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Identification of regions of the genome that contain genes forbulk of the repetitive centromeric DNA that is resistant to diges-
economically important traits in livestock species and isolation oftion with Hindlll and remained in the compression band when the
those genes so that they can be utilized in breeding programBagments were separated by CHEF gel electrophoresis.

requires high-density genome maps. Large-insert clones such as The partial digests with 0.75 U and 1KIndlll were pooled in
yeast artificial chromosomes (YAC), P1-derived artificial chromo- a single lane for size selection by gel electrophoresis. The CHEF
somes (PAC), and bacterial artificial chromosomes (BAC) can begel for size selection was electrophoresed.ix TAE rather than
used to efficiently obtain accurate, high-resolution physical map®.5 x TBE because borate ions inhibit ligation. The pulse time was
of eukaryotic genomes (Cai et al. 1995). YAC libraries containingalso altered to 90-s because a 50-s pulse time previously had been
clones with inserts up to 1 Mb in size have been constructed fofound to adversely affect the ligation efficiency of the fragments,
humans (Albertsen et al. 1990), mice (Larin et al. 1993), rats (Capresumably because thé &erhang or phosphate group was lost.
et al. 1997), cattle (Libert et al. 1993), sheep (Broom and Hill The lambda ladder, however, was not resolved when a 90-s pulse
1994), and pigs (Rogel-Gaillard et al. 1997). However, YAC time was used. Consequently, the spread of fragments from 50 to
clones are often chimeric, consisting of DNA from different parts 250 kb were excised from the low-melting-point agarose gel based
of the genome that have accidentally been combined into a singlen the mobility in the previous CHEF gel that used a 50-s pulse
clone (Libert et al. 1993). This is a serious hindrance to physicatime. This problem is likely to account for the small€Q0 kb)
mapping and chromosome walking because the true location of thinan expected average library insert sizeés50 kb).

gene of interest cannot be readily determined. The excised gel was cut into four pieces. DNA from the three

BAC libraries have been constructed for a number of plantgel pieces containing the largest fragments was ligated to
species as well as for humans (Kim et al. 1996), mice (ResearchBeloBAC11 and transformed by electroporation into DRI®.
Genetics, Inc., Huntsville, AL), cattle (Cai et al. 1995), chickenscoli. Colonies produced from each ligation were sized, and it was
(Zimmer and Gibbons 1997), goats (Schibler et al. 1998) andietermined that the DNA in the second largest gel piece would be
horses (Godard et al. 1998) with cloning systems based on thased for library construction. Many of the inserts obtained from the
Escherichia coliF factor. BAC clones are stable, easy to manipu- largest gel piece were actually smaller than those from the second
late, and are rarely chimeric (Shizuya et al. 1992; Cai et al. 1995)largest piece and may indicate that the majority of fragments in
The only disadvantage of the BAC technology for chromosomethat gel slice exceeded the cloning capability of the BAC vector.
walking is that the DNA inserts are somewhat smaller (100-300The transformation efficiency for the BAC clones was 1.5 £ 10
kb) than those maintained by YAC clones. Despite this, BACcfu/ug or [B0O transformants from il of ligation product (i.e.,
clones are becoming the vector of choice for physically mapping00 colonies/plate). Two 10@t ligations were required to pro-
genes to specific chromosomal locations and for isolating genes byyce sufficient colonies for the BAC library, and in total, 59,904
positional cloning. ) _ . white colonies were picked.

In this paper, we present the construction and characterization  Ajthough a second round of size selection has been shown to
of an ovine BAC library containing 59,904 clones with an averagegiye a more uniform insert size distribution across the library, it is
insert size of 103 kb, which corresponds to about two genome,companied by a 10-fold reduction in transformation efficiency
equivalents. The quality of the library was determined by PCR'(Cai et al. 1995). Consequently, the ovine BAC library was gen-

based screening and fluorescence in situ hybridization (FISH). Ayrated from DNA that was subjected only to a single size selection
BAC library covering the ovine genome will be a key resource fory, maximize the efficiency of library construction.

comparative gene mapping studies, for identifying quantitative  Thg gyerage insert size of the BAC clones was determined by
trait loci (QTL) by posmongl cloning, and f_or functional studies to cHer gel electrophoresis after digestion wibtl. Occasionally,
understand gene expression and regulation. _ double bands were observed that migrated through the gel about 7
High-molecular-weight DNA for BAC library construction y, anart and hindered accurate sizing of the BAC clones. It was
was prepareq by encapsula}tlng white blO.Od cells frof“ a pureb!’e etermined that the doublet was due to incomplete digestion of a
Suffolk ram in agarose microbeads which were digested with\qy site on the vector since pBeloBAC11 is 7.4 kb, and the
HindIll and separated by PFGE as described by Cai et al. (1995} ,hjem was overcome by reducing the amount of DNA used in
To get a majority of DNA fragments in the size range of 50-250ne Noy digest to1100 ng. In addition, very high molecular weight
kb, two-thirds of the microbeads used for library construction were, 5145 500 kb were sometimes visualized. These bands were
digested with 0.75 UHindlll, and the remainder were digested , ,ch fainter than the insert bands and were supercoiled or open-
with 1 U Hindlll. This restriction enzyme was selected to avoid the qireylar DNA (Wang and Lai 1995), again caused by incomplete
digestion. In total 139 clones were selected at random, and the
_ average insert size was determined to be 103 kb with a range from
Correspondence toC.D.K. Bottema 25 kb to 410 kb (Fig. 1). This corresponds to two genome equiva-
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40 isolate an individual clone containing a sequence of interest, we
pooled the BAC DNA. The first screen was of 78 superpools
where each superpool contained DNA from eight plates of 96 BAC
clones. In the second step, eight single pools, representing DNA
from each of the eight plates in the positive superpool, were
screened. Finally, the pooled row and column DNA from the posi-
tive plate were screened. The intersection of the row and column
identified the location of the positive BAC clone. One or more
positive superpools were found for 58 loci with an average of 2.1
positive superpools per locus (range 1-6). IL5 and IRF1 were both
found within a single BAC clone. DQB, DQA1, and DQA2 were
not found in the library. It is expected that they are clustered within
100 kb of each other and, therefore, would represent a single

L S S R R O missing BAC clone (J. Maddox, personal communication). If these
° @ 2 2 =2 2 5 = three genes are treated as a single locus, then it can be estimated
- o= e e o e ¥ that there is an 85.5% chance of finding any sequence of interest
Insert size (kb) in the ovine BAC library. This is comparable to the estimation
Fig. 1. Distribution of insert sizes in the ovine BAC library. The inserts based on average insert size.
were excised by digesting 100 ng BAC DNA with 10Nbt (Promega, It was important that the coverage of the ovine BAC library

Madison, WI) at 37°C for 5 h. The whole digest was loaded onto a 1%was evaluated by sizing inserts and by PCR-based screening. The

agarose CHEF gel in 0.5 x TBE, and the fragments were separated byresence of additional bands owing to incomplete digestion could

electrophoresis at 14°C for 16 h with an initial switch time of 1.4 s and ajead to an over-estimation of insert size and, therefore, genome

final switch time of 13.5 s. The insert size was dejermined by comparisorboverau‘:]e if this was the only method used to characterize the BAC

‘("gtrgrﬁéagbxﬁigﬁrx::grgr dgr?r’]“:gs?% el‘”‘? 25CHugdlll lambda ladder oy "PCR-based screening of 69 markers and genes verified that
9 gle fane. the estimation made on the basis of size was accurate.

The insert sizes in at least two of the BAC libraries that have
lents assuming that the ovine genomse3i x 16 bp. Therefore, been constructed previously were smaller than expected (Cai et al.
there is an 88% chance of finding any given sequence in thd995; Frijters et al. 1997) with the average insert size of the clones
library. below the size of the DNA that was selected to make the BAC

Only one of the BAC clones that were selected for sizing failedlibraries. The ovine BAC clones were also smaller than expected,
to have an insert, suggesting that fewer than 1% of the clones in thieut within the selected size range, with an average insert size of
library are empty clones. Many of the clones that were sized pro4103 kb instead of the intended 150 kb. The smaller than expected
duced a single insert band. However, 32 inserts had at least oriesert sizes means that at present there is an 88% chance of iden-
internal Notl site. Notl sites are indicative of CpG islands which tifying an ovine BAC clone containing a sequence of interest. The
are associated with all housekeeping genes and some tissuBAC library will be expanded to ensure that there is a 99% chance
specific genes in mammalian genomes'sgani and Bernardi of identifying any sequence. However, this is necessary only for
1991). functional studies where the exact sheep sequence is required. For

The BAC library was screened by PCR with primers for 69 physical mapping studies, if a locus is not present in the ovine
microsatellite markers and genes (Table 1). Primers were selectdibrary, then either the cattle (Cai et al. 1995) or goat (Schibler et
so that at least one BAC clone was isolated for every sheep chraal. 1998) BAC libraries could be screened and these clones used
mosome. To minimize the number of PCR reactions needed téor comparative mapping.

Table 1. Summary of results from screening the ovine BAC library by PCR with primers for microsatellites and genes.
The number of positive superpools for each locus (NF: not found) and the size of the individual BAC clone (ND: not
done) that was isolated for a locus are listed.

No. of Insert No. of No. of

positive size positive Size positive Size
Locus superpools  (kb) Locus superpools  (kb) Locus superpools  (kb)
ADCYC 6 100 DRB1 1 55 MAF209 2 ND
BM1227 2 75 DRB2 2 50 MAF214 1 25
BM1303 3 125 DYB 2 55 MAF35 3 150
BM1329 2 235 FN1 2 80 MAF50 NF —
BM1824 3 250 FSHB 1 215 MAF92 3 90
BM3413 1 405 GH1 1 ND McM111 2 ND
BM4107 2 155 HUJ614 1 ND MTNR1A NF —
BM415 NF — IFNG 2 75 OarELO1 1 85
BM4208 4 30 IGF1 1 ND OarFCB48 2 ND
BM6438 1 70 IL1A NF — OarHH64 1 ND
BM6526 5 80 IL2RA 2 75 OarJMP58 4 55
BM719 2 100 IL3 4 60 OarJMP8 2 135
BRN 3 ND IL5 3 95 OarVH110 2 ND
CAPN2 NF — IL6 1 195 OarVH116 1 250
CD3D 2 240 ILSTS005 3 ND OarVH72 4 75
CD5 NF — ILSTS008 3 45 OB 2 ND
CSRD241 4 30 ILSTS011 2 75 OCAM 2 125
CSRD270 1 85 ILSTS043 1 130 PRL 1 55
CSRD287 1 230 IRF1 1 95 RJH1 NF —
CSSM43 1 40 KAP1.1 2 105 SCYA 2 170
DQA1 NF — KAP6 2 ND SRY 4 90
DQA1 NF — KRT2.13 3 30 TGLA122 4 ND
DQB NF — LGB 1 95 TGLA357 NF —
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An individual BAC clone was isolated for each locus that had Lillian Allen, Annette Pollington and Bozena Kruk for their assistance with
at least one positive superpool. The identity of every isolated BACPCR-based screening and FISH. We also thank Jill Maddox for providing
clone was confirmed by sequencing prior to physical mappingmany of the primers that were used in this study.

(Table 1). The sequences of PCR products generated from the
BAC clones were compared with published sheep or cattle seReferences
qguences and in all cases shared >85% sequence identity with the

published data (85-100% sequence identity for microsatellites anfiSsani B, B]?mardLG (199é) Cp%g'a{‘;‘; I‘;"gt“res and distribution in the
1000 - - genome of vertebrates. Gene 106, 173-
93-100% for gene sequences). A number of single nUCIeOtId%Ibertsen HM, Abderrahim H, Cann HM, Dausset J, Le Paslier D et al.

polymorp_hlsms were |dent|f|ed_ in the [.)NA flanklng mlcrosatel-_ (1990) Construction and characterization of a yeast artificial chromo-
lites, particularly when cattle microsatellite primers were used; this gome library containing seven haploid genome equivalents. Proc Natl
explains the lower sequence identity observed for these sequencesacad Sci USA 87, 42564260

To estimate the number of chimeric clones in the BAC library, Barendse W, Vaiman D, Kemp SJ, Sugimoto Y, Armitage SM, et al.
all the BAC clones that were isolated by PCR-based screening (1997) A medium-density genetic linkage map of the bovine genome.
were physically mapped by fluorescence in situ hybridization Mamm Genome 8, 21-28 ) ) o
(FISH) as described by Cai et al. (1995). The sheep metapha@oﬁm MF, Hil II'DbF (19f94) Cf;]ns”ug;\?g 0'\;3 'afgé"nse” y;agi‘?rgfga'
chromosomes were stained withp®/ml propidium iodide and chromosome library irom sheep - Mamm enome 5, 61 /—
mounted with 100u! p-phenylene diamine dihydrochloride (pH C2 L Taylor JF, Wing RA, Gallagher DS, Woo SS et al. (1995) Con-

. : . . struction and characterization of a bovine bacterial artificial chromo-
11) antifade solution, which produces G-bands (Lemieux et al. (..o library. Genomics 29, 413-425

1992). At least one BAC clone was mapped to every ovine chroggj || schalkwyk LC, Schoeberlein-Stehli A, Zee RYL, Smith A et al.
mosome. The BAC clones that were physically mapped by FISH (1997) Construction and characterization of a 10-genome equivalent
to ovine metaphase chromosomes ranged in size from 25 kb to 405 yeast artificial chromosome library for the laboratoryRatttas norvegi-

kb, and no chimeric clones were detected. The physical location of cus.Genomics 39, 385-392

one BAC clone for every sheep chromosome was determinede Gortari MJ, Freking BA, Cuthbertson RP, Kappes SM, Keele JW et al.
(Table 2), and these clones can be used to unambiguously identify (1998) A second-generation linkage map of the sheep genome. Mamm

the chromosomes in future FISH experiments for localization of  G€nome 9, 204-209
previously unmapped genes. Dib C, Faure S, Fizames C, Samson D, Drouot N et al. (1996) A compre-

. hensive genetic map of the human genome based on 5,264 microsatel-
The human and mouse genomic maps are well developed and o Nature 380, 152—154

consist of over 10,000 and 7000 microsatellites, respectively (Dilpietrich WF, Miller J, Steen R, Merchant MA, Damron-Boles D et al.
et al. 1996; Dietrich et al. 1996). In addition, over 5000 genes have (1996) A comprehensive genetic map of the mouse genome. Nature 380,
been mapped in humans, and 4000 have been mapped in mouse149-152
By comparison, the genetic maps of livestock animals are less welfrijters ACJ, Zhang Z, van Damme M, Wang G-L, Ronald PC et al. (1997)
developed. Second-generation genetic linkage maps have been deConstruction of a bacterial artificial chromosome library containing
veloped for cattle (Kappes et al. 1997; Barendse et al. 1997) and 'é‘rge tEgé(1R|3 ggds';g”d'“ genomic fragments of lettuce. Theor Appl

i ; . ; . Genet 94, 390—
:E?ee?o$d§0§t0£$;;géﬁlég'g??égg;j. a first-generation map is alVé‘JIGodard S, Schibler L, Oustry A, Cribiu EP, GireG (1998) Construction

. o . of a horse BAC library and cytogenetical assignment of 20 type | and
The ovine genetic linkage map consists of 519 markers, and type Il markers. Mamm Genome 9, 633-637

every chromosome has been oriented either by direct physicatappes SM, keele JW, Stone RT, McGraw RA, Sonstegard TS et al.

assignment in sheep or indirectly through the homologous bovine (1997) A second-generation linkage map of the bovine genome. Genome

chromosome (de Gortari et al. 1998). In total, 91 loci have been Res 7, 235-249

physically assigned by in situ hybridization in sheep, with 25Kim UJ, Birren BW, Slepak T, Mancino V, Boysen C, et al. (1996) Con-

acting as anchors for 16 chromosomes (SheepGBase, AgResearch)struction and characterization of a human bacterial artificial chromo-

We have physically assigned an additional 28 loci, using ovine Some library. Genomics 34, 213-218 _

BAC clones, and every sheep chromosome is now anchored. L-@rin Z, Monaco AP, Meier-Ewert S, Lehrach H (1993) Construction and
Since it is unlikely that the number of markers on the livestock characterization of yeast artificial chromosome libraries from the mouse

o . . . genome. Methods Enzymol 225, 623-633
maps will increase greatly in the immediate future (Kappes et alLemieux N, Dutrillaux B, Viegas-Rpiignot (1992) A simple method for

1997; de Gortari et al. 1998), it is important that the physical gimyitaneous R- and G-banding and fluorescence in situ hybridization of
mapping effort continues. Markers for quantitative trait loci need small single-copy genes. Cytogenet Cell Genet 59, 311-312

to be localized to specific chromosome bands so that comparativeibert F, Lefort A, Okimoto R, Womack J, Georges M (1993) Construction

mapping information from humans and mice can be used to iden- of a bovine genomic library of large yeast artificial chromosome clones.
tify candidate genes on the basis of location and function. The Genomics 18, 270-276 )

isolation and physical assignment of ovine BAC clones for thesdRogel-Gaillard C, Bourgeaux N, Save J-C, Renard C, Coullin P, et al.
markers will greatly assist positional cloning. The ovine BAC (1997) Construction of a swine YAC library allowing an efficient re-

. . . covery of unique and centromeric repeated sequences. Mamm Genome
clones will be mapped simultaneously in sheep, cattle, goat, and 8, 186-192

deer so that there are common comparative anchor loci present fLipier L, Vaiman D, Oustry A, Guinec N, Dangy-Caye et al. (1998)
each genome map. ] ) Construction and extensive characterization of a goat bacterial artificial
The ovine BAC library will be a powerful tool for comparative  chromosome library with threefold genome coverage. Mamm Genome
mapping and the positional cloning of economically important 9, 119-124
traits. BAC clones containing genes of interest could be modifiedShizuya H, Birren B, Kim U-J, Mancino V, Slepak T et al. (1992) Cloning
and expressed in mammalian cells, and they could be used in and stable maintenance of 300-kilobase-pair fragments of human DNA
transgenics programs. The ovine BAC library will enable genome in Escherichia coliusing an F-factor-based vector. Proc Natl Acad Sci
organization, gene regulation, and chromosome evolution in YSA 89, 8794-8797 _ _
closely related species to be investigated and is available for col¥@man D, Schibler L, Bourgeois F, Oustry A, Amigues ¥ et al. (1996) A
laborative research by contacting the authors. genetic I|n|_<age map of the ma_\le goat genome. Genetics 144, _279—305
Wang M, Lai E (1995) Pulsed field separation of large supercoiled and
open-circular DNAs and its application to bacterial artificial chromo-
AcknowledgmentsC. Gill was supported by the International Wool Sec-  some cloning. Electrophoresis 16, 1-7
retariat. We thank Xiaodong Wu and Ryan Harbinger for their technicalZimmer R, Gibbins AMV (1997) Construction and characterization of a
assistance in storing the library, Tracy Shay for helping to prepare the row large-fragment chicken bacterial artificial chromosome library. Genom-
and column DNA, Jan Cook for maintaining the fibroblast cell lines, and ics 42, 217-226



