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ABSTRACT

Bacteria artificial chromosome (BAC) clones are effective mapping and sequencing reagents for use with awide 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 Hindll1 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 apreliminary gene survey. A search of the public databases with the BLASTX agorithm resulted in 77 strong hits (E-value <
0.001), of which 89% showed similarity to awide variety of prokaryotic genes. These results provide a contig-based physica 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 speciesis 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 a., 1994).
Both cases involved immunocompromised individuals. 0. anthropi also has potentia applications for bioremediation. Laura et a.
(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 a., 1992) and a carboxylesterase that specifically hydrolyzes only 1-methyl acetate (Murase et d .,
1991).

Relatively littleis known about the genome structure of 0. anthropi. The 16S ribosomal genes from two strains have been
reported (Y anagi and Y amasoto, 1993; http: [lwww.ncbi.nlm.nih.goviWebl Genbankl index.html, along with the sequence of a
D-arninopeptidase gene (Asano et a., 1992) and the spacer region between 16S and 23S RRNA (Rijpenset a., 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 devel oped using a restriction mapping approach with rare cutting enzymes
and pulsed-field gel electrophoresis (PFGE) (Irazabal et al., 1997; Kundig et d., 1993; Riethman et a., 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 genesinvolved in key biochemica 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 systemisvery
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 atool to develop a physical framework for the 0. anthropi genome.
The specific goals of the present study were (1) to develop and characterize aBAC library for 0. anthropi, (2) to develop ahigh-
resolution physical map of the genome using BAC contigs, and (3) to BAC end sequence atiling path of clonesfor apreliminary
gene survey.

MATERIALSAND 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.

Theisolate 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 M 13 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 a., 1999) and the BLAST aignment tool of GenBank (Altschul et .,
1997).

BAC library construction

r, pBeloBAC I1, 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-pl aliquots and incubated on
icefor 30 n-tin with 14 pl 10X


http://www.sanger.ac.uk/Users/cari/fpc_
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enzyme buffer, 14 pl 40 mM spermidine, and 1.4 pl bovine serum albumin (BSA). After a second 30-min incubation with 4 U
Hindlll 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 0.5M 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 |egations
were performed in 100-pl 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 pl ligation and 20 pl 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 kQ. 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 pg/ul
chloramphenicol, 0.55 mM IPTG, and 80 pg/ml X-Gal. After a20 h incubation at 37 °C, the plates were placed at ambient
temperature in the dark for an additional 20 h to alow 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 ul 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 pug/ul) 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,
atotal 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) Notl and analyzed by PFGE in 1% agarose gels (6 VV/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 spotsusing a3 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 ascale of 3, 6, and 9 as determined by weak, moderate, and strong hit intensities, respectively. These datawere
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 previoudy (Marraet d., 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: //mww.sanger .ac.uk/Users/cari/fpc_ fag.shtml.
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BAC end sequencing

To prepare BAC DNA for end sequencing, 4 ml LB chloramphenicol (12.5 ug/ul) was inoculated with
4 u BAC freezer stock, and cultures were grown for 20 h in 6-cell autogen tubes at 37°C. BAC cultures
were miniprepped robotically (Autogen 740 plasmid isolation system), and DNA was resuspended in 25 ul
1 mM Tris. Sequencing reactions were set up according to manufacturer’s instructions for the Big Dye Ter-
minator chemistry (Perkin-Elmer, Norwalk, CT). Samples were then loaded onto 48-lane sequencing gels
in ABI377 automated sequencers. Gels (250 ml) were composed of the following: 5% Long Ranger poly-
acrylamide (FMC, Rockland, ME), 6 M urea, 18 ul NN,N' N’ = tetramethylethylenediamine (TEMED),
150 ul ammonium persulfate (10% stock), and 1X TBE buffer. Reaction products were electrophoresed
using a 3.5-h run. DNA sequence data were analyzed using the ABI base calling software program (Ap-
plied Biosystems, Foster City, CA). The resulting file was 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 Clemson University Genomics Institute (CUGI). Search results were grouped accord-
ing to gene function. The sequence data described in this article were submitted to the GenBank data
library under accession numbers AQ242112-AQ242254, Rockland, ME.

RESULTS

BAC library construction and characterization

Prior to BAC library construction, there was concern that cloning bacterial DNA in a bacterial cloning
system might create logistical problems because of potential similarities in DNA structure. Therefore, South-

FIG. 1. (A) Ethidium bromide-stained agarose gel of size-separated DNA from O. anthropi and E. coli digested with
HindIll. (B) Autoradiograph of a Southern blot of gel A hybridized with radioactively labeled total O. anthropi DNA.
Lane 1, HindlII digested-lambda DNA marker; lanes 3-6, O. anthropi DNA; lanes 8-10, E. coli DNA.
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ern blots of restricted Escherichia coli and O. anthropi genomic DNA were probed with total O. anthropi
genomic DNA. Results indicated that DNA sequence similarities between the genomes were negligible, as
there was no detectable hybridization or very weak hybridization (Fig. 1). A BAC library was constructed
for O. anthropi that is suitable for physical mapping and cloning genes associated with bioremediation.
HindIIl was used as the cloning enzyme because complete digests with O. anthropi genomic DNA pro-
duced fragments = 30 kbp. The library consists of 3072 clones stored in eight 384-well microtiter plates.
Less than 2% of the clones do not contain inserts, as judged by random analysis of BAC sampled from the
library. A random sampling of 136 BAC taken from the library indicated an average insert size of 112 kb
with a range of 45-254 kb. Figure 2A shows 15 randomly selected clones digested with Notl to release the

kb

146
97

46
15

pBeloBAC11

FIG. 2. Fifteen randomly selected O. anthropi BAC clones. (A) Ethidium bromide-stained CHEF gel (5-15 sec switch
time, 14 h) showing insert DNA above and below the 7.5-kb pBeloBAC11 vector band. (B) Autoradiograph of gel in
A after Southern transfer and probing with total Q. anthropi genomic DNA. Molecular marker is MidRange I (New
England Biolabs, Beverly, MA).
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insert. The two Nol sites in pBeloBAC11 flank the multicloning site. Because Notl is a GC-8-base cutter
and the O. anthropi genome is relatively GC rich, digestion typically generates a vector band plus 1-8 in-
sert bands based on our data. Figure 2B shows a Southern blot of the gel in Figure 2A probed with total
O. anthropi genomic DNA, indicating that the source of cloned DNA originated from O. anthropi.

To determine the size distribution of BAC clones in the library, the 136 BAC 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 (Fig. 3). Based on this analysis, >65% of the clones in the li-
brary have an average insert size >100 kb.

Contig assembly by hybridization

In higher organisms, repetitive elements can cause problems in contig assembly using a hybridization ap-
proach. However, in bacterial genomes, repetitive DNA is relatively minimal, allowing hybridization data
to be quite robust. Therefore, a hybridization without replacement strategy was employed, as described by
Prade et al. (1997), to generate a complete physical map of the O. anthropi genome. In the first round of
hybridizations, the inserts from 10 random BAC clones, each about 100-160 kb in size, were chosen as
probes from the 3072-clone BAC pool to hybridize to the 70X deep library. Each probing resulted in an
average of about 98 hits. An autoradiograph picture of one colony hybridization is shown in Figure 4. Be-
cause each hybridization experiment generated such a large amount of redundant data, on subsequent hy-
bridizations we used only half of the library, which provided a 35X genome coverage. Each round of hy-
bridization experiments used inserts from 6-14 randomly selected BAC clones as probes. This procedure
was repeated again and again until no new hits were achieved, indicating that nearly all the BAC clones in
the 1562 clone 35X library were either used as probes or identified by other BAC probes. A total of 69 hy-
bridizations were finally used to complete the data collection process.

In the hybridization experiments, the intensity of the hits identified by a probe varied. The variation was
thought to be due largely to the degree of overlap between a probe and an insert or, less often, to poor
colony growth on the filters. Therefore, data generated by the hybridization experiments were classified by

Number of clones

Insert size (kb)

FIG. 3. Insert size distribution of clones in the O. anthropi BAC library. To estimate insert size range, BAC DNA
from 136 randomly selected clones was analyzed, as shown in Figure 1A. Results indicate that the average insert size
is 112 kb, with >65% of the clones > 100 kb.
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FiG. 4. Huummiple of an @ grobrogd colony filer hvbricization using 2 rndomly selecied H0-ED BAC insert o a
probe. Each fitber allows 1536 BAC io be screemed [ —40% genome coverage], Ammows point oward hits classifod by
intensity ns A, b or 9 (or weak. moderate, ond stroag sipanls, respectively

signal infensity on g scale of 3, &, and 9 as delenmined by weak, moderate, and strong hit intensities, re-
spectively (Fig. 41 These data were then used 1o generate o probe versus hit binary dote matrix. A hy-
bridization strength sensitive algorithm was used (o converd inpul consisting of an unordered matris repre-
senting hybridization events into an ordered matrix representing the physical onder of clones along the
chromosomse. This was sccomplished by first ordenng the rows, which represented the clones, and then ar-
dering the columns, which represented the probes. The algorithm that performed the first task wis based
on @ weighting scheme that combined the frequency of identicul probe hits, the number of hits per clone,
and the strength of hits 1o oblain the most uppropriate ordering of clones. The alponthm wsed o order the
columis was hased on selecting columns with consecutively repented probe hits (Sasinowska und Sas-
moak], 1909},

Analysis of the binary matrix resulted in the development of two large contigs and two small con-
tigs, Arratin el al. (1991} pointed out that two or more hits shoold support o link in the hybridization
contig maps 1o avoid false joints dug 1o experimental problems. In our analysis, esch link was supported
by at least two hits, The twe large contigs contained 444 and 283 clones, and the two small contigs con-
tamed 12 and 10 clones. 1t s likely that these contigs represent the two major replicons and two plas-
mids of O, anthrepi that Jumas-Bilak et al, (1998) characterzed using PFOE of linearized chromo-
somes. The remaining clomes were esther unideniified because of poor colony growth on the filters,
formed mumerous small contigs, or represented emply vectors. Redundunt clones in the contigs were
ihen removed to form a reduced Hling path contamimg a total of 69 clopes, which were wsed for o gene
survey vin BAC end sequencing. The 69 clones uséd (or BAC end sequencing wene funther reduced by
removing additionnl redundant clones. This resulled in a sequence-ready minimum tile of only 38 and
32 clones for contigs one and two, respectively, whereas the two small contigs contained iy clones
cach. Table | shows the minimum tiles as ordered binury data matrices produced by the weighted strength
wlgarithm progriim.
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Contig assembly by DNA fingerprinting

To mugment the hybridization-hased physicul mapping data, 1536 BAC clones (35X genome coverage)
obtained consecutively Trom the first four 384-well plaes of the library were subjected o HindIII finger-
printing. After the BAC digests were separited on anilytie sgarose pels, followed by siaining. gel pictures
were imaged sing o fluorimaging system (Bio-Rad), suved as TIFF files and transferred o o UNIX work-
station. Restriction bands were called and digitized using IMAGE soltware (Sanger Centre, LLK. ). Bands
< | kb were ignored because they were not well resolved and accounied for < 1% of the wtal length of the
BAC inserts. Resulting digitized bands that contained the relative mobilities of all the restriction (ragrments
Trom the BAC clones were then transferred to & dotebase.

Contig assembly using FPC was performed at o wolerance value of 7 and a cutoff score of 1071, These
parameter thresholds provided the fewest contigs with o minimal smoont of eror. For o detailed discussion
of FPC parameter thresholds, see the FPC users’ gubde at herpedoww sanger.ae il Usersécarifpe_fagshtml.
Compared to the hybridization-based data, the FPC analysis produced more contigs. In summary. results of
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the analysis provided 13 high-quality FPC contigs (Table 2). Seven of the contigs were quite large, con-
taining between 25 and 328 clones and ranging in size between 216 kb and 1288 kb. The remaining con-
tigs were small, containing between 2 and 6 clones and did not exceed 100 kb in size.

Physical map construction by combined methods

Results obtained using the hybridization data and the fingerprint data were combined to produce a phys-
ical map. With uncharacterized bacterial genomes, there is a lack of genetic markers to assist the alignment
of contigs. However, there is also a lack of large repetitive elements in bacterial genomes, which allows
hybridization data to be quite reliable. Therefore, the hybridization data were used as the foundational con-
tig assembly, and the fingerprint data were used as a verification tool. By manually comparing the FPC
contigs with the hybridization-based contigs, we were able to verify the physical associations among clones.
In addition, the positions of the BAC clones from the hybridization-based minimum tiles were mapped in
the FPC database. Not only did this allow verification of the hybridization data, but it also allowed place-
ment of the FPC contigs within the hybridization-based contigs (Table 1).

Using PFGE of linearized chromsomes, Jumas-Bilak et al. (1998) estimated that O. anthropi contained
two major replicons of about 2700 kb and 1900 kb in size in addition to two smaller plasmids varying in
size between 50 and 150 kb depending on the strain tested. Our contig-based physical mapping data pro-
duced two large contigs that we estimated to be 2313 kb and 1882 kb for contigs one and two, respectively,
based on the fingerprints of the clones within the minimum tiles, taking into account overlap between clones.
When adding up the sizes of the FPC contigs that comprised the two large hybridization contigs, nearly
similar estimates of 2028 kb and 2197 kb for contigs 1 and 2, respectively, were obtained. These large con-
tigs probably correspond to the two major replicons characterized previously by Jumas-Bilak et al. (1998).
Any discrepancies in contig sizes between the two studies may be a result of the methods used to obtain
sizes.

TapLE 2. REesuLTs oF FPC ANaLysIS OF 1536
FINGERPRINTED O. anthropi BAC CLONES?

FPC No. of Estimated contig
contig clones FPC score® oF size (kb)
1 222 0.900 0 909
2 57 0.959 0 316
3 30 1.000 0 77
4 328 0918 1 1288
5 305 0.890 3 1265
6 46 9.943 0 232
7 25 0.973 0 216
8 6 1.000 0 50
9 3 1.000 0 31
10 2 1.000 0 39
11 2 1.000 0 42
12 2 1.000 0 46
13 2 1.000 0 35

#For further description of FPC terms and protocols, see the FPC users’ guide at
http:/iwww.sanger.ac.uk/Users/cari/fpc_faq.shtml.

YEPC score = ((P + left + right) — n)/(total ends) where n is the number of neg-
ative bands, P is the number of positive bands, left and right are the maximum num-
ber of extra bands to left and right ends, ends is an approximate number of end frag-
ments, and fotal is the total number of bands.

¢Q, clones that incorrectly map to the same space due to similar fingerprints, have
poor fingerprints, or have a suboptimal solution.
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Tasre 3. Sumvary oF BAC Exp SEQUENCES (BES) SHOWING THE STRONGEST SIMILARITY
(E-vaLuE < 0.001 onLY) 10 Dataase Accessions FrRov THE BLASTX SeArcH

BES
BES ID No.

Best
match
ID No. Gene description

Organism

AA identity

AA similarity

Unclassified/Miscellaneous

IF20-F AQ242131 M93187  ORFA Arthrobacter sp. 38% (397103)  56% (58/103)
[F20-R AQAIR AE000203 f;;ili):](Dprotcininputphohimcrgcnic Escherichia coli 3% (T11211) $4% (L14211)
INA-F AQ242193 769368 57.6 KD protein in chromosome | Schizosaccharomyces pombe 48% (60/124)  61% (76/124)
IN24-R AQ242194  AE000239 CPXA_PSEPU Escherichia coli 64% (90/140)  74% (104/140)
2A18-R AQULSS AEQ00117 59.6K[}pt‘{)t§inin ARAC-TBPA Escherichia coli 48% (72/147) 10 (103147
Intergenic region
WB21-F AQ242228  ALO21411 Hypothetical protein Streptomyces coelicolor 45% (18/40) 62% (25/40)
D09-R AQ242207  AE000079  16.7KD protein Rhizobium sp. NGR234 62% (58/93) 75% (70/93)
JKO0-R AQ242168 796797  Hypothetical protein Mycobacterium tuberculosis 61% (T2118)  74% (88/118)
AAF AQ2151  AJ224445  orF20 Sinorhizobium meliloti 62% (86/137) 73% (101/137)
IMO3-F AQ242201  AE000064 34.7 KD PROTEIN Rhizobium sp. NGR234 57% (15/130)  73% (95/130)
PIS-R  AQ242198 778418 Hypothetical protein Caenorhabditis elegans 40% (33/82) 52% (43/82)
23R AQ2118 774697 139.6 KD protein Mycobacterium 48% (62/130)  62% (80/130)
3001-F AQ242123  D90913  Hypothetical protein Synechocystis sp. 58% (18/31) 1% (22131)
IP09-F AQ242232  AL021246 Hypothetical protein Mycobacterium tuberculosis 41% (40/97) 66% (64/97)
IPIS-F AQ242155  D64000  Hypothetical protein Synechocystis sp. 56% (93/164)  75% (124/164)
4PI2-R AQ242235 726318 Royal jelly protein Apis mellifera 23% (21/88) 47% (42/88)

F = Forward sequence, R = reverse sequence.
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Tasre 3. Continued

Cell division/DNA replication and repair

1AO8-F  AQ242129  U82225
[A24-R  AQ242188 D90888
IEI3-F  AQ242165  AE000068
IL09-R  AQ242209 U80928
4A02-F  AQ242191  M30255
4E01-F  AQ242218  U37793
4E01-R  AQ242219  U32760
Cell signalling

2D24-F  AQ242242  AE000347
2C07-R AQ242120  AE000064
2L16-R  AQ242231 770692
3P07-F  AQ242195 AE000098

Cell structure/membrane proteins
IF24-R  AQ242174 U26443

1G24-F AQ242145 129029
2D24-R  AQ242243  AJO06770
Metabolism

1A09-F  AQ242127 AF035413
IBII-F  AQ242183  P70865
ICI8-R AQ242122  AF054609
2A10-R  AQ242239  X99599
2D09-F  AQ242206 U39940
IF24-F  AQ242173 NUO9
2G14-F  AQ242222 U84888
2100-F  AQ2421l6  X70420
2K20-F  AQ242171  U25800
2L18-R  AQ242200 L36823
21.23-R  AQ242152 U38543
2P10-F  AQ242114 799120
3C07-F AQ242185 E64180
JCO7-R AQ242186  MS5S9236

GyrB Topoisomerase

radB

Putative replication protein A
RepA

DNA ligase

DNA polymerase III, beta chain
Cell division protein

Signal recognition particle protein
Mannose- 1-phosphate guanyltransferase
Ketopantoate hydroxymethyl transferase
Hydrolase/peptidase

Porin
VSP-3 cell wall protein
Extensin

Agal opine catabolism

Alanyl (RNA synthetase

ATP synthase subunit B

ATP synthase delta chain

Choline dehydrogenase

NADH dehydrogenase subunit
Phosphoglucomutase

Molybdenum cofactor biosynthesis
NADH dehydrogenase
Cinnamyl-alcohol dehydrogenase
Oxidoreductase

Allantoinase

Lipid A disaccharide synthetase
Cobyrinic acid A,C-diamide synthase

Bartonella bacilliformis
Escherichia coli
Rhizobium sp. NGR234
Rhizobium etli
Escherichia coli
Caulobacter
Haemophilus influenza

Escherichia coli

Rhizobium sp. NGR234
Mycobacterium tuberculosis
Rhizobium sp.

Brucella suis
Chlamydomonas reinhardtii
Cicer arietinum

Agrobacterium tumefaciens
Bartonella bacilliformis
Brucella melitensis
Rhodobacter capsulatas
Sinorhizobium meliloti
Reelinomonas americana
Mesembryanthemum crystallinum
Escherichia coli
Rhodobacter capsulatas
Stvlosanthes humilis
Escherichia coli

Bacillus subtillis
Haemophilus influenzae
Pseudomonas dinitrificanus

74% (115/156)
37% (46/122)
39% (69/1106)
74% (78/106)
58% (806/148)
46% (52/111)
50% (57/113)

48% (01/127)
50% (103/205)
51% (38/74)
30% (43/146)

66% (60/91)
28% (37/132)
51% (36/71)

46% (93/203)
66% (32/48)
83% (47/56)
43% (53/123)
45% (57/124)
78% (83/106)
55% (47/85)
51% (53/103)
800% (85/106)
67% (67/114)
31% (32/101)
36% (19/52)
39% (28/72)
55% (54/97)

88% (137/156)
59% (73/122)
75% (87/116)
81% (86/106)
76% (113/148)
63% (70/111)
68% (77/113)

64% (82/127)
64% (132/205)
60% (45/74)

54% (79/146)

T7% (70/91)
44% (58/132)
58% (41/71)

62% (125/203)
77% (37/48)
89% (50/56)
65% (81/123)
63% (79/124)
84 (89/106)
81% (69/85)
70% (72/103)
7% (92/106)
68% (78/114)
53% (54/101)
59% (31/52)
64% (46/72)
69% (67/97)
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TasLE 3. Continued

BES
BES ID No.

Best
match
1D No.

Gene description

Organism

AA identity

AA similarity

3D07-F  AQ242125
JI23-F  AQ242117
JLOI-R  AQ242227
3L23-F  AQ242157
3007-F AQ242153
3PO2-R  AQ242254
JP09-R  AQ242233
JPI5-R AQ242156
4A02-R  AQ242192

Phage remnant
4MO7-F  AQ242163

D31783
029587
AF033856
AF031709
722636
Q08113
U51905
AF031709
M12893

AE000751

carboxynorspermidine decarboxylase
moaE gene phopholipid synthase

Phosphoglucomutase

Cystathionine gamma-lyase-like protein
exoN protein, polysaccharide biosynthesis

NIFR3 protein

Phosphoserine aminotransferase

Cystathionine gamma-lyase
2-1sopropylmalate synthase

Phage SPO1 DNA polymerase

Transcriptional regulation/post translational regulation

ID03-R  AQ242217
1G24-R  AQ242146
ZAI8-F  AQ242244
ELL-F AQ242133

511
FLR - 20242204

4C09-R  AQ242150
4HI8-R  AQ242211

AE000728
B64189
D90899
U32867
AF017747

X82174
AF001171

Transport/binding proteins

TAD9-R  AQ242128
2106-R  AQ242253
2K05-F  AQ242167
2LI6-F  AQ242230
2A10-F  AQ242238
JFI3-F  AQ242203
3L08-F  AQ242135
4P23-F  AQ242190

Pathogenic/cell defense
IE13-R  AQ242166
2007-F AQ242119
2MO3-R AQ242202
4C09-F  AQ242149
JPO2-F AQ242247
4HI8-F  AQ242210
4024-R AQ242113
4P12-F  AQ242234

AF012537
P04983
AEQ00283
D90769
42410
547788
AEQ00185
A32349

AF043471
798208
D88802
AB000617
P37594
B47301
X68232
AE000538

Transcriptional regulator (FurR Family)
Glycine cleavage transcriptional activator
Methionine sulfoxide reductase

PCA operon transcriptional activator
Heavy metal dependent transcription

regulator
DNA binding protein
PehR

Arginine and ornithine binding protein
Ribose transport ATP binding protein
L-arabinose transport ATP-binding protein
ABC transporter permease protein
Heavy-metal transporting P-type ATPase
D-xylose transport ATP binding protein
ABC transporter ATP-binding protein

ATP-binding protein, chvD

Hemolysin

TlyA, cytotoxin /haemolysin homologue
Chloramphenicol resistance protein

LmrB, drug-export protein

Methyl viologen resistance protein

VirB4 homolog
Multidrug exporter protein
Cell binding factor

Vibrio alginolyticus
Escherichia coli
Agrobacterium tumefaciens
Stenotrophomonas maltophilia
Rhizobium meliloti
Rhodobacter capsulatus
Methanosarcina
Stenotrophomonas maltophilia
Saccharomyces cerevisiae

Aquifex aeolicus

Aquifex aeolicus
Haemophilas influenza
Synechocystis sp.
Agrobacterium tumefaciens
Proteus mirabilis

Bacillus subtilis
Rﬂ'f.‘n’.’ﬁﬂiﬂ .S'()llrﬂﬂflf,'(fﬂ Fim

Pseudomonas aeruginosa
Escherichia coli
Escherichia coli
Escherichia coli

Proteus mirabilis
Escherichia coli
Escherichia coli
Agrobacterium tumefaciens

Escherichia coli
Mycobacterium tuberculosis
S. lividans

Bacillus subtilis

Salmonella typhimurium
Bordetella pertussis
Klebsiella pneumoniae
Helicobacter pylori

54% (41/75)
50% (56/112)
819 (84/104)
43% (40/92)
67% (116/171)
59% (104/176)
58% (58/99)
45% (74/163)
56% (18/32)

43% (21/49)

34% (18/52)
27% (28/101)
419 (23/56)
77% (127/165)
51% (41/81)

27% (33/122)
47% (43/92)

53% (47/88)
449 (106/241)
41% (31/74)
32% (54/156)
77% (78/100)
46% (101/221)
50% (46/92)
73% (60/82)

46% (58/127)
519 (74/145)
35% (29/82)
30% (25/83)
35% (30/84)
50% (58/117)
63% (53/84)
43% (35/80)

% (58175)
ew (75/112)
88% (92/104)
63% (58/92)
80% (137/171)
70% (124/176)
69% (69/99)

66% (107/163)
65% (21/32)

13% (36/49)

51% (27/52)
49% (50/101)
51% (29/56)
89% (147/165)

69% (56/81)

52% (64/122)
65% (60/92)

71% (63/88)
64% (154/241)
71% (53/74)
56% (93/166)
84% (85/101)
63% (140/221)
71% (65/92)
89% (73/82)

56% (71/127)
65% (94/145)
57% (47/82)
50% (42/83)
64% (54/84)
68% (79/117)
79% (67/84)
66% (53/80)
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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 atotal 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.
Overal, | 10 of 138 BES resulted in hits during the database search. Of the | 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 isshown in Table 3.

All of the BES identified and listed in Table 3 are sorted by function of their putative protein product. As aresult 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 Proteobacteriain general.
The E. coli genome, which is4.6 Mbp in size, contains 4288 genes (Blattner et a., 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 bacteria 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. Thelibrary is an idea
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 amajority (92%) of the 77 strong hits (E-value < 0.001), showing
similarity to bacterial genesfrom 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 (Y anagi and

Y arnasoto, 1993), resulting in the phylogenetic placement of 0. anthropi as follows: Ochrobactrum, Rhizobiaceae, apha
subdivision, Proteobacteria, Eubacteria. The Proteobacteria are the most physiologically diverse of al the bacteria, and at the
present time, 16 genomes within this group are being sequenced or have been sequenced (http: //www.tigror gltdbl mdblmdb.html).
However, no members of the Rhizobiaceae group, which includes 0. anthropi and A. tumefaciens, are being sequenced by public
research groups at thistime. Interestingly, from the 77 hits on the GenBank database with the BES data, 14% were from

Rhi zobiaceae 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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