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Abstract

Background: Most of the grapevine (Vitis vinifera L.) cultivars grown today are those selected centuries ago, even 

though grapevine is one of the most important fruit crops in the world. Grapevine has therefore not benefited from the 

advances in modern plant breeding nor more recently from those in molecular genetics and genomics: genes 

controlling important agronomic traits are practically unknown. A physical map is essential to positionally clone such 

genes and instrumental in a genome sequencing project.

Results: We report on the first whole genome physical map of grapevine built using high information content 

fingerprinting of 49,104 BAC clones from the cultivar Pinot Noir. Pinot Noir, as most grape varieties, is highly 

heterozygous at the sequence level. This resulted in the two allelic haplotypes sometimes assembling into separate 

contigs that had to be accommodated in the map framework or in local expansions of contig maps. We performed 

computer simulations to assess the effects of increasing levels of sequence heterozygosity on BAC fingerprint 

assembly and showed that the experimental assembly results are in full agreement with the theoretical expectations, 

given the heterozygosity levels reported for grape. The map is anchored to a dense linkage map consisting of 994 

markers. 436 contigs are anchored to the genetic map, covering 342 of the 475 Mb that make up the grape haploid 

genome.

Conclusions: We have developed a resource that makes it possible to access the grapevine genome, opening the way 

to a new era both in grape genetics and breeding and in wine making. The effects of heterozygosity on the assembly 

have been analyzed and characterized by using several complementary approaches which could be easily transferred 

to the study of other genomes which present the same features.

Background
With a production of 67.1 millions tons obtained from 7.9

millions hectares in 2004, grapevine (Vitis vinifera L.) is

by far the most important fruit tree crop in the world

http://www.oiv.org. In comparison to other fruit crops, it

shows a particularly wide range of uses: fresh, dried,

transformed in juice and obviously wine. At present, its

importance goes beyond the economic level, being wine

associated in many cases with national cultures and life

style. Moreover, red wines are thought to provide health

benefits thanks to secondary metabolites such as resvera-

trol, a strong antioxidant supposed to provide health ben-

efits [1].

Despite the obvious economic relevance, most of the

grape cultivars grown today were selected several centu-

ries ago from spontaneous crosses and then vegetatively

propagated. Still today, the release of new varieties is a

considerably slow process. This is mainly due to some

peculiar genetic and physiological features which indeed

are shared with most of the tree crops and which signifi-

cantly hamper the adoption of modern breeding strate-

gies. The main difficulty for genetic analysis is due to the

fact that the genome of grape is highly heterozygous,
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even if the species is actually mainly autogamous [2,3].

Furthermore, grape is a perennial plant with a relatively

long life cycle, which makes breeding expensive, due to

space constraints, and time consuming [4].

Because of the lack of breeding activity, the improve-

ments in grape production have relied mainly on agron-

omy, including a strong use of chemicals that may have a

negative impact on human health and environmental

quality. One of the main goals in grapevine breeding is

therefore to obtain varieties naturally resistant to various

pathogens [4].

As a tool for modern breeding, genome-wide physical

maps are assuming a more and more central role because

they are useful for many purposes. First of all, even if the

technologies for genome sequencing have undergone a

remarkable progress during the last years, genome

assembly largely depends on physical mapping. The

clone-by-clone approach always requires physical map-

ping, because a minimal tiling path of clones must be

selected to separately sequence them [5]. Nevertheless,

also the whole-genome shotgun (WGS) strategy greatly

benefits from physical data and indeed it is still unclear if

it could alone be sufficient to produce a linearly ordered

set of sequences [5]. A second application of physical

maps is the large-scale isolation of genes using the posi-

tional cloning approach. In fact, this is the only strategy

which can be used to identify genes which can be geneti-

cally mapped, but whose function is unknown - which is

true for most traits of agronomic importance [6]. Eventu-

ally, physical maps can also be used for several other

kinds of studies e.g., to compare genomes and to under-

stand their size and complexity [5,7,8].

Taking into account all these aspects and considering

that grape is an 'orphan species' from a genetic perspec-

tive, it is clear that an integrated physical map would be of

great utility both for research stricto sensu and for practi-

cal applications, such marker-assisted breeding.

Grapevine is also attractive for future sequencing

efforts, being a diploid organism which can be easily

crossed and selfed, and having a relatively small genome

of only about 475 Mb [9]. Furthermore, grape has several

unique features including a novel shoot architecture and

non-climateric fruits producing a number of secondary

metabolites such as colour pigments, tannins and flavour

compounds. Finally, as a basal family of the Eurosids, the

Vitaceae are also interesting for comparative studies [10].

Thus, grape can be regarded as a model organism.

Whole-genome physical maps have been constructed

for several organisms such as Caenorhabditis elegans

[11], Drosophila melanogaster [12], human [13], mouse

[14], and chicken [15]. In plants, physical maps are avail-

able for Arabidopsis thaliana [16,17], sorghum [18], rice

[19], soybean [20], black cottonwood [21], apple [22],

Prunus [23], and the grapevine cultivar Cabernet Sauvi-

gnon [24]. Most of these physical maps have been

obtained by adhering to different approaches, mainly by

marker hybridization [25] and BAC fingerprinting [26].

Sequence Tagged Site content-based methods are labo-

rious and require an extremely high density of markers.

This piece of information is rather difficult to obtain for

the large of majority of plant genomes, and especially for

orphan species [5]. On the contrary, fingerprinting-based

strategies are better suited to genomes which are not well

explored e.g., grape. Since these techniques are also more

amenable to high-throughput processing, they have been

chosen in the last years for the majority of physical map-

ping projects.

Due to their relevance, the techniques of fingerprinting

have undergone a fast evolution during the last two

decades. Indeed, a range of methods has been proposed

which vary in several parameters, but especially in the

detection of the fingerprinting fragments. These tech-

niques can be divided into three groups, which are the

agarose-gel based, the acrylamide-gel based and the cap-

illary sequencer based methods. The last set of

approaches, also known as High Information Content

Fingerprinting (HICF), shows a substantial increase both

in the throughput and in the sensitivity of the process

[27,28].

Recently, it has been debated on which HICF method-

ology would work best. Xu et al. [28] evaluated five differ-

ent fingerprinting techniques and concluded that a two-

enzymes approach was more effective than the others.

This result is rather counterintuitive, since three-, four-

or five-enzymes based approaches provide more informa-

tion and should be able to better discriminate between

false positive and false negative errors. Indeed, according

to Nelson and coworkers [29], the most effective protocol

is the one developed by Luo et al. [30], which indeed is

based on the use of five restriction enzymes. This method

has been used in this work after adapting it to grape.

Recently, important progress has been made in genom-

ics research of various fruit trees and woody plants. The

draft genome sequence of the black cottonwood tree,

Populus trichocarpa, has been completed using a whole

genome shotgun approach [31], and a physical map is

available as well [21]. Genome-wide physical maps of the

apple and peach genomes have been recently released

[22,23]. To end up with, the whole genome sequences of

two different genotypes of grapevine are now available,

one of which based on the inbred line PN40024 [32], and

the other one based on the heterozygous genotype Pinot

Noir [33]. Both of these sequencing efforts have been car-

ried out following a WGS approach, therefore without

the need of producing an earlier physical map.

Here we report a BAC-based physical map of the grape

genome and its integration with the genetic map, a

molecular tool which will change the approach to the
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genetics and breeding of this crop. As already stated,

grapevine cultivars are highly heterozygous [3,24]. Physi-

cal maps constructed till now present almost no (e.g.,

mouse and Arabidopsis) or very low heterozygosity (e.g.,

human). The only exceptions are black cottonwood, Pru-

nus, apple, and the Cabernet Sauvignon grapevine culti-

var. Black cottonwood and apple maps are based on

agarose fingerprints and the effects of heterozygosity

with such method are smoothened by the higher toler-

ance allowed in the assembly. Beside that, a specific study

about the effects of heterozygosity on the map assembly

has been performed only in the case of black cottonwood

[21]. On the other hand, the map of Prunus has been

obtained with the same fingerprinting method chosen for

grape, but other differences make the comparison quite

difficult. In fact, the mapping effort in peach has not been

completed yet and the clones fingerprinted so far (4.3×

genome equivalents), are biased towards the expressed

regions of the genome. Moreover, two BAC libraries were

used in this case, one obtained from a diploid genotype

and the other from a haploid one, which could have

reduced the impact of heterozygosity. Finally, concerning

heterozygosity, the map of Cabernet Sauvignon, obtained

with the same protocol as the Pinot Noir map, lead to

similar results: incorrect order of the BAC clones within a

contig, producing apparent duplications of loci in the

physical map and assembly of BAC clones corresponding

to two different haplotypes into separate contigs. See Fig-

ure 1 and the discussion below for further details, includ-

ing an in silico simulation related to the effects of

heterozygosity on a map assembly.

Assessing the effects of heterozygosity on physical

maps is important, because there is reason to believe that

it could affect their correct assembly, similarly to what

has been observed for the DNA sequence assembly in

Ciona savignyi [34]. Therefore we propose our work as a

useful model for any future physical mapping effort on

heterozygous genomes, which are very common among

plants.

Results and discussion
A total of 49,104 BAC clones from two BAC libraries rep-

resenting approximately 11.4 genome equivalents [35]

(Table 1) of the red wine cultivar Pinot Noir, one of the

most widely grown in the world, were fingerprinted,

adapting to grape a fluorescence-based, high-throughput

method developed for wheat and rice [30]. The 38,983

clones that remained after processing the raw fingerprint

data for background removal and identification of failed,

empty, and contaminated clones (see methods) were

assembled using the software FPC 8.9 [36] and following

an iterative method that was first used in maize [37] to

minimize the effects of contamination and repetitive

bands and to improve the overall quality of the map. The

final assembly resulted in 1,804 contigs estimated to span

about 888 Mb (3,372 BACs remained unassembled i.e.,

singletons; Table 2), including 2,310 BACs (6%) of diffi-

cult resolution after fingerprinting (Questionable or sim-

ply Q clones), distributed in 662 Q contigs. The total

length of the contigs corresponds roughly to 1.87 times

the estimated 475 Mb size of the grape genome [9]. This

indicates that the genome size may have been underesti-

mated [38], or that contig overlaps have gone undetected

(false negative overlaps), but may also result from high

DNA sequence heterozygosity i.e., from the presence of

two very different haplotypes in a single diploid genome.

As already stated, physical maps have been constructed

so far for species with no (e.g., inbred species such as

mouse, rat, rice, Arabidopsis, and maize) or very low

heterozygosity (e.g., human), with the exception of black

cottonwood, apple, and Prunus. Grapevine cultivars are

highly heterozygous [3]; Adam-Blondon (personal com-

munication), by comparing 180 kb of sequenced genomic

DNA (cv. Cabernet Sauvignon) from both homologous

chromosomes, observed 8.9% of variable nucleotides of

which a large proportion (88%) was due to indels that

were observed at an average frequency of one every 554

bases. Furthermore, the recent sequencing of the genome

of grape cv Pinot Noir showed an average 11.2% of allelic

difference between homologous chromosomes by consid-

ering both single nucleotide polymorphisms (SNPs) and

indels, with important variations according to the

genomic region [33]. DNA polymorphisms between

homologous regions introduce variations in the finger-

prints of allelic BAC clones, that could result in two dif-

ferent contigs being assembled for a given chromosomal

region. In the above mentioned regions of the grapevine

cv. Cabernet Sauvignon genome the sequence divergence

between the two homologous chromosomes resulted on

average in 37% non shared fingerprint bands as assessed

by in silico digestion, with marked differences between

regions (Adam-Blondon, personal communication). As

the software FPC is not designed to recognize and bring

together "allelic" contigs, an expansion of the physical

map due to sequence heterozygosity is a realistic possibil-

ity. The expansion of the whole genome DNA sequence

assembly as a result of high levels of polymorphism has

been observed in Ciona savignyi [34]. V. vinifera is the

first highly heterozygous organism for which a BAC con-

tig HICF physical map has been constructed. A previous

work in maize, where extremely high levels of sequence

polymorphism due to transposable element insertions

and nucleotide substitutions exist within the species [7],

to construct contig maps of specific regions showed that

haplotypic differences between chromosomes in a hybrid

could often result in separate contigs being assembled for

each chromosome [7]. Nevertheless, the other physical

maps constructed on heterozygous genomes show
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important differences with respect to the case of grape-

vine and therefore they can only partially be taken as a

comparison. To begin with, in the cases of apple and

black cottonwood an agarose-based approach was cho-

sen. According to Nelson and Soderlund [27], repetitive

bands in agarose fingerprinting should be less of a prob-

lem than in sequencer-based methods because of the big-

ger size of restriction fragments and to the fact that small

indels are not detected. The same pattern could be

observed also in the case of heterozygosity. The fact that

Figure 1 Effect of heterozygosity on the assembly of the physical map. a| and b| CB Maps of two real contigs of the grape physical map ('a' cor-

responds to contig number 69 and 'b' to contig number 354) showing the so called 'scissoring effect', one of the main consequences of heterozygos-

ity. On both contigs a polymorphic SNP marker has been physically mapped by BAC-pooling first, followed by PCR determination of the BAC clones 

containing each of the two alleles. The clones on which one allele maps have been highlighted in red and the ones on which the other allele maps 

in blue. It is interesting to observe that the two alleles of the same SNP marker map onto different clones which are not overlapping each other. The 

problem which affects the assembly of these two contigs has been called 'scissoring effect'. Basically, the clones within a contig tend to split apart, 

with the ones belonging to one allele at one extremity and the ones belonging to the other allele at the other extremity. As a consequence, the af-

fected contigs show an expansion in the CB map size. c| and d| Two plots depicting simulated contigs from the in silico simulation at 42% sequence 

divergence, where the clones belonging to one allele have been highlighted in orange and the ones belonging to the other allele in blue. In 'c' the 

'scissoring effect' is particularly evident on the right extremity, while the other part of the contig shows a more complex situation. Indeed, the scissor-

ing effect can be locally more or less important and this is thought to be related to the variation in the levels of heterozygosity along the contig/chro-

mosome. This situation is particularly consistent with the pictures 'a' and 'b'. The contig displayed in 'd' shows instead a different situation, being made 

up by clones which belong only to one allele (in orange). This scenario is consistent with the cases of allele testing in which the two alleles hybridize 

onto separate contigs (see text).
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in the maps of black cottonwood and apple an expansion

of about 1.2 fold the genome was observed compared to

1.87 fold in the Pinot Noir could confirms this hypothe-

sis. However, in black cottonwood it was often observed

that two different physical contigs aligned to the same

region of a sequence contig: this fact suggests the exis-

tence of haplotype-specific contigs in the BAC map [21].

Furthermore, if only a single haplotype was considered

for each of the co-aligning contigs anchored to the

sequence, then the overall genome size estimate repre-

sented by the map showed almost no expansion. To sum

up, the expansion of the black cottonwood map is, at least

partially, due to the formation of allelic physical contigs,

but if compared to grapevine the rate of expansion is

reduced. The reason for this difference in the expansion

could be found in the fingerprinting technique, but also

in the different parameters used for the map assembly.

In this work, the impact of DNA sequence heterozygos-

ity on the physical map assembly was evaluated by using

different approaches. First, 35 SNP markers were selected

and BAC clones containing the alternative alleles were

identified to ascribe them to the two haplotypes. All of

the SNP markers had been genetically mapped to a

unique position within the genome, to avoid the poten-

tially confounding effect of genome duplications. How-

ever, it is to be considered that genome duplications in

grapevine should not pose a big problem for the assembly

of a physical map. In fact, even if grapevine appears to be

an ancient hexaploid [32], the last round of duplication

within its genome took place before the separation from

black cottonwood, that is about 60-65 Myrs ago [31,32].

Therefore, the impact of duplicated genomic regions (or

homeology) on the map is likely to be very reduced in

grapevine, and not as important as it is for instance in

soybean [38].

The analysis carried out on this set of SNPs showed

that both haplotypes mapped to the same contig in 13

(37%) cases ('A' class), while each haplotype mapped to a

different contig in 10 (29%) cases ('B' class). In the

remaining 12 (34%) cases ('C' class), BACs ascribed to the

same haplotype were found on more than one contig and

showed several different patterns. In 6 out of those 12

cases, the two haplotypes were found on the same contig,

but one or both of the two alleles did also map to other

contigs or singletons. In the other 6 cases, the two haplo-

types were always found on separated contigs, but one or

both of the two alleles were found on more than one con-

tig or singleton. Altogether, these 35 polymorphic mark-

ers were found on 59 physical contigs, which

corresponded to 1.7 contigs per marker. Moreover, if the

same calculation was performed on the 'C' class', the

value rose to 2.3 contigs per markers. The finding that

allelic BAC clones i.e., deriving from each of the two hap-

lotypes, mapped frequently to different contigs is consis-

tent with the increased size of the physical map when

compared to the estimated genome size and shows that

DNA sequence heterozygosity results in significant dif-

ferences in BAC fingerprints. The FPC software resolves

such difficulties in a conservative mode increasing contig

number. Furthermore, this evidence is perfectly in agree-

ment with the results obtained in the physical map of

black cottonwood [21]. Even when the BAC clones from

the two haplotypes assembled in a single contig (Figure

1a, b) their relative positioning within the contig was

often not accurate, with the clones from each haplotype

locally assembling separately rather than overlapping

each other. This local assembly problem, which we

named "scissoring effect", was not observed in the black

cottonwood assembly.

Second, assemblies were performed using in silico con-

structed BAC fingerprints that simulated differences due

to increasing levels of DNA heterozygosity between the

two allelic haplotypes (Table 3). The number of Q clones

increased in parallel to the increase in the DNA differ-

ences between the haplotypes. This supports the conclu-

sion that the high frequency of contigs with Q clones

shown in Table 2 derives largely from the high level of

DNA heterozygosity. When the differences in fingerprint

bands between the two haplotypes reached 42% we also

observed a sharp increase in the total map size and in the

number of contigs assembled. Multiple contigs were

often assembled, that frequently contained BAC clones

from a single haplotype (Figure 1d). When the BAC

clones from the two haplotypes assembled in a single

Table 1: Sources of BACs fingerprinted to develop the Pinot Noir physical map

Libraries Cloning site Mean insert size No. of clones 

fingerprinted

Genome coverage

grp01 (Evry) HindIII 93 kb 23,040 4.6 ×

grp02 (Keygene) HindIII 125 kb 26,064 6.8 ×

Total (Both libraries) HindIII 110 kb 49,104 11.4×
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contig (Figure 1c) we often observed the same local

assembly problem ("scissoring effect") that we observed

in the real contigs that causes an artifactual map expan-

sion. These two phenomena together accounted for the

significant expansion of the total map size of the region

that reached up to a 40% increase, showing a similar

trend to the one that we observe in the real assembly of

the grape map. Still, it is to be considered that the real fin-

gerprints represent a much more complex situation, due

to the perturbing effect of several factors like the pres-

ence of residual contaminations, unremoved background

peaks, chimeric clones, and the complexity of the whole

genome. These aspects are likely to be responsible for the

difference between the 1.87× expansion found in the real

assembly and the 1.4× expansion obtained from the simu-

lated data. In any case, in silico simulations agree with the

data from our grape map assembly and with the analysis

of the BAC clones containing the alternative alleles

reported above in terms of map expansion and the sepa-

ration of haplotypes into different contigs. A difference of

42% in the fingerprint bands obtained from the two hap-

loptypes is realistic given that it requires 4.2% average

nucleotide sequence divergence between them.

To integrate the physical map with the genetic map, two

complementary strategies were adopted. The first was

based on developing genetic markers from BAC-end

sequences and placing them on the linkage map. 316

markers were produced using this approach. 48 of them

were uninformative because derived from clones that

were not assembled into contigs and the remaining 268

assigned contigs to specific positions on the linkage map.

The second strategy made use of BAC pools [39] con-

structed according to Klein et al. [18]. A six dimensional

pooling geometry represented the best compromise to

achieve a high efficiency in unambiguous marker assign-

ment to BAC clones, while reducing considerably the

number of PCR assays. A total of 24,576 BAC clones were

pooled in six distinct directions (or six unique coordinate

axes) to generate 184 pools. Primers for 133 microsatel-

lite markers and 174 EST markers were used to screen the

BAC pools. 15 unique AFLP primer combinations that

identified 149 markers on the Pinot Noir genetic map

[40] were also used. 25 SSR and 36 EST markers could not

be assigned unambiguously to BAC clones (See methods)

and were discarded from further analyses. An average of

4.9 BAC clones were identified for ESTs, 3.6 for SSRs, and

2.0 for AFLP markers (Table 4). AFLP markers identified

a single BAC more frequently than SSR or EST markers:

this can be explained by the high stringency adopted dur-

ing AFLP screenings of pools, which led to discard faint

bands that could have resulted in marker mis-assignment

to BACs.

580 markers in total were used for the integration of

genetic and physical maps, including 89 SSRs, 116 ESTs,

107 AFLPs, and 268 BAC-end markers. A total of 436

contigs were assigned a position on the genetic map, cov-

ering 341.6 Mb. As expected, the average size of unas-

signed contigs was considerably smaller than the one of

positioned contigs (Table 5). 104 contigs, covering 102.0

Mb, were anchored by two or more markers, whereas

332, covering 239.6 Mb, were anchored by one marker.

For only 2 contigs, covering 1.6 Mb, more than one loca-

tion was determined on the genetic map because two of

the markers located on them mapped at distinct locations

Table 2: Status of the grape cv. Pinot Noir physical map 

assembly.

Number of clones 

fingerprinted

49,104

Number of clones used for 

map assembly

38,983

Number of singletons 3,372

Number of contigs 1,804

>200 clones 1

101-200 clones 14

51-100 clones 139

26-50 clones 350

10-25 clones 503

3-9 clones 557

2 clones 240

Unique bands in the contigs 807,776

Total physical length of the 

contigs (Mb)*

888

Number of Q clones 2,310

Number of Q contigs 662

*Each fingerprinted band was estimated to represent an average 

of 1.1 kb. The estimate was based on the average insert size of the 

BAC clones divided by the average number of bands per clone 

used for contig assembling
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on the genetic map. This conflict might depend from

errors present either in the genetic or in the physical map,

but more likely from genome duplications. Although

grapevine chromosomes pair as bivalents, and the species

has disomic inheritance [41], the genome of grapevine

should be considered polyploid (paleopolyploid [42,43])

because organized in more than 11 chromosomes. This is

not surprising because angiosperms have a propensity to

polyploidization [44], to the point that recent reviews

speak of all angiosperms [45], or 80% of them [46], being

to some extent polyploid. Data for sequenced dicot

genomes indicate that both Arabidopsis and poplar may

have undergone 3 rounds of duplications [31,44,47], with

the most recent one in poplar leading to high sequence

similarity between duplicated regions. Thus, some DNA

markers may identify multiple loci on the physical map,

only one of which may have been genetically mapped,

leading to contigs being assigned to multiple genetic loca-

tions. Obviously, one of such two locations should cor-

rectly correspond to a given contig.

The physical map assembly was validated at several

scales. Molecular markers were used to assess the overall

quality of our map following an a posteriori approach as

described by Meyers et al. [5]. When two or more genetic

markers identified BAC clones that were included in a

single contig, we observed a very good colinearity of

markers in the physical map and in the dense genetic map

derived from the cross Syrah X Pinot Noir (see above). If

all the contigs anchored to the genetic map by two or

more markers were considered, it was possible to observe

that in 104 out of 108 (96%) cases the markers were very

close on the genetic map. Subsequently, a similar survey

was undergone by taking into account only the molecular

markers developed from BAC end sequences. In fact,

these markers offer the best opportunity to validate the

physical map assembly since their location on the physi-

cal map is unambiguously determined. The results

obtained in this second case are very similar to the previ-

ous ones. In fact, in 26 out of 27 such cases (96%) the

genetic markers developed from the same contig did co-

map or map very closely on the genetic map. Then, the

assembled sequences of the Pinot Noir cultivar [33]

offered the possibility of controlling BAC order in the

physical map on a smaller scale. An example is provided

in Figure 2 where three genetic markers present in a

region of the linkage map of chromosome 6 are posi-

tioned in the same order in the DNA sequence cluster

22067 and in the physical contig 189. In addition, it is

worth to observe a methodological detail: BACs contain-

ing the same marker were correctly assigned to the con-

tig. However, they are not always overlapping as

expected, most probably because of the "scissoring effect"

that we previously ascribed to the heterozygosity of Pinot

Noir which contributes to the physical map expansion

(see Web FPC at http://genomics.research.iasma.it).

Afterwards, the sequence of the genome of the inbred

line of grape PN40024 [32] was also used for an assess-

ment of the whole physical map. 30,158 BAC-ends

obtained from the 'Pinot Noir' were positioned on the

PN40024 chromosomes through a stringent blast (e-value

1E-50, with at most three hits allowed to discard repeats):

11 contigs out of 1804 (0.6%) including at least two

groups of at least three BAC-ends each aligning to differ-

ent linkage groups were considered chimeric. In most of

the cases such contigs were linked by a single chimeric

clone (Table 6).

Table 3: Computer simulations of the effects of haplotype polymorphism on contig assembly using FPC.

% different 

fingerprint 

bands

% average 

sequence 

divergence

Consensus band 

units for entire 

region

Map coverage of 

the region

Number of 

contigs

% Questionable 

clones

0 0 1,172.5 ± 39.9 1.0 ± 0.0 1.1 ± 0.3 0.0 ± 0.0

25 2.5 1,252.4 ± 89.0 1.1 ± 0.1 1.2 ± 0.4 6.0 ± 4.9

42* 4.2 1,681.6 ± 129.4 1.4 ± 0.1 2.2 ± 1.0 18.8 ± 8.5

50 5.0 1,717.7 ± 206.5 1.4 ± 0.2 2.2 ± 0.9 24.7 ± 9.2

For each level of sequence divergence average and standard deviation values were computed for each of the parameters out of ten 

replicates. Coverage values are the ratio between the CB map length of the simulated contig and the CB map length of the original region 

(1,192 CB units).

* The average of 42% difference in fingerprint bands results from two areas without differences (containing 100 bands each, simulating small 

regions of identity by descent) and 50% difference in the rest of the region. In the other two cases differences were randomly distributed 

across the region.

http://genomics.research.iasma.it


Scalabrin et al. BMC Genomics 2010, 11:204

http://www.biomedcentral.com/1471-2164/11/204

Page 8 of 14

Conclusions
We have developed a resource that facilitates the access

to the grapevine genome in several ways. By one hand,

this tool can be used to easily create a link between

genetic maps and genomic sequences, thus facilitating

tasks such as positional cloning or QTL mapping. By

another point of view it could also become useful for

comparative purposes when studying other species

belonging to the family of Vitaceae.

The second relevant aspect which has been studied in

this work is the effect of heterozygosity on the construc-

tion of fingerprinting-based physical maps. Experimental

and in silico approaches have been undertaken and have

given comparable results, thus representing an example

of how the use of simulated data can help the study of

genomes. Furthermore, the description of the effects of

heterozygosity in physical mapping could be particularly

useful for further studies of genomes showing the same

features.

It looks like the assembly could be improved by the uti-

lization of new map assembly algorithms that explicitly

deal with the presence of two haplotypes regardless of the

levels and patterns of heterozygosity.

Methods
BAC library construction and BAC pooling

HindIII partially digested HMW DNA from V. vinifera cv.

Pinot Noir clone 115 was used to construct two libraries.

The first was obtained as described by Adam Blondon et

al. [35] and consisted of 23,424 clones (4.6× genome cov-

erage) stored into 384-well microplates. The average

insert size and the percentages of empty clones and plas-

tidial DNA were controlled as well [35]. The second

library was produced at Keygene (Wageningen, The

Table 4: Results of BAC pools screening with molecular markers.

ESTs SSRs AFLPs

Markers not assigned to BAC 

clones*

36 25 13

False positive or not 

fingerprinted BAC clones

16 7 8

Not amplified in one of the 

six pools or over-

represented in BAC clones

20 18 5

Markers assigned to BAC 

clones:

138

(4.9 clones*)

108

(3.6 clones*)

149

(2.0 clones*)

Class I: identified two or 

more BACs assembled in a 

single contig

82 54 39

Class II: identified only one 

BAC in a single contig

36 38 69

Class III: identified 

singletons (unassembled 

BACs)

6 7 31

Class IV: identified multiple 

BACs assembled into 

distinct contigs

14 9 10

Tested 174 133 162

Following BAC screening, each single putatively positive BAC clone has been picked and tested to confirm the primary pool screening result.

* average number of BAC clones identified for each marker type
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Table 5: Statistics of the grape cv. Pinot Noir physical map by linkage group

Linkage group No. of contigs Coverage (Mb) Average contig size (Kb)

1 22 16.442 747.4

2 23 18.086 786.3

3 18 16.723 929.1

4 20 16.204 810.2

5 21 19.363 922.0

6 24 19.514 813.1

7 29 23.517 810.9

8 27 19.104 707.6

9 16 9.922 620.1

10 26 17.971 691.2

11 20 16.114 805.7

12 21 18.910 900.5

13 28 22.111 789.7

14 24 21.627 901.1

15 17 12.814 753.8

16 20 10.416 520.8

17 18 17.927 995.9

18 37 28.286 764.5

19 25 16.570 662.8

Unassigned 2 1.600 800.0

Total contigs assigned to markers 436 341.621 783.5

Unassigned contigs 1,368 534.832 391.0

Total contigs 1,804 888.553 492.5
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Netherlands). DNA was ligated into the pIndigoBAC vec-

tor and ligation mixes with less than 4% of empty clones,

less than 4% of cpDNA contamination and insert size

>125 kb were selected. After transformation into E. coli

strain DH10β, 26.112 colonies were picked up (6.8×

genome coverage). In total, 49,104 clones were available

for fingerprinting. Average insert sizes for the two librar-

ies are described in Table 1.

BAC pooling followed the strategy proposed by Klein et

al. [18] 24,576 BAC clones (5× genome coverage) were

arranged in a stack which was sampled in six distinct

ways and a total of 184 pools were obtained.

BAC fingerprinting and BAC-end sequencing

BAC DNA was isolated and fingerprinted adapting to

grape the technology already developed for wheat and

rice [30]. BAC clones maintained in 384-well microplates

were preinoculated in 384-well microplates containing 70

μl 2× LB medium plus chloramphenicol (12.5 mg/ml) per

well, inoculated in 96-well plates containing 1.2 ml of the

same medium per well, and grown at 37°C with shaking at

250 rpm for 10-15 h. BAC DNA was isolated using the

96-well Unifilter plates (Whatman 7700-0062) following

the procedure described by Luo and coworkers [30] and

dissolved in 20 μl of ddH2O.

A total of 5 μl of a solution containing 5 units each of

BamHI, EcoRI, NdeI, XbaI, and HaeIII restriction

enzymes; 1× NEBuffer 2 (New England Biolabs, Boston,

MA); 2 μg BSA; 2 μg DNase-free RNase; and 0.1% β-mer-

captoethanol was added to 15 μL of the BAC DNA solu-

tion and the digestion was carried out at 37°C for 3 h in a

384-well PCR plate. Subsequently, 3 μL of labelling solu-

tion made up of 1.5 μL SNapShot Multiplex Ready Reac-

tion Mix (Applied Biosystems, Foster City, CA), 0.8 μL

Tris-HCl 100 mM, pH = 9.0, and 0.7 μL ddH2O were

added to each well and the plates were incubated at 65°C

for 1 h.

The BAC fingerprinting reaction was precipitated in

ethanol, resuspended in 10 μL of ddH2O and filtered

through Sephadex using the 384-well genCLEAN plates

(Genetix, New Milton, UK). After cleaning, DNA was

resuspended again in 10 μL of ddH2O and a mixture of

10.98 μL of Hi-Di formamide and 0.02 μL of Genescan

LIZ-500 internal size standard (Applied Biosystems, Fos-

ter City, CA) was added to each well. The samples were

then denaturated and loaded into an ABI 3730 DNA

sequencer (Applied Biosystems, Foster City, CA).

End sequencing of 19,957 BAC clones was performed

using 2.5 μL of BAC DNA and 1.0 of Big Dye 3.1 Termi-

nator Ready Reaction Mix (Applied Biosystems, Foster

City, CA), for a total reaction volume of 10 μL. Traces

were analysed by a pipeline of programs, including Phred,

RepeatMasker, Mummer, Cap3, and CrossMatch for

quality clipping, clustering, and repeats identification

(unpublished data). Some of the unique sequences were

then used for BAC anchoring to the linkage groups of the

genetic map.

Data processing and assembly of the physical map

The ABI GeneMapper 3.5 software (Applied Biosystems,

Foster City, CA) was first used to analyze all electrochro-

matograms and to produce a text file (containing areas,

heights, and sizes for each peak) for each BAC finger-

print. Then, 809 ribosomal and 941 chloroplastic con-

taminated clones were removed. Ribosomal and

chloroplastic clones were detected through a comparison

to previously built-in ribosomal and chloroplastic finger-

print patterns and by blasting the 30,158 BAC-ends ver-

sus the ribosomal (e-value 1E-30) and chloroplastic (e-

value 1E-200) sequences inferred from the genome

assemblies. Then, remaining clones were processed by

FPB [48], a PERL script to distinguish between peaks

originating from BAC clone restriction fragments and

background peaks (e.g., E. coli genomic DNA contamina-

tion or machine noise) using an iterative procedure[24],

to remove empty clones and vector bands and to convert

data to FPC format as in Genoprofiler. Finally, 384 and 96

cross-well contaminations were detected with the use of

the software GenoProfiler [49]: 1471 adjacent clones

sharing at least 50% of their bands were considered cross-

well contaminated and removed before the assembly. A

further analysis to prove that the in silico procedure was

sufficient to remove contaminations was performed on

contig 71 that is apparently highly contaminated as 19 of

its 38 clones originated from only 9 plates. Two analysis

were carried out. Initially, BAC-end sequencing and cor-

responding alignment on the PN40024 sequence[32]

revealed that in all cases but 2 there was no contamina-

tion since sequences were aligning in a single region of

chromosome 1; only two reads had the best hit on a dif-

ferent location (with their mate on the correct place) [see

Additional file 1]. Successively, four clones with no

sequence or with uncertain BES alignment were picked

up from glycerol stock and inoculated in 2× LB Medium

with chloramphenicol (12.5 mg/ul) over night, after that

each clone was streaked onto 2× LB medium agarose

plate with chloramphenicol and grown over night. Six

single colonies for each clone were picked and inoculated

in 2× LB medium with chloramphenicol over night indi-

vidually. BAC DNA of all clones were isolated and tested

by capillary electrophoresis fingerprinting. Fingerprints

produced for each of the six single colonies within each of

the individual BAC clone resulted identical.

The contig assembly was carried out based on the soft-

ware FPC 8.9 and following the approach suggested by

Nelson et al. [37]. Tolerance was set at 0.4 bp and for the

initial build the cutoff value was set at 1E-50. The map

was then further assembled in an iterative way, through 6
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Figure 2 Comparison of the physical contig 50 (CB units 0-1,000) with linkage group 17 (10-20 cM interval in the genetic map) and the cluster 9651 

(2-3 Mb) from the genome sequence assembly of Pinot noir (CMap viewer available at http://genomics.research.iasma.it). Correspondences 

among marker loci in the genetic map, BAC clones in the physical contig, and marker positions in the sequence are displayed with solid lines.

http://genomics.research.iasma.it
http://genomics.research.iasma.it
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rounds at successively less stringent cutoffs. Each round

consisted in: 1) a 3-step DQing process starting at the

same cutoff of the previous assembly and then decreasing

the cutoff by 105 at every successive step and 2) an auto-

matic end-joining step performed increasing the cutoff

value of the previous assembly by 105 times. Finally, con-

tigs were tested with internally developed scripts, to

detect intra-plate contaminations: only one contig was

seriously affected by such a problem (see Table 6, contig

2207).

In silico assessment of the effects of heterozygosity on BAC 

contig assembly

We started from the Consensus Band (CB) map of a high

quality assembled contig containing 1192 bands. We

assumed this to represent the ordered fingerprint bands

for the region from a single chromosome/haplotype. We

produced the expected CB map of the same region from

the homologous/allelic chromosome/haplotype by ran-

domly modifying a certain percentage of bands corre-

sponding to a certain level of sequence divergence. As a

first approximation each band produced in our finger-

printing method can be considered to be defined by 10

nucleotides and therefore a randomly distributed

sequence divergence of 1% between the two haplotypes is

expected to produce a difference in 10% of the fingerprint

bands obtained from the two chromosomes/haplotypes.

For each of the two chromosomes BACs were created

randomly to provide 5× coverage by defining an average

insert size (120 bands) and a range of variation (from 50

to 190 bands). Ten replicates of the BACs from the two

haplotypes were created for each sequence divergence

condition. The assembly was carried out iteratively, as

already described for the map, starting from a cutoff

Table 6: Chimeric clones detected by BES alignment versus the genomic sequence (linkage groups between parentheses) 

and by counting putative intra-plate contaminations (high number of clones from a single plate, in parentheses, in the 

same contig)

Contig Putative chimeric clone(s) Detection method E-value

(when merged)

14 1047_O11, 1040_J15 BES alignment (7, 14)

31 1101_K03, 2051_H20 BES alignment (2, 7)

61 1037_H06 BES alignment (4, 5)

329 2024_E09, 1093_O01 BES alignment (2, 18) 3e-25

458 1087_L01 BES alignment (1, 14)

552 2010_D07 BES alignment (2,18)

961 1038_L10 BES alignment (6, 16) 4e-37

994 1086_L13 BES alignment (4, 14) 3e-26

1424 1084_I11, 1099_A14 BES alignment (4, 16) 2e-25

2207 All clones from plate 1044 Intra-plate (1044)

2811 1039_G08, 1041_B15 BES alignment (18, 19), Intra-

plate (1039)

3130 Uncertain BES alignment (7, 10, 14)
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value of 1E-50. Averages of the different estimated

parameters were then obtained from the 10 replicates.

Integration between genetic and physical maps

A linkage map of the V. vinifera L. cross Syrah x Pinot

noir [40] was the basis to anchor genetically fingerprinted

BAC clones. In the genetic map, 994 markers were posi-

tioned with the help of 94 F1 hybrid individuals and

grouped in 19 linkage groups covering a total length of

1,245 cM. Linkage group assignment and ordering of loci

was established based on TMAP software [50] that finds

the maximum likelihood map using an error-compensat-

ing model. Details of linkage map construction are pro-

vided elsewhere [40].

The integration between physical and genetic maps was

carried out in two steps. First, 133 simple sequence

repeats (SSRs) and 174 expressed sequence tags (ESTs)

mapped markers were used to screen the BAC pools fol-

lowing a hot start amplification strategy [40]. After add-

ing SYBR Gold, samples were run on 1.5% agarose gel.

BAC clones hosting SSR and EST markers were identified

by a Unix-based application with a web interface. Addi-

tional anchor points were provided by screening the BAC

pools with the 15 unique amplified fragment length poly-

morphism combinations [51] used to identify 162

mapped AFLPs. Preamplification and selective amplifica-

tion were performed as for linkage analysis. AFLP ampli-

fication products from BAC pools were analyzed on

acrylamide gels along with amplification products from

the two parents and the mapping population as a control

(AFLP Quant-Pro, Keygene, Wageningen, NL). BACs

containing AFLPs were identified as for the other mark-

ers. Finally, the genetic position of 316 SNP markers

developed from the BAC-ends provided additional

anchoring information.

Additional material

Abbreviations
AFLP: Amplified Fragment Length Polymorphism; BAC: Bacterial Artificial Chro-

mosome; BES: BACEnd Sequence; EST: Expressed Sequence Tag; HICF: High

Information Content Fingerprinting; QTL: Quantitative Trait Locus; SNP: Single

Nucleotide Polymorphism; SSR: Simple Sequence Repeat; WGS: Whole

Genome Shotgun.

Authors' contributions
SS wrote the script for fingerprint background removal, removed the contami-

nations, assembled the map, performed the in silico assessment of heterozy-

gosity and the in silico validation of the whole map and participated in drafting

the manuscript. MT anchored the physical contigs to the genetic map with the

help of MP, GC, GM, and SG and participated in drafting the manuscript. MaM

constructed the physical map with the help of NF, GP, RM, participated to the

map assembly and validation and drafted the manuscript. MP constructed the

BAC pools. GF constructed the 'grp01' BAC library. GV performed BES sequenc-

ing with the help of IJ. TJ developed AFLP markers with the help of GM and

constructed the 'grp02' BAC library. CS performed some bioinformatic analysis

and server maintenance with the help of PF. AP contributed to the discussion

of the results. MiM and RV conceived the study, participated in its design and

coordination and contributed to reviewing the manuscript. All authors read

and approved the final manuscript.

Acknowledgements
This work was supported by the "Grapevine Physical Mapping" project funded 

by the Provincia Autonoma di Trento. The work on heterozygosity simulations 

was supported by a MIUR-FIRB grant to MM and by FIRB grant RBNE03B8KK to 

SS.

Author Details
1Dipartimento di Matematica e Informatica, Università di Udine, Via delle 

Scienze 206, 33100 Udine, Italy, 2Istituto di Genomica Applicata, Parco 

Scientifico e Tecnologico di Udine "Luigi Danieli", Via J Linussio 51, 33100 Udine, 

Italy, 3IASMA Research and Innovation Centre, Foundation Edmund Mach, Via E 

Mach 1, 38010 San Michele all'Adige (TN), Italy, 4Dipartimento di Scienze 

Agrarie ed Ambientali, Università degli Studi di Udine, Via delle Scienze 208, 

33100 Udine, Italy, 5Keygene NV, PO Box 216, 6700 Wageningen, The 

Netherlands and 6Dipartimento di Biologia, Università degli Studi di Padova, 

Via Ugo Bassi 58b, 35121 Padova, Italy

References
1. Fremont L: Biological effects of resveratrol.  Life Sci 2000, 66:663-673.

2. Aradhya MK, Dangl GS, Prins BH, Boursiquot JM, Walker MA, Meredith CP, 

Simon CJ: Genetic structure and differentiation in cultivated grape, Vitis 

vinifera L.  Genet Res 2003, 81:179-192.

3. Salmaso M, Faes G, Segala C, Stefanini M, Salakhutdinov I, Zyprian E, 

Toepfer R, Grando M, Velasco R: Genome diversity and gene haplotypes 

in the grapevine (Vitis vinifera L.), as revealed by single nucleotide 

polymorphisms.  Mol Breed 2005, 14:385-395.

4. Lamoureux D, Bernole A, Le Clainche I, Tual S, Thareau V, Paillard S, Legeai 

F, Dossat C, Wincker P, Oswald M, et al.: Anchoring of a large set of 

markers onto a BAC library for the development of a draft physical map 

of the grapevine genome.  Theor Appl Genet 2006, 113:344-356.

5. Meyers BC, Scalabrin S, Morgante M: Mapping and sequencing complex 

genomes: let's get physical!  Nat Rev Genet 2004, 5:578-588.

6. Morgante M, Salamini F: From plant genomics to breeding practice.  

Curr Opin Biotechnol 2003, 14:214-219.

7. Brunner S, Fengler K, Morgante M, Tingey S, Rafalski A: Evolution of DNA 

sequence nonhomologies among maize inbreds.  Plant Cell 2005, 

17:343-360.

8. Morgante M, Brunner S, Pea G, Fengler K, Zuccolo A, Rafalski A: Gene 

duplication and exon shuffling by helitron-like transposons generate 

intraspecies diversity in maize.  Nat Genet 2005, 37:997-1002.

9. Lodhi MA, Reisch BI: Nuclear DNA content of Vitis species, cultivars and 

other genera of Vitaceae.  Theor Appl Genet 1995, 90:11-16.

10. Jansen RK, Kaittanis C, Saski C, Lee SB, Tomkins J, Alverson AJ, Daniell H: 

Phylogenetic analyses of Vitis (Vitaceae) based on complete 

chloroplast genome sequences: effects of taxon sampling and 

phylogenetic methods on resolving relationships among rosids.  BMC 

Evol Biol 2006, 6:32.

11. Hodgkin J, Plasterk RH, Waterston RH: The nematode Caenorhabditis 

elegans and its genome.  Science 1995, 270:410-414.

12. Hoskins RA, Nelson CR, Berman BP, Laverty TR, George RA, Ciesiolka L, 

Naeemuddin M, Arenson AD, Durbin J, David RG, et al.: A BAC-based 

physical map of the major autosomes of Drosophila melanogaster.  

Science 2000, 287:2271-2274.

13. McPherson JD, Marra M, Hillier L, Waterston RH, Chinwalla A, Wallis J, 

Sekhon M, Wylie K, Mardis ER, Wilson RK, et al.: A physical map of the 

human genome.  Nature 2001, 409:934-941.

Additional file 1 BAC-end alignment on the PN40024 sequence to 
disprove contaminations. contig 71 is apparently highly contaminated as 

19 of its 38 clones originated from only 9 plates. To disprove this BAC-end 

sequencing and corresponding alignment on the PN40024 sequence[32] 

was carried out. Clones from plate 1070 are contaminated at the library 

level (they are identical) since corresponding BES align at the same posi-

tions. Only two BES hit (with low similarity percentage) on different loca-

tions but with their corresponding mate blast hit in the correct location.

Received: 15 September 2008 Accepted: 26 March 2010 

Published: 26 March 2010
This article is available from: http://www.biomedcentral.com/1471-2164/11/204© 2010 Scalabrin et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.BMC Genomics 2010, 11:204

http://www.biomedcentral.com/content/supplementary/1471-2164-11-204-S1.XLS
http://www.biomedcentral.com/1471-2164/11/204
http://creativecommons.org/licenses/by/2.0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10680575
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12929909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16791700
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15266340
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12732323
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15659640
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16056225
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16603088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7569995
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10731150
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11237014


Scalabrin et al. BMC Genomics 2010, 11:204

http://www.biomedcentral.com/1471-2164/11/204

Page 14 of 14

14. Gregory SG, Sekhon M, Schein J, Zhao S, Osoegawa K, Scott CE, Evans RS, 

Burridge PW, Cox TV, Fox CA, et al.: A physical map of the mouse 

genome.  Nature 2002, 418:743-750.

15. Wallis JW, Aerts J, Groenen MA, Crooijmans RP, Layman D, Graves TA, 

Scheer DE, Kremitzki C, Fedele MJ, Mudd NK, et al.: A physical map of the 

chicken genome.  Nature 2004, 432:761-764.

16. Chang YL, Tao Q, Scheuring C, Ding K, Meksem K, Zhang HB: An 

integrated map of Arabidopsis thaliana for functional analysis of its 

genome sequence.  Genetics 2001, 159:1231-1242.

17. Marra M, Kucaba T, Sekhon M, Hillier L, Martienssen R, Chinwalla A, 

Crockett J, Fedele J, Grover H, Gund C, et al.: zA map for sequence 

analysis of the Arabidopsis thaliana genome.  Nat Genet 1999, 

22:265-270.

18. Klein PE, Klein RR, Cartinhour SW, Ulanch PE, Dong J, Obert JA, Morishige 

DT, Schlueter SD, Childs KL, Ale M, Mullet JE: A high-throughput AFLP-

based method for constructing integrated genetic and physical maps: 

progress toward a sorghum genome map.  Genome Res 2000, 

10:789-807.

19. Chen M, Presting G, Barbazuk WB, Goicoechea JL, Blackmon B, Fang G, 

Kim H, Frisch D, Yu Y, Sun S, et al.: An integrated physical and genetic 

map of the rice genome.  Plant Cell 2002, 14:537-545.

20. Wu C, Sun S, Nimmakayala P, Santos FA, Meksem K, Springman R, Ding K, 

Lightfoot DA, Zhang HB: A BAC- and BIBAC-based physical map of the 

soybean genome.  Genome Res 2004, 14:319-326.

21. Kelleher CT, Chiu R, Shin H, Bosdet IE, Krzywinski MI, Fjell CD, Wilkin J, Yin 

T, DiFazio SP, Ali J, et al.: A physical map of the highly heterozygous 

Populus genome: integration with the genome sequence and genetic 

map and analysis of haplotype variation.  Plant J 2007, 50:1063-1078.

22. Han Y, Gasic K, Marron B, Beever JE, Korban SS: A BAC-based physical 

map of the apple genome.  Genomics 2007, 89:630-637.

23. Zhebentyayeva TN, Swire-Clark G, Georgi LL, Garay L, Jung S, Forrest S, 

Blenda AV, Blackmon B, Mook J, Horn R, et al.: A framework physical map 

for peach, a model Rosaceae species.  Tree Genetics & Genomes 2008, 

4:745-756.

24. Moroldo M, Paillard S, Marconi R, Fabrice L, Canaguier A, Cruaud C, De 

Berardinis V, Guichard C, Brunaud V, Le Clainche I, et al.: A physical map of 

the heterozygous grapevine 'Cabernet Sauvignon' allows mapping 

candidate genes for disease resistance.  BMC Plant Biol 2008, 8:66.

25. Mozo T, Dewar K, Dunn P, Ecker JR, Fischer S, Kloska S, Lehrach H, Marra M, 

Martienssen R, Meier-Ewert S, Altmann T: A complete BAC-based 

physical map of the Arabidopsis thaliana genome.  Nat Genet 1999, 

22:271-275.

26. Coulson A, Sulston J, Brenner S, Karn J: Toward a physical map of the 

genome of the nematode Caenorhabditis elegans.  Proc Natl Acad Sci 

USA 1986, 83:7821-7825.

27. Nelson W, Soderlund C: Software for restriction fragment physical 

maps.  In The Handbook of Plant Genome Mapping: Genetic and Physical 

Mapping Edited by: Meksem K, Kahl G. Wiley-VCH; 2005:285-306. 

28. Xu Z, Sun S, Covaleda L, Ding K, Zhang A, Wu C, Scheuring C, Zhang HB: 

Genome physical mapping with large-insert bacterial clones by 

fingerprint analysis: methodologies, source clone genome coverage, 

and contig map quality.  Genomics 2004, 84:941-951.

29. Nelson WM, Dvorak J, Luo MC, Messing J, Wing RA, Soderlund C: Efficacy 

of clone fingerprinting methodologies.  Genomics 2007, 89:160-165.

30. Luo MC, Thomas C, You FM, Hsiao J, Ouyang S, Buell CR, Malandro M, 

McGuire PE, Anderson OD, Dvorak J: High-throughput fingerprinting of 

bacterial artificial chromosomes using the snapshot labeling kit and 

sizing of restriction fragments by capillary electrophoresis.  Genomics 

2003, 82:378-389.

31. Tuskan GA, Difazio S, Jansson S, Bohlmann J, Grigoriev I, Hellsten U, 

Putnam N, Ralph S, Rombauts S, Salamov A, et al.: The genome of black 

cottonwood, Populus trichocarpa (Torr. & Gray).  Science 2006, 

313:1596-1604.

32. Jaillon O, Aury JM, Noel B, Policriti A, Clepet C, Casagrande A, Choisne N, 

Aubourg S, Vitulo N, Jubin C, et al.: The grapevine genome sequence 

suggests ancestral hexaploidization in major angiosperm phyla.  

Nature 2007, 449:463-467.

33. Velasco R, Zharkikh A, Troggio M, Cartwright DA, Cestaro A, Pruss D, Pindo 

M, Fitzgerald LM, Vezzulli S, Reid J, et al.: A high quality draft consensus 

sequence of the genome of a heterozygous grapevine variety.  PLoS 

ONE 2007, 2:e1326.

34. Vinson JP, Jaffe DB, O'Neill K, Karlsson EK, Stange-Thomann N, Anderson S, 

Mesirov JP, Satoh N, Satou Y, Nusbaum C, et al.: Assembly of polymorphic 

genomes: algorithms and application to Ciona savignyi.  Genome Res 

2005, 15:1127-1135.

35. Adam-Blondon AF, Bernole A, Faes G, Lamoureux D, Pateyron S, Grando 

MS, Caboche M, Velasco R, Chalhoub B: Construction and 

characterization of BAC libraries from major grapevine cultivars.  Theor 

Appl Genet 2005, 110:1363-1371.

36. Soderlund C, Humphray S, Dunham A, French L: Contigs built with 

fingerprints, markers, and FPC V4.7.  Genome Res 2000, 10:1772-1787.

37. Nelson WM, Bharti AK, Butler E, Wei F, Fuks G, Kim H, Wing RA, Messing J, 

Soderlund C: Whole-genome validation of high-information-content 

fingerprinting.  Plant Physiol 2005, 139:27-38.

38. Wu CC, Nimmakayala P, Santos FA, Springman R, Scheuring C, Meksem K, 

Lightfoot DA, Zhang HB: Construction and characterization of a 

soybean bacterial artificial chromosome library and use of multiple 

complementary libraries for genome physical mapping.  Theor Appl 

Genet 2004, 109:1041-1050.

39. Barillot E, Lacroix B, Cohen D: Theoretical analysis of library screening 

using a N-dimensional pooling strategy.  Nucleic Acids Res 1991, 

19:6241-6247.

40. Troggio M, Malacarne G, Coppola G, Segala C, Cartwright DA, Pindo M, 

Stefanini M, Mank R, Moroldo M, Morgante M, et al.: A dense single-

nucleotide polymorphism-based genetic linkage map of grapevine 

(Vitis vinifera L.) anchoring Pinot Noir bacterial artificial chromosome 

contigs.  Genetics 2007, 176:2637-2650.

41. Doligez A, Bouquet A, Danglot Y, Lahogue F, Riaz S, Meredith P, Edwards J, 

This P: Genetic mapping of grapevine (Vitis vinifera L.) applied to the 

detection of QTLs for seedlessness and berry weight.  Theor Appl Genet 

2002, 105:780-795.

42. Hilu KW: Polyploidy and the evolution of domesticated plants.  Am J Bot 

1993, 80:1494-1499.

43. Stebbins GL: Chromosomal evolution in higher plants London, UK: Edward 

Arnold Ltd; 1971. 

44. Bowers JE, Chapman BA, Rong J, Paterson AH: Unravelling angiosperm 

genome evolution by phylogenetic analysis of chromosomal 

duplication events.  Nature 2003, 422:433-438.

45. Soltis PS: Ancient and recent polyploidy in angiosperms.  New Phytol 

2005, 166:5-8.

46. Masterson J: Stomatal size in fossil plants: evidence for polyploidy in 

majority of angiosperms.  Science 1994, 264:421-424.

47. Vision TJ, Brown DG, Tanksley SD: The origins of genomic duplications in 

Arabidopsis.  Science 2000, 290:2114-2117.

48. Scalabrin S, Morgante M, Policriti A: Automated FingerPrint Background 

removal: FPB.  BMC Bioinformatics 2009, 10:127.

49. You FM, Luo MC, Gu YQ, Lazo GR, Deal K, Dvorak J, Anderson OD: 

GenoProfiler: batch processing of high-throughput capillary 

fingerprinting data.  Bioinformatics 2007, 23:240-242.

50. Cartwright DA, Troggio M, Velasco R, Gutin A: Genetic Mapping in the 

Presence of Genotyping Errors.  Genetics 2007, 176:2521-2527.

51. Grando MS, Bellin D, Edwards KJ, Pozzi C, Stefanini M, Velasco R: Molecular 

linkage maps of Vitis vinifera L. and Vitis riparia Mchx.  Theor Appl Genet 

2003, 106:1213-1224.

doi: 10.1186/1471-2164-11-204

Cite this article as: Scalabrin et al., Physical mapping in highly heterozygous 

genomes: a physical contig map of the Pinot Noir grapevine cultivar BMC 

Genomics 2010, 11:204

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12181558
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15592415
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11729165
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10391214
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10854411
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11910002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14718376
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17488239
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17270394
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18554400
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10391215
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16593771
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15533711
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17011744
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12906862
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16973872
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17721507
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18094749
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16077012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15834699
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11076862
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16166258
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15164176
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1956784
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17603124
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12582493
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12660784
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15760346
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17836906
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11118139
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19405935
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17018534
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17277374
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12748772

	Abstract
	Background
	Results
	Conclusions

	Background
	Results and discussion
	Conclusions
	Methods
	BAC library construction and BAC pooling
	BAC fingerprinting and BAC-end sequencing
	Data processing and assembly of the physical map
	In silico assessment of the effects of heterozygosity on BAC contig assembly
	Integration between genetic and physical maps

	Additional material
	Abbreviations
	Authors' contributions
	Acknowledgements
	Author Details
	References

