Grape (Mtis vinifera L.) BAC Library Construction,
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Ve have constructed a grape BAC library using the cultivar Syrah. The library contains 55 296 clones stored
in 144 384-vell mcrotiter plates. A random sanpling of 381 BACs indicated an average insert size of 144 kb
with a range of 30 to 355 kb, and less than 4%of the clones do not contain inserts. Eighty-nine percent of
BAC clones in the library have an average insert size greater than 100 kb. Based on a genome size of 483 M,
library coverage is 16.5 haploid genome equivalents. Screeni n% the BAC library colony filters with cpDNA
sequences showed that contamnation of the genomc library with chlioroplast clones was low (1.5%. Library
screening of an 11X coverage (2 BAC colony filters) with 12 cDNA probes corresponding to flavonoid and
stilbene biosynthesis genes resulted in an average of 13 hits per probe (range = 1 to 27). To gain a glinpse
into the grape genone and evaluate the library for sequence-tagged connector (STC) devel opment, 768 BAC
clones were end sequenced in both forward and reverse directions. The STCs were queried against the

SW SS-PROT dat abase and significant hits were sorted according to putative function.

Key words: Gape, BAC library, BAC end sequencing, flavonoid and stilbene biosynthesis

Gape (Mtis vinifera L) is one of the nost inportant horti-
cutural fruit crops in the world [13]. Rapid progress in cultivar
i nprovenent through traditional breeding methods is hanpered by
extensive labor, funding, and other aspects required for cul-
tivation. Furthernore, our understanding of grapevine genetics is
limted, prinarily due to the lack of inbred lines required for
extensive genetic study. Therefore, nolecular breeding ap-
proaches provide additional tools in the devel oprent and sub-
sequent sel ection of novel grape cultivars.

In recent years, the molecular mapping of the grape genone
has been acconpl i shed using domnant POR-based narkers and a
pseudot est cross approach to linkage analysis [4,7]. These naps are
able to provide the necessary guide for the physical mapping
and cloning of genes associated wth inportant horticultural
traits.

The map-based cloning of inportant genes requires the de-
velopnent of large insert genomic libraries. The bacteria artifi-
cial chronosome (BAQ cloning system appears to offer advan-
tages over other large insert cloning systens [11,18]. Therefore,

the BAC systemis very appealing as a vehicle for advanced
genome analysis in grape. A the present tine, there are no pub-
lished reports of BAClibraries for grape.

In the current study, we report the devel opnent of a BAC
library for the grape cultivar Syrah, an inportant red wine
gernplasm that contains genes of interest in regard to flavonoid
and stilbene biosynthesis. The library was characterized wth
chioroplast DNA sequences and cDNAs associated with fla-
vonoid and stilbene hiosynthesis. A prelimnary STC database
for the grape genone based on the sequencing of 1,536 BAC
ends was also devel oped. Bioinfornmatic analysis of the SICs
provi des new insights into grape genome Structure.

Material s and Met hods

BAC library construction. A new BAC vector, pQUd-1
vas used and prepared as described by Luo et a. [8]. Mgabase
plant DN\A enbedded in agarose plugs was obtained as described
by Peterson et a. [9, using the nethod for plant tissue
containing high levels of secondary conpounds. Partial
digests of negabase DNA (using HndiIl, size selections, and
ligations were performed as described in detail by Peterson et
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individually in 144 334-vell mcrotiter plates. Three copies of
the library vere nade and stored in separate -80°C freezers.

BAC clone characterization. To prepare BAC DNA 3 ni
LB chloranphenicol (12.5 ug /uL) cultures were grown over-
night in six-cell autogen tubes and miniprepped robotically
(Autogen 740 plasmd isol ation system Framngham MY. To
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estimate insert size and determne distribution of clone size, a
total of 384 BAC preps were perforned from clones selected at
random throughout the library. Due to DNA sanple loss, 381
preps were used for restriction analyses. The BAC DNA was
digested wth 7.5 units (10 hr at 37°Q of Notl and anal yzed by
pulsed field electrophoresis in 1%agarose gels (6 viecm 5 to 15
sec swtch time, 15 hr run tine, 14°Q. Southern blots of size-
separated BAC inserts were performed using standard protocol s
[10] after W nicking the gels (Gene Linker, Bio-Rad, Hercules,
CA). Total genomc grape DNA for use as probe was extracted
from Syrah plants using the DNAzol® ES extraction protocol
for plants (Mlecular Research Center, Qncinnati, GH and “P
| abel ed using standard random primng techni ques [10].

BAC library screening. Hgh-density colony filters for hy-
bridization based screening of the library were prepared using
the Genetix Qbot. Cones were gridded in double spots using a
4x4 array on 22.5 cm square Hybond N+ filters (Amersham
Corp., Buckinghanshire, WK). This gridding pattern allows
18,432 clones to be represented per filter. Qolony filters were
treated and hybridized using standard techniques [10]. Radiola-
beling (¥P) of probe DNA and hybridization of colony filters
vas performed using standard techniques [10]. Screening for
chloroplast DNA in the library used three barley chioroplast
clones containing ndhA (470 bp), rbecl (1,300 bp), and psbA
(1,400 bp) sequences. These sequences are spaced equi distant
around the 133 kb barley chioroplast genone. Chloroplast clones
vere obtained fromJ. DuBell (Dept. Biochemistry and B ophysics,
Texas AGM lhiversity, Qllege Sation). Screening vas also
performed with 12 c¢DNA clones associated with flavonoid and
stilbene biosynthesis as indicated in Table 1. A sumary of this
pathway and the various genes involved is presented by Sparvoli
et a. [12]. The cDVA clones used for the BAC filter hybridiza-
tions were obtained froma grape EST project managed by the
DuPont Corporation (Wlmington, DE). The putative function
of each cDNA vas determned based on sequence simlarity.

BAC end sequencing. Preparation of BAC DNA for end
sequenci ng was done in a 96-vell fornat using standard al ka-

Table 1 Grape BAC library hybridization results using 12 cDNA probes
associated with anthocyanin biosynthesis. Two high-density BAC
colony filter arrays were used for each probing, allowing the screening
of 11 hapl oi d genone equi val ents.

Probe No. hits
CHS (chal cone synt hase) 27
StSy (Stilbene synthase) 15
DFR (di hydrof | avonol 4-reduct ase) 6
CHR (Chal cone reduct ase) 22
F3H (flavanone 3-hydroxyl ase) 24
ANS (Anthocyanin synthase) 6
CHL (chal cone i sonerase) 9
F3'H (Flavonoid 3',5' - Hydoxyl ase ) 7
PAL (Phenyl al ani ne ammoni a | yase) 19
FLS (Flavonol synthase) 1
CAH (Ginnamat e 4- hydr oxyl ase) 21
F3'H (Flavonoid 3'5' - Hydoxyl ase (3')) 3

line lysis mniprep techniques. Sequencing reactions vere set up
according to the nanufacturer instructions for the Bg Dye
Termnator chemstry (Applied Bosystens, Foster dty, CA).
Reactions were performed using forward and reverse universal
priners. Sanples were loaded onto 48-lane sequencing gels in
AB 377 automated sequencers. Gels (250 ni) were conposed
of the followng: 5% Long Ranger (FMC), 6M urea, TEMED
18 uL, 150 uL ammoni um persul fate (10% stock), and 1x TBE
buffer. Reaction products were electrophoresed using a 3.5 hr
run. Base-calling was performed automatically using PHRED
[5,6], and vector sequences were removed by ORCES MATCH
(http://ww genone. washington. edu). Hgh-quality BAC end
sequences (defined as those having >100 nonvector bases wth a
PHRED quality value >20) were used as queries in FASTX
searches of the SVSSPRI database [2]. Al softvare was run
locally on a Sn Utra30 workstation using Solaris 2.6. The
grape BAC end sequences have been submtted to GenBank
under accessi on nunber s BH1676222746551 to
BHL686692747586.

Resul t's

BAC library construction and characterization. W have
constructed a BAC library for the red wnegrape cultivar Syrah
that is suitable for physical napping, CNA sequencing, and cloning
genes associated with key horticultural traits. Hndlll was used
as the cloning enzyne. The library consists of 55,296 clones stored
in 144 384-vell nicrotiter plates. Less than 4%of the clones do
not contain inserts as judged by random analysis of BACs
sampled from the library. A random sampling of 381 BAGS
taken fromthe library indicated an average insert size of 144
kb, with a range of 30 to 355 kb. Based on a haploid genone
size of 483 nb [1], the coverage of the library is approximately
16.5 haploid genome equivalents, resulting in a 99%
probability of recovering any specific sequence. Figure 1 shows
23 randomy selected clones digested wth Notl to release the
insert. The two Notl sites in pQU3-1 flank the miticloning site.
Because Notl is a GG8-base cutter and the grape genome is rela-
tively AT rich, digestion typically generates a vector band plus
one insert band.

To determne the size distribution of BAC clones in the Ii-
brary, the 381 BACs analyzed with Notl digests were grouped
by insert size, and the insert size of each clone was plotted against
the frequency of each group of clones represented in the library
(Fgure 2). Based on this analysis, 89%of the clones in the |i-
brary have an average insert size greater than 100 kb. O the
clones larger than 100 kb, 65%are greater than 125 kb.

To obtain an estimate of the representation of chloroplast
DM in the library, colony filters were screened with three dif-
ferent chioroplast genes. Results from this screening shoved that
approximately 1.5% of library sequences are chioroplast DNA
(data not shown). The low chloroplast DNA content of the Ii-
brary is likely due to the use of nuclei as a negabase DNA source
rather than protopl asts [14,15,19).

To test the library for coverage and isolate genomic regions
associated wth stilbene and flavonoid biosynthesis, screening
of high-density BAC colony filters was perforned using 12 grape
CONs identified as representing genes associated wth the stil-
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F| ure 2 Insert size distribution of BAC clones in the grape Syrah

BAC library. To estimate insert size range, BAC DNA from 381 ran-
donly selected clones were analyzed, as shown in Figure 1. Results
indicate that the average insert size is 144 kb, with over 89% of he
¢l ones > 100 kb,

bene and flavonoid biosynthesis pathway (Table 1). The filter
sets used for the cDNA-probes consisted of two filters repre-
senting 36,864 clones or 11 haploid genone equivalents. An
average of 13 positive signals were obtained for the 12 probes,
wth a range of 1 to 27. The wde range of positive signals iden-
tified between probes is likely indicative of the effects of pref-
erential cloning obtained from the use of a restriction enzyne
to generate the inserts. Nevertheless, an adequate nunber of posi-
tive clones were obtained for all probes, except for one cDNA
that only produced one positive signal. The average nunber of
hits was slightly above the expected estinate of 11 positive sig-
nals per probe, suggesting that some of the cDNAS may have
targeted duplicated regions of the genone or nenbers of gene
famlies. The BAC clones identified fromthis effort wll pro-
vide the full gene sequence including regulatory regions for
many of the key proteins involved in flavonoid and stilbene hio-
synthesis.

BAC end sequencing. To examne the feasibility of using a
STC strategy [17] to establish a franework for sequencing se-
lected regions of the grape genome, we sequenced and anal yzed
the ends (forvard and reverse) of the first 768 clones in the [i-
brary. After editing, redundancy vas evaluated by querying the
sequences agai nst thensel ves, wth the result that a nonredundant
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Fi %ure 1 Analysis of 23 randorﬂy sel ected grape
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data set of 1,031 sequences was devel oped. Hgh-quality
nonredundant sequences were searched against the SWSS
PROT dat abase using the FASTX algorithm A probability cutoff
value (E value) of a least 10° was used to assign putative
identities to the STG. The SWSSPROT search resulted in 110
(11% of the sequences showing similarity to sequences of
known function. Sgnificant search results were then sorted into
gight different functional categories (Table 2). Mny of the STG
shared sequences simlar to retrotransposons and constituted a
significant conponent of the data set (41%. The next |argest
categories of STCs were those involved in netabolisni phot o-
synthesis (25%, structural roles (14%, regulatory roles (9%,
ribosomal (6%, cell defense, communication, division (3%, and
hypot hetical proteins (1%.

The highly significant STCs showing simlarity to various
plant proteins other than retroel enents were extracted from the
data set and are listed in Table 3. G these STGs, 18%vere best
matches to Arabidopsis thaliana proteins, likely because hoth
are dicots and Arabidopsis is the nost-studied plant Species
whose genome has been sequenced. The hits on Arabidopsis
proteins contained a variety of functions in the metabolic, regu
latory, structural and ribosonal categories. Qher plant species
giving miltiple best matches included a variety of dicots and
monocots: N cotiana tabacum (10%, Zea Mys (10%, @ ycine
max (8%, Lycopersicum esculentum (8%, Qyza sativa (8%,
and Solanum tuberosum (8%. The other putative plant protein
functions were based on matches from 11 other diverse plant

Speci €s.

Table 2 Results fromquery of grape BAC end sequences aga| nst the

SWSS-PROT dat abase. Sl(r]nlflcant hits (N =110, E < 1x10%) were

categorized according to function and listed in descend ng order wth
largest group first.

Functional category No. Percent
Retroel enent rel ated 45 41
Enzymati c(net abol i ¢, phot osynt hesi s) 28 25
Structural 16 14
Regul at ory( ki nase, phosphat ase, transcri pti onal ) 10 9
Ri bosoml 7 6
Cel | defense, communication, and division 3 3
Hypot heti cal /uncl assi fi ed 1 1
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Di scussi on

Here we describe the devel opment and characterization of a
high-quality BAC library for the red wnegrape cultivar Syrah.
This large insert library provides an inportant resource for nap-
hased cloning of genes, physical napping, and DNA sequencing
inthis valuade fruit crop. The library has been deposited in the
Qenson Uhiversity Genomics Institute BACEST Resource Center
and is pudlicly available upon signing an nateria transfer
agreenent wth the Centre for Pant Qonservation Genetics.
Requests for high-density BAC colony filter arrays and clones
can be subnitted through the Qemson University Genonics
Institute web page (www genone. cl enson. edu).

The utility of the library for identifying inportant regions of
the grape genong associ ated with col or devel opnent in the herry

vas demonstrated by screening the BAC colony filters with 12
cD\NAs representing key enzymes in the flavonoid and stilbene
hi osynthesis pathway. The flavonoid biosynthetic genes were
chosen because they control inportant traits such as disease re-
sistance, fruit color, and production of secondary metabolites,
which provide benefits to human health. Mst of these genes
have been shown to be present in single or |ow copy nunber in
mny plant species, including grape [12]. Therefore, the pres-
ence and frequency of these genes within the grape BAC library
provides some indication as to the coverage of the library. G
genes are generally present in higher copy nunber than other
flavonoid genes, and it has been shown that StSy genes are
present in greater nunbers [12]. Probes used to screen the BAC
library were from expressed gene sequences and may have cross-
hybridized to miltiple gene fanily nenbers of high sequence

Table 3 The highly significant hits (E < 1x10-06) for plant proteins (excluding retroel enent and proline-rich proteins) fromthe SWSS
PROT query of grape BAC end sequences. Entries are sorted al phabetical ly by best match plant species and secondly by significance.
End sequences have been subnitted to GenBank under accession nunbers BHL676222746551 to BHL686692747586.

BAC end ID  Best match protein Best match plant species Y%identity Significance
1307f ATP synthase al pha chain Arabidopsi s thaliana 92 8.5e-73
2P08r 60S ribosomal protein L21 Arabidopsi s thaliana 86 4. 2e-48
2G15f Cytochrome P450 Arabidopsi s thaliana 61 6. 7e- 46
2N20r Cal nexi n honol og precur sor Arabidopsi s thaliana 59 7.4e-34
1102t @ycine-rich cell wall protein Arabidopsi s thaliana 53 9.8-11
2ML7f Hstidine transporter protein Arabi dopsi s thaliana 50 2.9e-09
2N22r Protein kinase TWK1 Arabi dopsi s thaliana 33 1. 9e-06
1L21r Cationic peroxi dase Arachi s hypogaea 34 1. 9e-06
1k15f Fructose-1,6- bi sphosphat e Brassi ca napus 75 2.3e-20
2004r Cytochrome P450 Cat harant hus roseus 40 1. 1e-07
2E15r Oi hydrof | avonol - 4-reduct ase Gerbera hybridia 39 2.3e-10
2N16f Potential heme binding protein dycine max 73 5. 4e-48
1017 Nodul in 21 dycine max 64 6. 7e- 23
2D24F Early nodulin 75 precursor dycine max 34 2.9%-11
11 Delta cadenine synthase isozyme XCl4 Gossypi um ar bor eun 52 le-19
2n12r 23KDA Jasnonat e i nduced protein Hor deum vul gare 91 2. 6e-58
2N10r Heat shock 70KDA protein Lycopersi con escul entum 64 2e- 36
1BO7r Véter stress induced tonoplast protein Lycopersi con escul ent um 66 1.9e-13
2J09f Plasma nenbrane ATPase proton punp Lycopersi con escul entum 85 2.7e-08
2L02r 60S ribosomal protein L2 Nicotiana tabacum 80 5. 4e- 24
2C22r Magnesi um chel at ase subuni t Nicotiana tabacum 83 2.2e-18
1L06r NADH pl ast oqui none oxi dor educt ase Nicotiana tabacur 78 3e-13
1A08r Aristol ochene synthase Nicotiana tabacum 31 dell
2E12f Fructose hi sphophat e al dol ase Oryza sativa 66 8.9e-42
2F08r 40S ribosomal protein S19 Oryza sativa 86 6. 9e-40
2F24r 60S ribosomal protein L5 Oryza sativa 69 2.4e-21
2MLOr @ycine-rich cell wall protein Petunia hybridia 55 3. 7e-24
INL5f Desat urase Ricinus comunis 86 2.8e-15
21T Phosphol i pase Ri i nus comuni s 59 9e- 06
2B17r Phot osystem 11 Chl orophyl | A Popul ous del toi des 50 4. 3e-25
2H02r 60S ribosomal subunit L5 Sol anum nel ongena 67 1.8e-25
2M23r Cytochrome P450 Sol anum nel ongena 44 4. 8e-13
2N24r Phot osystem | | 10KDA Sol anum t uber osum 54 2e-10
2P02r Phot opsystem | | 10KDA Spinacia ol eracea 63 3.7e-21
1D13r Chl oroplast 30S ribosomal protein 30S Spinaci a ol eracea 67 1. 5e-09
2P24r 2, 3-hi sphosphogl ycerat e Zea mays 88 8. 6e-57
2H16r 60S Acidic ribosomal protein Zea mays 83 6. 9e- 28
2L.24r H stone HA Zea mays 68 1. 1lel4
2B03r Tubulin beta-1 chain Zea mays 53 6. 6e- 20

Am 3. Enol. Mtic. 524 (2000)



simlarity. The results, hovever, were indicative of the good rep-
resentation provided by the library, as an average of 13 hits per
probing were obtained when an 11X filter representation was
screened.

The BAC library screening results al so suggest a close physical
linkage of the S and CHS genes in the grape genone: 19 BAC
clones hybridized to CHS only, 7 hybridized to &S only, and 8
hybridized to both OGS and SS. Tropf et al. [16] have
suggested that SSy genes have developed from CHS genes sev-
eral tines in the course of evolution. The close physical asso-
ciation of CHS and StSy genes in grape nmay be the result of a
(HS gene duplication event, giving rise toa S gene.

End sequencing of 1,536 BAC clones produced a
nonredundant high-quality set of 1,031 STCs. Search results
against the SWSS-PROT database gave 110 significant hits (> 1
x 10-% that were sorted according to function. Not surprisingly,
miny of the matches were to retroelenent related sequences
(41%. This is actually a fairly low level of retroelenent content
for a dicot. In a prelininary survey of BAC end sequences for
tonato, a higher level (48% of retroelement matches were found
[3]. Because of the small genone size for grape and the low evel
of retroelement content, the grape BAC library is ideally suited
for the devel opment of an STC framework.
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