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ABSTRACT

Bacterial artificial chromosome (BAC) clones are effective mapping and sequencing reagents for use with a wide variety of small
and large genomes. This report describes research aimed at determining the genome structure of Ochrobactrum anthropi, an
opportunistic human pathogen that has potential applications in biodegradation of hazardous organic compounds. A BAC library
for 0. anthropi was constructed that provides a 70-fold genome coverage based on an estimated genome size of 4.8 Mb. The
library contains 3072 clones with an average insert size of 112 kb. High-density colony filters of the library were made, and a
physical map of the genome was constructed using a hybridization without replacement strategy. In addition, 1536 BAC clones
were fingerprinted with HindIII and analyzed using IMAGE and Fingerprint Contig software (FPC, Sanger Centre, U.K.). The
FPC results sup- ported the hybridization data, resulting in the formation of two major contigs representing the two major
replicons of the 0. anthropi genome. After determining a reduced tiling path, 138 BAC ends from the reduced tile were sequenced
for a preliminary gene survey. A search of the public databases with the BLASTX algorithm resulted in 77 strong hits (E-value <
0.001), of which 89% showed similarity to a wide variety of prokaryotic genes. These results provide a contig-based physical map
to assist the cloning of important genomic regions and the potential sequencing of the 0. anthropi genome.

INTRODUCTION

Ochrobactrum anthropi was originally classified in the Centers for Disease Control and Prevention O(CDC) group Vd and was
believed to have many similarities to the genus Achromobacter. However, Holmes et al. (1988) proposed classification of group
Vd organisms as 0. anthropi, emphasizing that this new genus and species is actually quite distinct from Acromobacter organisms.
Much of what is currently known about 0. anthropi is based on its emergence as an opportunistic human pathogen. Examples
include
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0. anthropi meningitis (Chang et al., 1996) and infections in patients with permanently installed catheters (Ainor et al., 1994).
Both cases involved immunocompromised individuals. 0. anthropi also has potential applications for bioremediation. Laura et al.
(1996) isolated a strain from activated sludge and demonstrated its ability to biodegrade the pesticide atrazine as a sole source of
carbon and energy. Several novel enzymes have also been identified from 0. anthropi, including a D-stereospecific
arninopeptidase (Asano et al., 1992) and a carboxylesterase that specifically hydrolyzes only 1-methyl acetate (Murase et al.,
1991).

Relatively little is known about the genome structure of 0. anthropi. The 16S ribosomal genes from two strains have been
reported (Yanagi and Yamasoto, 1993; http:llwww.ncbi.nlm.nih.govlWebIGenbankl index.html, along with the sequence of a
D-arninopeptidase gene (Asano et al., 1992) and the spacer region between 16S and 23S RRNA (Rijpens et al., 1996). Thus,
determining this organism's genome organization and structure will allow for the cloning of genes involved in important
biochemical pathways associated with biodegradation. A detailed contig-based map would also be invaluable for whole genome
shotgun sequencing by helping to align sequencing contigs and by directing sequence gap closure.

Physical maps for bacterial genomes are generally developed using a restriction mapping approach with rare cutting enzymes
and pulsed-field gel electrophoresis (PFGE) (Irazabal et al., 1997; Kundig et al., 1993; Riethman et al., 1997; Ron-ding et al.,
1992). However, these maps do not provide sufficient resolution to act as guides for whole or partial genome sequencing. They
also do not provide the resources needed for the immediate cloning of genes involved in key biochemical pathways. Recently,
bacterial artificial chromosome (BAC) library technology has been exploited to develop high-resolution contig-based physical
maps for archael and bacterial genomes (Diaz-Perez et al., 1997; Brosch et al., 1998; Dewar et al., 1998). The BAC system is very
appealing as a vehicle for genome analysis in bacteria, as the confounding effects of repetitive DNA are expected to be relatively
negligible. Therefore, we have employed BAC technology as a tool to develop a physical framework for the 0. anthropi genome.
The specific goals of the present study were (1) to develop and characterize a BAC library for 0. anthropi, (2) to develop a high-
resolution physical map of the genome using BAC contigs, and (3) to BAC end sequence a tiling path of clones for a preliminary
gene survey.

MATERIALS AND METHODS

Culture isolation and identification

An aerobic enrichment culture was developed using an inoculum of activated sludge and vinyl chloride as the sole source of
organic carbon and energy (Freedman and Verce, 1997). Samples were streaked on Noble agar and incubated in a stainless steel
cylinder charged with 10% vinyl chloride and 90% air. Isolated colonies developed in approximately 1 month and were picked
and streaked two more times. Colonies that were transferred back to minimal medium and supplied with only vinyl chloride have
not yet grown, but colonies do grow quickly on trypticase soy broth.

The isolate was identified based on its 16S RDNA sequence (Dorsch and Stackebrandt, 1992). DNA was extracted from cell
pellets with a silica glass preparation in the presence of chloroform/phenol/isoamyl alcohol. Small subunit rDNA was amplified
by the polymerase chain reaction (PCR) using two 16S rDNA primers specific to the bacterial domain (Alm et al., 1996; Kane et
al., 1993). The amplified product was cloned into a pUC plasmid (TA cloning kit, Invitrogen Corp., San Diego, CA) and
sequenced (ABI Model 377) using M13 forward and reverse primers (Invitrogen Corp.) and two pairs of internal and nested
primers (Altschul et al., 1997). The resulting sequence was identified as 16S rDNA from 0. anthropi based on the Sequence Match
program of the Ribosomal Databases Project 11 (Maidak et al., 1999) and the BLAST alignment tool of GenBank (Altschul et al.,
1997).

BAC library construction
The single-copy BAC library vector, pBeloBAC II, was obtained from Dr. Hiroaki Shizuya (1992) and prepared as described

by Woo et al (1994). Megabase bacterial DNA embedded in agarose plugs was obtained as described by Riethman et at. (1997).
Partial digests of megabase DNA were performed as follows. Chopped plugs were distributed in 100-µl aliquots and incubated on
ice for 30 n-tin with 14 µl 10X

http://www.sanger.ac.uk/Users/cari/fpc_
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enzyme buffer, 14 µl 40 mM spermidine, and 1.4 µl bovine serum albumin (BSA). After a second 30-min incubation with 4 U
HindIII on ice, digestion reactions were allowed to proceed at 37'C for 30 min. Digestions were stopped by placing on ice and
adding 1:10 vol 0.5 M EDTA. Partially digested megabase DNA was subjected to a single size selection by PFGE (CHEF mapper
apparatus, BioRad, Hercules, CA). Size selection conditions were 1% low gelling temperature agarose, 20-40-see linear ramp, 6
V/cm, 14 °C, 20 h run time, and 0.5X TBE buffer. Seven fractions between 100 and 450 kb were cut from the gel based on a 50-
kb lambda ladder reference. DNA was removed from the agarose by Gelase (Epicentre, Madison, WI) treatment, and legations
were performed in 100-µl reactions using 20 ng vector and 200 ng 0. anthropi DNA and allowed to proceed for 20 h at 16 °C.
After dializing legations against 0.5X TEIO:I, transfonnations were performed using 2 µl ligation and 20 µl competent cells
(DH10B, GIBCO-BRL, Gaithersburg, MD). Electroporations were performed on a cell porator with voltage booster (GIBCO-
BRL) using 380 V at resistance of 4 kΩ. Transformed cells were diluted immediately with 0.5 ml SOC medium (Sambrook et al.,
1989) and incubated at 37 °C for 50 min before being plated on selective medium (Luria-Bertani [LB] medium) with 12.5 µg/µl
chloramphenicol, 0.55 mM IPTG, and 80 µg/ml X-Gal. After a 20 h incubation at 37 °C, the plates were placed at ambient
temperature in the dark for an additional 20 h to allow stronger color development of nonrecombinant colonies. After determining
insert sizes of clones from each of the seven legations, the ligation from the 300-350 kb range was used for additional
transformations to construct the library. Recombinant white colonies were picked by hand and stored individually in eight 384-
well microliter plates (Genetix, Christchurch, Dorret, UK) containing 50 µl freezing broth (Woo et al., 1994). After incubation
overnight, micrometer plates were stored at –80 °C. Two copies of the library were made using a hand-held replicating device and
stored in separate –80 °C freezers.

BAC clone characterization
To prepare BAC DNA, 3 ml LB chloramphenicol (12.5 µg/µl) cultures were grown overnight in 5-cell autogen tubes and

miniprepped robotically (Autogen 740 plasmid isolation system). To estimate insert size and determine distribution of clone size,
a total of 136 BAC preparations were performed from clones selected at random throughout the library. The BAC DNA was
digested with 7.5 U (10 h at 37 °C) NotI and analyzed by PFGE in 1% agarose gels (6 V/cm, 5-15 sec switch time, 15 h run time,
14 °C). Southern blots of size-separated BAC inserts were performed using standard protocols (Sambrook et al., 1989) after UV
nicking the gels (Gene Linker, BioRad).

BAC library screening
High-density colony filters for hybridization-based screening of the library were prepared using a Beck- man Biomek 2000

robotics workstation. Clones were gridded in double spots using a 3 x 3 array on 10 X 12 cm Hybond N+ filters (Amersham,
Arlington Heights, IL). This gridding pattern allows 1536 clones to be represented per filter. Colony filters were treated and
hybridized using standard techniques (Sambrook et al., 1989). For the hybridization without replacement experiments, BAC
inserts for probes were cut from ethidium bromide-stained CHEF gels, and DNA was extracted using a QIAEX H gel extraction
kit (Qiagen, Chatsworth, CA). Radiolabeling of BAC insert DNA and hybridization of colony filters were per- formed using
standard techniques (Sambrook et al., 1989). Autoradiograph data generated by the hybridization experiments were classified by
signal intensity on a scale of 3, 6, and 9 as determined by weak, moderate, and strong hit intensities, respectively. These data were
then used to generate a probe versus hit binary data matrix. A UNIX-based computer program based on a weighted strength
algorithm was used to analyze the binary data (Sasinowska and Sasinowski, 1999).

BAC fingerprinting
BAC DNA for fingerprinting was prepared as described previously.  The process of fingerprinting, digitizing of gel

images, and contig building has been described previously (Marra et al., 1997).  The IMAGE software program was used to
digitize gel images, and the Fingerprint Contig (FPC) program was used for contig building.  A users’ guide for FPC may be
viewed at the following Sanger Centre website:
http://www.sanger.ac.uk/Users/cari/fpc_ faq.shtml.
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In our study, we estimated contig sizes from the fingerprint database, whereas Jurnas-Bilak et al. (1998) used estimates from
PFGE of whole linearized replicons. The two smaller hybridization contigs obtained in our study may represent the plasmids that,
based on the FPC data, appear to be derived from recombination events occurring within or between the major replicons. One of
the plasmids (hybridization contig 4) appeared to be a chimera containing segments from both of the major replicons. Further,
when the clones from the smaller hybridization contigs were mapped to the FPC database, their positions were located within the
larger contigs rather than at the ends of the physical maps. The sizes of the small hybridization contigs based on fingerprints of
clones in the minimum tile were estimated to be 175 and 165 kb for contigs 3 and 4, respectively. In one strain of 0. anthropi,
Jumas-Bilak et al. (1998) found two distinct plasmids, each about 150 kb in size.

Gene survey by BAC end sequencing
Sequencing of BAC ends using both forward and reverse primers was performed on the 69 clones from the reduced tiles,
generating a total of 138 sequences. We estimate that a BAC end sequence (BES) was obtained on average every 35 kb
throughout the 0. anthropi genome. The resulting file was then compared with the GenBank database using the BLASTX
algorithm and the BatchBlast script (Baylor College of Medicine). The results were sorted using scripts developed at the CUGI.
Overall, I 10 of 138 BES resulted in hits during the database search. Of the I 10 BES, 77 hits gave an E-value < 0.001 as the top
score. A summary of these hits describing best match accession number, gene type, organism, amino acid identity, and amino acid
similarity is shown in Table 3.
All of the BES identified and listed in Table 3 are sorted by function of their putative protein product. As a result of sorting the
sequences by function, the largest group of sequences (30%) was associated with metabolism and biosynthesis. Sequences
associated with transport/binding proteins comprised 10%, and sequences associated with pathogenic and cell defense responses
also represented 10%. Sequences associated with DNA and protein regulation represented 9%. Another 9% of the sequences were
associated with cell division and DNA replication/repair. Cell signaling sequences represented 5%, and cell structure/membrane
sequences were 4%. Only one phage remnant sequence was found, giving 1% of the total. The number of unclassified sequences
with GenBank hits totaled 21%, and the number of unclassified sequences with no database hits represented 44%. Unidentified
and unclassified sequences may represent a subset of those proteins that are specific to 0. anthropi and Proteobacteria in general.
The E. coli genome, which is 4.6 Mbp in size, contains 4288 genes (Blattner et al., 1997). As 0. anthropi has a comparable
genome size, we estimate that the limited gene survey presented in this study allowed identification and physical placement of
approximately 3% of the genes in the genome of 0. anthropi.

DISCUSSION

We have successfully constructed a BAC library for the bacterial genome of 0. anthropi, an important bacterium containing genes
involved in opportunistic pathogenesis, biodegradation, and novel enzymatic reactions. The library has an average insert size of
112 kb and provides an estimated 70 genome equivalents. Further, >65% of the clones are > 100 kb. The library is an ideal
substrate for a number of genomics- based applications, including physical mapping, DNA sequencing, and the cloning of
important genes and pathways involved in biodegradation.
Using this new BAC library, we successfully constructed a physical map of the 0. anthropi genome by combining two distinct
methods of contig assembly, hybridization and fingerprinting. This approach was accomplished by using the hybridization-based
data as the foundation and verifying the resulting contigs by comparison to the FPC data. The hybridization-based data were
considered to be quite robust because bacterial genomes are relatively void of repetitive sequences. Repetitive DNA in eukaryotic
genomes can confound a hybridization without replacement strategy by giving false physical associations among unrelated clones.
Furthermore, it is difficult to develop extensive contigs from fingerprint data without the use of molecular markers. In newly
characterized bacterial genomes, there is a paucity of molecular markers available for aligning contigs. In the case of 0. anthropi,
there were essentially no molecular markers avail-
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able. It is noteworthy that although it was difficult to completely reconstruct the replicons using the fingerprint data, the physical
associations accurately verified the data obtained by hybridization.
Using the 69 clones from reduced tiles, BAC end sequencing was performed to provide a gene survey. Based on an estimated
genome size of 4.8 Mb (Jurnas-Bilak et al., 1998), DNA sequences should have been obtained on average every 35 kb throughout
the genome. Database searches with these sequences resulted in a majority (92%) of the 77 strong hits (E-value < 0.001), showing
similarity to bacterial genes from a diversity of species. Some of the strongest hits were from closely related proteobacterial
genomes, such as Agrobacterium tumefaciens and various species of Rhizobium. Although virtually nothing was previously
known about gene structure in 0. anthropi, the 16S ribosomal RNA genes from two strains have been sequenced (Yanagi and
Yarnasoto, 1993), resulting in the phylogenetic placement of 0. anthropi as follows: Ochrobactrum, Rhizobiaceae, alpha
subdivision, Proteobacteria, Eubacteria. The Proteobacteria are the most physiologically diverse of all the bacteria, and at the
present time, 16 genomes within this group are being sequenced or have been sequenced (http://www.tigrorgltdblmdblmdb.html).
However, no members of the Rhizobiaceae group, which includes 0. anthropi and A. tumefaciens, are being sequenced by public
research groups at this time. Interestingly, from the 77 hits on the GenBank database with the BES data, 14% were from
Rhizobiaceae genomes.

We have effectively demonstrated the utility of using BAC clones in bacterial genomics research. These techniques have
allowed the construction of a detailed physical map combined with a gene survey of a bacterial genome for which little
information currently existed. This framework approach can provide essential information related to genome structure and
organization that can serve as a guide prior to a full-scale sequencing effort. Furthermore, if resources for a full-scale genome
sequencing effort were not available, this system would still provide the necessary tools needed for the cloning and analysis of
important genes and whole operons or genetic pathways.
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