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ABSTRACT and disseminating a comprehensive integrated physical
and genetic map (University of Missouri Maize Geno-Modern cultivated maize (Zea mays L.)is one of the primary agro-
mics Center, 2001). A consolidated physical and geneticnomic crops in the USA with an estimated genome size of 2500

megabases (Mb). To develop the resources for positional cloning and map of maize will enable gene discovery, studies of gene
structural genomics in maize, we constructed a bacterial artificial functions, and comparative genomics with other plant
chromosome (BAC) library for the inbred line B73 using the cloning species, particularly the grasses. The information and
enzyme Hind III. The library contains 247 680 clones (645 384-well resources that will result from this activity will be invalu-
plates). A random sampling of 697 clones indicated an average insert able to basic research, the maize industry, and ultimately
size of 136 kilobase (kb) (range ! 42 to 379 kb) and 0.4% empty world maize consumers.vectors. Screening the colony filters for chloroplast DNA content Modern cultivated maize is a diploid crop speciesindicated an exceptionally low 0.18% contamination with chloroplast

having an estimated haploid genome size of 2500 MbDNA. Thus, the library provides 13.5 haploid genome equivalents
(Arumuganathan and Earle, 1991). An extensive historyallowing "99% probability of recovering any specific sequence of
of genetic, mutagenesis, and cytogenetics studies hasinterest. High-density filters were gridded robotically using a Genetix

Q-BOT (Hampshire, UK) in a 4 by 4 double-spotted array on 22.5- resulted in a large store of mutants, cytogenetic stocks,
cm2 filters. Partial screening (6# coverage) of the library with 20 and knowledge about the genes that control maize func-
single copy probes identified an average 7.1 positive signals per probe, tions, such as grain quality, yield, stress response and
with a range of 3 to 15 positive signals per probe. To evaluate the disease resistance (National Plant Germplasm System,
utility of the library for sequence tagged connector (STC) analysis, 2000). A dense molecular marker linkage map for maize
768 BAC clones were end sequenced in both forward and reverse using simple sequence repeats, genomic clones, iso-directions giving a total of 1415 successful reads. End sequences were zymes, and expressed sequence tagged sites (ESTs) hasqueried against SWISS-PROT, Genbank NR, MIPS Arabidopsis,

been developed (Davis et al., 1999) and is still beingmaize genomic sequence dbGSS, and maize cDNA database dbEST.
improved (University of Missouri Maize Genomics Cen-Results in spreadsheet format from these searches is publicly available
ter, 2001). While many important traits have beenat the CUGI website (www.genome.clemson.edu/projects/stc/maize/

ZMMBBb/). mapped in maize, physical mapping, structural analysis
and map-based cloning have been limited due to the
lack of a deep-coverage large-insert genomic library that
would be available to the public maize research com-The USA is a recognized world leader in the
munity.production and trade of agricultural commodities,

An essential tool for characterizing genomes is theand USA maize grain exports represent 80% of the
availability of yeast artificial chromosome (YAC) ortotal world trade in maize. While the yield of maize in
BAC libraries containing large genomic DNA inserts.the USA has steadily increased during the last 40 yr, it
Plant YAC libraries have been constructed for severalis beginning to level off (USDA–National Agricultural
organisms, including Arabidopsis (Grill and Somerville,Statistics Service, 2001). With the expected increase in
1991), tomato (Lycopersicon esculentum Mill.; Martinworld population combined with concerns about the
et al., 1992), and maize (Edwards et al., 1992; Kleine etenvironmental effects of chemical intensive agricultural
al., 1993). These libraries have been used for a numberpractices, it is clear that nontraditional efforts to in-
of studies, but their general use has been limited bycrease maize yield and the incorporation of novel value-
the high frequency of chimeric and unstable clones. Inadded traits are needed. The advent of genomics-based
contrast, BAC vectors from the mini-F plasmid allowapproaches to crop improvement provides an unprece-
cloning and stable maintenance of large DNA fragmentsdented opportunity to make significant genetic advances
in Escherichia coli (Shizuya et al., 1992). Bacterial artifi-in maize.
cial chromosome libraries are popular for a number ofThe primary goal of the maize genomics community
reasons, including ease of handling, relative simplicity tois to take the first step toward understanding the struc-
develop, and low frequency of chimeric clones. Bacter-ture and function of the maize genome by developing
ial artificial chromosome libraries have been developed
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in 384-well microtiter plates (Genetix) containing 50 $L freez-cine max (L.) Merr.], sugarcane (Saccharum officinarum
ing broth (Woo et al., 1994). After incubation overnight, mi-L.), and tomato (Woo et al., 1994; Choi et al., 1995;
crotiter plates were stored at %80&C. Three copies of theWang et al., 1995; Zhang et al., 1996; Marek and Shoe-
library were made using the replicating function of the Genetixmaker, 1997; Danesh et al., 1998; Mozo et al., 1998; Tom-
Q-BOT and stored in separate %80&C freezers. Bacterial artifi-kins et al., 1999a, b, 2001, 2002; Yu et al., 2000). cial chromosome clone characterization has been describedPlant BAC libraries have been used for a number of previously by Tomkins et al. (1999a, 1999b).

structural genomics applications. In Arabidopsis, BAC
libraries were used to develop sequence-ready physical Bacterial Artificial Chromosome Library Screening
maps (Bevan et al., 1998). In addition, BAC libraries

High-density colony filters for hybridization based screen-have been used to positionally clone disease resistance
ing of the library were prepared using the Genetix Q-BOT.genes and other genes known only by their phenotype
Clones were gridded in double spots using a 4 by 4 array with(Song et al., 1995). Moreover, BAC libraries are useful 6 fields per 22.5- by 22.5-cm nylon (Hybond N', Amersham,for examining genomic structure. The genomic structure Piscataway, NJ) filter. This gridding pattern allows 18 432

of the a1-sh2 region of maize, sorghum, and rice has clones to be represented per filter. For the purpose of testing
been extensively examined through the sequencing of the library, screening was performed using 6 filters represent-
BAC clones containing these genes (Chen et al., 1997, ing a 6# genome coverage. Filters used for this study were
1998; Tikhonov et al., 1999). Bacterial artificial chromo- labeled A, B, C, D, E, and F, and are publicly available upon

request. Colony filters were processed and hybridized usingsome libraries have also been used to develop physical
standard techniques (Sambrook et al., 1989). Screening formaps for genomic regions containing resistance gene
chloroplast DNA content was performed as described by Wooanalog sequences (Marek and Shoemaker, 1997).
et al. (1994). Probes used for screening the library are de-The primary objective of the present study was to
scribed in Table 1.establish the resources necessary to facilitate genomics

research in maize. Specific objectives were to (i) develop
Bacterial Artificial Chromosome End Sequencinga BAC library providing at least 10 haploid genome
Preparation of BAC DNA for end sequencing was done inequivalents, (ii) characterize the library for insert size

a 96-well format using standard alkaline lysis miniprep tech-and chloroplast DNA content, (iii) screen the library
niques. Sequencing reactions were set up according to manu-with single-copy probes, and (iv) evaluate the utility of
facturer’s instructions for the Big Dye Terminator chemistrythe library for STC analysis via end sequencing of BAC
(Applied Biosystems, Foster City, CA). Reactions were per-clones (Venter et al., 1996). formed using both forward and reverse universal primers.
Samples were loaded onto 48-lane sequencing gels in ABI377
automated sequencers. Gels (250 mL) were composed of theMATERIALS AND METHODS
following: 5% (w/v) Long Ranger (FMC, Philadelphia, PA),

Bacterial Artificial Chromosome 6 M urea, N,N,N(,N(-tetramethylethylenediamine (TEMED)
18 $L, 150 $L ammonium persulfate (10% stock), and 1 #Library Construction
1,1,2,2-Tetrabromoethane (TBE) buffer. Reaction products

Maize seed from the inbred line B73 were obtained from were electrophoresed using a 3.5-h run. Base-calling was per-
the Maize Genetics Cooperation Stock Center (Urbana, IL). formed automatically using PHRED (Ewing and Green, 1998;
Seed were germinated in the greenhouse and seedlings ≈18 Ewing et al., 1998), and vector sequences were removed by
cm tall were harvested just above the roots. Outer leaf layers CROSS-MATCH (University of Washington Genome Cen-
were removed and the innermost leaf layers and the shoot ter, 2001). High quality BAC end sequences (defined as those
meristem region were used for library construction. Bacterial having "100 nonvector bases with a PHRED quality value
artificial chromosome library construction was essentially the "20) were used as queries in searches of SWISS-PROT (Bair-
same as that described by Tomkins et al. (1999a, b), with the och and Apweiler, 2000), Genbank NR, MIPS Arabidopsis,
following modifications. The first size selection of Hind III maize genomic sequence dbGSS, and maize cDNA database
fragments used switch times of 1 to 40 s in a linear ramp. dbEST. Results in spreadsheet format from these searches is
Fractions between 100 and 300 kilobase pairs (kbp) were cut publicly available at the CUGI website (Clemson University
from the gel and inserted into a second gel and run at a Genomics Institute, 2001a). All software was run locally on a
constant 3- to 5-s switch time to remove small trapped DNA Sun Ultra30 workstation using Solaris 2.6 (Sun Microsystems,
fragments. After removing appropriate fractions from the sec- Palo Alto, CA).
ond size selection, DNA was removed from the agarose by
electroelution (Model 422 Electro-Eluter, Bio-Rad, Hercules,

RESULTSCA). Size-selected DNA was ligated into the pCUGI-1 BAC
vector (Luo et al., 2001) and electroporated (Cell-Porator, Bacterial Artificial Chromosome LibraryInvitrogen, Carlsbad, CA) into E. coli (strain DH10B) cells Construction and Characterizationusing 320 to 330 V. Transformed cells were plated on 200 mL
of selective medium (Luria-Bertani medium) in 24- by 24-cm We have constructed a BAC library for maize using
plates (Genetix) with 12.5 $g mL%1 chloramphenicol, 0.55 mM the inbred line B73 that is suitable for physical mapping,
isopropyl-beta-d-thiogalactopyranoside (IPTG), and 80 $g map-based cloning, and high-throughput sequencing of
mL%1 X-Gal. After a 20-h incubation at 37&C, the plates were selected genomic regions. The library consists of 247 680placed at room temperature in the dark for an additional

clones stored in 645 384-well microtiter plates. Approxi-20 h to allow stronger color development of nonrecombinant
mately 0.4% (3/697 samples) of the clones do not containcolonies. Plates were either stored at 4&C or used immediately
inserts as judged by random analysis of BACs sampledfor picking. Recombinant white colonies were picked roboti-

cally using the Genetix Q-BOT and arrayed as individual clones from the library. A random sampling of 697 BACs taken
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Table 1. Maize B73 bacterial artificial chromosome (BAC) library hybridization results using 20 single copy restriction fragment length
polymorphism (RFLP) probes. Six high-density BAC colony filter arrays were used for each probing, providing a screen of approxi-
mately six haploid genome equivalents.

Probe Description No. hits

agrr115 Maize RFLP core marker for bin 4.01, cDNA 9
agrr21 Maize RFLP core marker for bin 8.09, cDNA 6
asg12 Maize RFLP core marker for bin 9.07, genomic fragment (G13185, G13186) 10
asg20 Maize RFLP core marker for bin 2.08, genomic fragment (G10750, G10751) 10
asg45 Protein kinase homolog, maize RFLP core marker for bin 1.04, genomic fragment (G10757, G10756) 8
asg49 Maize RFLP core marker for bin 7.03, genomic fragment (G10758, G10759) 5
bnl2.369 Maize RFLP core marker for bin 8.05, cDNA 5
bnl4.36 Maize RFLP core marker for bin 5.04, genomic fragment 5
csu147 Maize RFLP core marker for bin 9.04, cDNA (T12740) 9
npi409 Maize RFLP core marker for bin 5.01, genomic fragment (G13178, G10788) 6
npi414 Maize RFLP core marker for bin 8.08, genomic fragment (G10789, G10790) 3
php10017 Maize RFLP core marker for bin 5.09, genomic fragment (G10791, G10792) 8
tub4 beta tubulin 4 gene, maize RFLP core marker for bin 5.03, cDNA (L10635) 10
umc109 Maize RFLP core marker for bin 9.01, genomic fragment (G13177, G10807) 10
umc161 Maize RFLP core marker for bin 1.11, genomic fragment (G10824, G10825) 5
umc15 Waxy1, maize RFLP core marker for bin 9.03, cDNA (S46940) 3
umc34 Maize RFLP core marker for bin 2.04, genomic fragment (G10839, G10840) 5
umc65 Maize RFLP core marker for bin 6.04, genomic fragment (G10860, G10861) 4
umc85 Maize RFLP core marker for bin 6.01, genomic fragment (G10869) 6
tub1 beta tubulin 1gene, maize RFLP core marker for bin 1.01, genomic fragment (X52878) 15

an average insert size )100 kbp. On the basis of thefrom the completed library indicated an average insert
average insert size and a haploid genome size of 2500size of 136 kb with a range of 42 to 379 kb. Figure 1
Mb (Arumuganathan and Earle, 1991), the coverage ofshows 43 randomly selected clones digested with NotI
the library is ≈13.5 genome equivalents, resulting into release the insert. The two NotI sites in pCUGI-1
"99% probability of recovering any specific sequenceflank the multicloning site. Because NotI recognizes an
of interest.8-bp GC sequence and the maize genome is relatively

To obtain an estimate of the representation of chloro-GC rich, digestion typically generates vector plus 2 to plast DNA in the library, the filters were screened with6 insert bands per BAC clone. three different chloroplast genes spaced equidistantly
To determine the size distribution of BAC clones in around the 133 kbp barley chloroplast genome. Results

the library, the 697 BACs analyzed with NotI digests from this screening showed that ≈0.18% of library se-
were grouped by insert size, and the insert size of each quences are chloroplast DNA (data not shown). This
clone was plotted against the frequency of each group is an exceptionally low level of chloroplast sequence
of clones represented in the library (Fig. 2). On the basis contamination that we attribute to the use of the inner

layers of young shoots as a nuclei source.of this analysis, "88% of the clones in the library have

Fig. 1. Analysis of 43 randomly selected maize B73 bacterial artificial chromosome clones. Ethidium bromide stained contour-clamped homoge-
neous electric field gel (5–15 s switch time, 15 h) showing insert DNA above and below the common 7.5 kilobase (kb) pCUGI-1 vector band.
Molecular weight marker in outside lanes is Midrange I (NEB).
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Table 2. Results from query of maize bacterial artificial chromo-
some end sequences against the SWISS-PROT database. Sig-
nificant hits (N ! 206, E * 1 # 10%5 )† were categorized ac-
cording to function. These results are based on the proportion
of sequences showing hits, not reads.

Functional category No. Percentage

%
Retroelement related 172 83
Enzymatic (metabolic, photosynthesis) 10 5
Regulatory (kinase, phosphatase, transcriptional, transport) 7 3
Structural 13 6
Ribosomal 2 1
Hypothetical or unclassified 2 1
Cell defense, communication, and division 0 –

† E ! probability cutoff value.

Fig. 2. Insert size distribution of clones in the maize B73 bacterial the SWISS-PROT and MIPS Arabidopsis databases us-
artificial chromosome (BAC) library. To estimate insert size range, ing the FASTX algorithm, and significance was deter-
BAC DNA from 697 randomly selected clones were analyzed with mined with a probability cutoff value (E value) of atNotI digests and contour-clamped homogeneous electric field gels. least 10%5.Results indicate that the average insert size is 136 kilobase (kb)

As indicated above, multiple protein and DNA se-with "88% of the clones "100 kb.
quence databases were queried with the maize BAC
end sequences. With the exception of the SWISS-PROTBacterial Artificial Chromosome
results, the database searches yielded homology hitsLibrary Screening
primarily on unclassified DNA or protein sequence en-

To test the library for coverage and quality, six BAC tries (Clemson University Genomics Institute, 2001a).
colony filters (representing six haploid genome equiva- For the purpose of discussion in this report, results from
lents) were screened using 20 different probes repre- the SWISS-PROT search will be presented. SWISS-
senting single copy sequences from 8 maize chromo- PROT is a curated protein sequence database that pro-
somes (Table 1). These gene-specific probes identified vides a high level of annotation, such as the description
an average of 7.1 + 3.02 positive clones with a range of protein function, domains structure, post-transla-
of 3 to 15 positive clones. Student t-test was performed tional modifications, and variants. Other benefits in-
to compare the mean of actual positives, 7.1, vs. the clude a minimal level of redundancy and high level of
expected number of six. The statistical test (P ! 0.120) integration with other databases (Bairoch and Apweiler,
indicates the difference between mean number of ob- 2000). The SWISS-PROT search resulted in 206 (11%)
served positives to the number of expectation is consid- of the sequences showing similarity to genes of known
ered to be not statistically significant. The wide range function. Significant search results were then sorted into
of positive signals identified between probes may be seven different functional categories (Table 2). A major-
indicative of the effects of preferential cloning obtained ity of the BAC end sequences shared sequences similar
from the use of the Hind III restriction enzyme. The to retroelements and constituted the major component
hybridization data confirms adequate genomic repre- of the data set (83%). The next largest category of BAC
sentation of the maize BAC library throughout the end sequences were those involved in structural roles
whole maize genome. (6%), followed by those related to metabolism or photo-

synthesis (5%).
Bacterial Artificial Chromosome

End Sequencing DISCUSSION
To examine the feasibility of using a STC strategy We describe the development and characterization

(Venter et al., 1996) to establish a framework for se- of a high quality deep-coverage BAC library for the
quencing selected regions of the maize genome, we se- maize inbred line B73, a popular line for genetic studies,
quenced and analyzed the ends (forward and reverse) including mapping. This large insert library provides
of the first 768 clones in the library. A total of 1536 an important resource for map-based cloning, physical
sequencing reactions were performed, giving 1415 suc- mapping, and genome sequencing. The library has been
cessful reads (success rate ! 92%) with an average raw deposited in the Clemson University Genomics Institute
base count of 753. High-quality sequences were defined BAC/EST Resource Center and is publicly available.
as those having "100 high-quality bases other than vec- Requests for the library, high-density BAC colony filter
tor and E. coli sequence, and a PHRED score of 20 or arrays, and clones can be made by accessing the Clem-
greater. The number of high-quality sequences was 945, son University Genomics Institute web page (Clemson
with an average high-quality base count of 290. Redun- University Genomics Institute, 2001b).
dancy was evaluated by querying the high quality se- One of the major applications of the maize BAC
quences against themselves with the result that a nonre- library will be for physical mapping of gene-rich regions
dundant data set of 873 sequences was developed. High of maize. There is substantial evidence that the genes

in cereal genomes are not distributed evenly throughoutquality nonredundant sequences were searched against
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less informative than in many plant species with smaller nez, and N. Young. 1998. A bacterial artificial chromosome library
for soybean and identification of clones near a major cyst nematodegenome sizes. One must also keep in mind, however,
resistance gene. Theor. Appl. Genet. 96:196–202.that an STC strategy for sequencing selected genomic

Davis, G.L., M.D. McMullen, C. Baysdorfer, T. Musket, D. Grant,regions was used successfully in the human genome, M. Staebell, G. Xu, M. Polacco, L. Koster, S. Melia-Hancock, K.
which has an estimated genome size 250 to 500 Mb Houchins, S. Chao, and E.H. Coe, Jr. 1999. A maize map standard
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