and for Arabid-
opsis even the existence of a more ancient WGD event, as
we found three syntenic regions for each melon segment. A
comparison of a 105-kb region from the ovate-containing
region of tomato with Arabidopsis revealed four syntenic
segments probably originated after two genome duplication
events in Arabidopsis (Ku et al. 2000). The same pattern of
synteny has also been obtained between the coVee SH3
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region and Arabidopsis (Mahé et al. 2007). Both tomato
and coVee are asterids, more distant phylogenetically to
Arabidopsis than melon. The Drzf gene in melon linkage
group 4 is found in the syntenic regions of At3g, At5g,
Pt_70, Pt_XIII, Mt1, and Mt7 (Fig. 2). A phylogenetical
analysis of the Drzf paralogous sequences has shown that
each pair of genes from Arabidopsis, Populus, and Medi-
cago is located in the same cluster, respectively. The same
result is obtained for other paralogous genes that are found
in two syntenic regions from the same species in Figs. 1
and 2 (SH3P3, Mki1, Gpi1/2, nGTP, GTPb, Gtf, NPK1, and
Tangled from Populus; HLH, Gpi1/2, Gtf, and Tangled
from Medicago; Spp from Arabidopsis), probably indicat-
ing that each gene pair is the result of the recent genome
duplications that happened independently in Populus, Med-
icago, and Arabidopsis after they diverged.

The higher microsynteny found between both melon
regions and Populus may be attributed to the reduced rate
of evolution in Populus since the ancient eurosid whole-
genome duplication (Tuskan et al. 2006). A second possi-
bility is that Cucurbitaceae are phylogenetically closely
related to Salicaceae than to Fabaceae. Hilu et al. (2003)
studied the angiosperm phylogeny using the plastid matK
gene and classiWed Cucurbitales and Fabales in a diVerent
clade than Malphigiales, among eurosids I. We have com-
pared the paralogous genes among melon syntenic regions
and Arabidopsis, Medicago, and Populus. From the 14
genes tested, half of them were closer phylogenetically to
Populus, whereas the other half were closer to Medicago.
In general, Arabidopsis genes were always more distant to
the other three species, as expected. With the data presented
here it is not possible to resolve the phylogenetical relation-
ships between Cucurbitaceae, Salicaceae, and Fabaceae. It
should be pointed out that we have only compared two
independent melon regions spanning around 300 kb, 0.06%
of the melon genome. More melon sequences are necessary
in order to verify if the higher mycrosynteny with Populus
is consistent and due to closer phylogenetical relationships
between both species. Also, additional comparisons should
be made when the complete Medicago genome is available.

The data presented may suggest that the Populus
genome is a useful dicot genome to obtain positional infor-
mation on candidate genes for crop species in the Cucurbit-
aceae family, thereby facilitating their identiWcation.
Research into dicot crop species will beneWt over the next
few years with the advent of new plant genome sequences
(e.g., tomato, Lotus japonicus, grape) and the completion of
the Medicago genome.
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