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Abstract 

Burkholderia cepacia has attracted attention because of its extraordinary degradative abilities and its potential as a pathogen 

for plants and for humans. This bacterium was formerly considered to belong to the genus Pseudomonas in the y-subclass of the 
Proteobacteria, but recently has been assigned to the P-subclass based on rrn gene sequence analyses and other key phenotypic 
characteristics. The B. cepacia genome is comprised of multiple chromosomes and is rich in insertion sequences. These two 

features may have played a key role in the evolution of novel degradative functions and the unusual adaptability of this 

bacterium. 
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1. Introduction 

The bacterium Burkholderia cepacia first attracted 

wide attention in 1966 following publication of the 

classic study of the aerobic pseudomonads by Sta- 
nier, Doudoroff and Palleroni [42]. Among the hun- 
dreds of strains examined, these investigators recog- 

nized a distinctive group of isolates able to utilize 
more organic compounds as sole carbon and energy 

source than the fluorescent pseudomonads. The spe- 
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ties designation ‘Pseudomonas multivorans’ was pro- 

posed to emphasize the extraordinary nutritional 

versatility of these bacteria. It was realized later 
that similar isolates causing a rot of onion bulbs 

already had been described, and the designation 
‘Pseudomonas cepacia’ was given precedence [34]. B. 
cepacia also has been recognized as a serious cause 
of respiratory tract infections in patients with cystic 

fibrosis [21,28]. The ability to colonize both plant 
and animal tissues makes B. cepacia an attractive 

subject for studies of host/parasite interactions. 

Palleroni and his collaborators separated the pseu- 
domonads into several groups based on the results of 
rRNA/DNA hybridization experiments, and recog- 
nized that B. cepacia was not closely related to the 
fluorescent pseudomonads [32,33]. These observa- 
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Table 1 
Representative B. cepacia isolates 

- 
ATCC strain 

I 76 16 (249) 

Pertinent features 
-____-. 

Physical map available showing the distribution of five sets of 

Reference 
_ 

[7.2 I ,22,42] 

25416 

53867(ACllOO) 

29424 ( PHKlDBO 1) 

53617 (G4) 

rm genes on three circular chromosomes. Genome is rich in 

IS elements. Characterized with respect to pathways of 

carbohydrate utilization and hydroxyamino acid utilization. 

Utilizes phthalate but not b-serine. Able to grow at 47°C. 

Detailed physical map available showing the distributton and 

orientation of six sets of rm genes on three circular chromo- 

somes. Type strain. isolated as an onion pathogen. Utilizes 

p-serine but not phthalate. 

Utilizes the herbicide 2.4,5-T. but not b-serine or phthalate. 

Physical map available showing the distribution of 6 sets of 

rrrr genes on two chromosomes. Genes related to 24.5-T 

degradation located on two smaller replicons in association 

with three different IS elements, possibly involved in their 

[34,35,49] 

[8,9,15,16,19,46] 

recruitment. 

Characterized with respect to pathways of aromatic hydrocarbon 

degradation. Utilizes phthalate but not o-serine. Appears to 

contain three chromosomes with six sets of rm genes 

Forms a plasmid-encoded toluene monooxygenase implicated in 

degradation of toluene and trichloroethylene. Utilizes phthalate. 

but not n-serine. Appears to contain four chromosomes. with six 

[20.5 I] 

[39.401 

17759 (382) 

17760 (383) 

CRE-7 (no ATCC 

number available) 

sets of ~rfl genes. 

Utilizes b-serine, but not phthalate. Identical to NCTC 

strain 10661, Virulence factors produced in response to 

autoinducers. Appears to contain three chromosomes. 

Utilizes n-serine, but not phthalate. Appears to contain 

two chromosomes. Relatively small genome size. 

Degrades polyaromatic hydrocarbons. Grows on phthalate, 

but not on b-serine. Appears to contain three chromosomes 

with six sets of rra genes. 

]28,421 

[421 

[311 

tions have held up through more detailed analyses of 

rrn gene nucleotide sequence similarities. The latter 
studies confirmed that B. cepacia was not an authen- 
tic pseudomonad sensu strict0 [32-34,491. It belongs 

to the P-subclass of the Proteobacteriu rather than 
the y-subclass which includes Pseudomonas aerugino- 

sa, the types species of the genus Pseudomonas [32]. 
P. cepacia was recently transferred to the new genus 
Burkholderia [49] in recognition of W.H. Burkholder, 
who initially identified this bacterium as a causative 

agent of onion rot [2]. 
Perhaps the most unusual characteristic of this 

species is its genomic organization. New technology 
that allows the isolation and size fractionation of 
very large fragments of DNA [5] has been used to 
analyze the genomes of a variety of bacteria not 
previously amenable to classical genetic manipula- 

tion [17,36], including B. cepucia [7,16,35]. These ap- 
proaches have revealed that the B. cepacia genome 
contains multiple chromosomes [7,35]. Similar exam- 

ples of replicon multiplicity were reported earlier for 
certain members of the a-subclass of the Proteobac- 

teria [l&29,43]. Most surprising was the finding that 

different B. cepacia isolates contained between two 
and four chromosomes with overall genome sizes in 

the range of about 5 to 9 Mb. 
B. cepacia is also notable in harboring an extensive 

array of insertion sequences (IS elements), which 
have been isolated from B. cepacia on the basis of 
their ability to promote genomic rearrangements 
[1,14] and to increase the expression of neighboring 
genes [ 15,16,21,22,38,47]. Such elements appear to 
contribute significantly to the genomic plasticity of 
B. cepaciu and to play an important role in the evo- 
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lution of novel catabolic functions. For example, IS 
elements have been implicated in the recruitment of 

genes related to the unique ability of the atypical 
strain AC1100 to degrade the herbicide 2,4,5-T 

[8,9,15,16,46]. 

2. Representative B. cepacia strains 

Table 1 lists key B. cepacia isolates from the 

American Type Culture Collection (ATCC) and 

some features of these strains which have been in- 
vestigated in detail. Characteristics useful for rapid 

identification of B. cepacia, which are exhibited by 

the majority of strains, include (i) ability to utilize 

penicillin G, L-threonine, and the disaccharides tre- 

halose and cellobiose as sole sources of carbon and 
energy and (ii) production of an intense green metal- 

lic sheen on EMB glucose indicator plates, which is 
related to the presence of high levels of a constitu- 

tively formed glucose dehydrogenase [37]. Addition- 

ally, the ability to utilize ortho-phthalate or D-serine 

has proved useful for distinguishing among strains of 

B. cepacia [21]. 
Most strains grow well in inorganic salts medium 

containing either phthalate or o-serine as sole carbon 

and energy source. Strain ATCC 25416, which forms 

an inducible o-set-me deaminase, grows well on D- 

serine, but fails to utilize phthalate. Strain 249 

(ATCC 17616) grows well on phthalate, but ordina- 
rily fails to utilize D-serine. It lacks an inducible D- 

serine deaminase of the type found in strain 25416 
[21,30]. Mutations promoting constitutive formation 

of a D-hydroxyamino acid deaminase distinct from 

the inducible enzyme in strain 25416, allowed growth 

of strain 249 on D-threonine as well as o-set-me. The 

nucleotide sequence of the cryptic dsd gene encoding 
the D-hydroxyamino acid deaminase (GenBank ac- 
cession number U41162) did not match any se- 

quences in current data banks [30]. This gene may 

provide a useful probe for identification of B. cepa- 
cia, since b-serine utilizers, such as 25416, could mu- 
tate to form a second D-hydroxyamino acid deami- 
nase, similar to the one identified in the mutant 
derivatives of strain 17616 [21,30]. 

Strain AC1100 (ATCC 53867) has the unusual 
ability to grow on the herbicide 2,4,5-T. It was iso- 
lated by ‘plasmid-assisted molecular breeding’ after 

6. andropogonis 
ATCC 23061 

6. cepacia 

G4 (ATCC 53167) 

cm01 (ATCC 29424) 

ATCC 25416 

249 (ATCC 17616) 

B.gIadioli ATCC 10248 

B.nallei ATCC 23344 

0.01 a\ 6. caryophili ATCC 25418 

\ AC1100 ATCC 53867 

Fig. 1. Phylogenetic tree showing relationships among strains of 

B. cepacia and other Burkholderia species. The tree was con- 

structed using the least squares method from a matrix of evolu- 

tionary distances. The scale bar indicates fixed substitutions per 

nucleotide. 

several months of selection in continuous culture 

[19]. This strain is atypical in its failure to utilize 

either phthalate or o-serine or to exhibit a green 

sheen on EMB glucose plates. As discussed below, 

analyses of its 16s rRNA sequence revealed signifi- 

cant differences compared to the 16s rRNA se- 

quences of other B. cepaciu isolates, suggesting that 
it may represent a separate species in the genus Burk- 
holderia. 

3. Phylogenetic relationships based on rrn sequences 

Burkholderia spp., which were assigned originally 

to the pseudomonad rRNA similarity group II, are 
now affiliated with the S-subclass of the Proteobac- 
teriu [10,32-34,491. Bacteria of the B-subclass gener- 

ally share more than 86% similarity in 16s rRNA 

nucleotide sequence. The extent of 16s rRNA simi- 
larity with members of the y-subclass of the proteo- 
bacteria, which includes the authentic pseudomo- 
nads, is in the range of 81-83%. The topology of a 
phylogenetic tree recently constructed with 23s 
rRNA sequences from 17 Proteobacteria, including 
those of B. cepaciu and four other B-subclass mem- 
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Table 2 

Macrorestriction fragments generated by treatment of the circular chromosomes from B. cepacia strains ATCC 17616, 25416, and 53867 

with CeuI, Swnl, and PacI 
~~~ _~~ _~ ~_~ 

ATCC strain Replicon Macrorestriction fragments (Mb) 

PUCI Swnl Crul” 
_~_ 

17616 (249)’ I (3.4 Mb) 2.2, 0.6, 0.56 1.7. 1.2. 0.5 1.9. 0.9, 0.6 
II (2.5 Mb) 1.4. 0.8. 0.3 0” 2.5 
III (0.9 Mb) 0’ 0.9 0.9 

25416” I (ca 3.5 Mb) 1,6, 0.65, 0.5, 0.3, 0.2. 0.2 3.0, 0.5 2.2, 1.2, 0.26. 0.2 
II (3.1 Mb) 2.3, 0.6. 0.2 2.1, 0.5, 0.24, 0.2, 0.1 3.1 
III (I.1 Mb) 1.1 0.8, 0.16, 0.14 1.1 

53867 (AC1 100) I (ca 4.1 Mb) 2.5. 0.75. 0.7 3.0. 0.6, 0.3, 0.2, 0.1 1.9, 1.8, 0.45 
II (Cd 2.7 Mb) 2.0, 0.6 1.1, 1.0, 0.2 2.3, 0.3, 0.2 

~~ -_ ._.____. _ 
“Data from Cheng and Lessie [7]. 

” The 2.5-Mb chromosome of strain 17616 contams no Swl sites. 

’ The 0.9-Mb chromosome of strain 17616 contains no fwl sites 

I’ Data from Rodley et al. [35]. 

c, Strain 53867 also contains two megaplasmids of about 0.5 and 0.3 Mb specifying genes related to 2,4,5-T degradation as well as a 170-kb 

plasmid [ 161. 

bets, was congruent with relationships determined by 

16s rRNA sequence comparisons [25]. Analyses 

based on recA gene sequences also were consistent 

with placement of B. cepuciu in the P-subclass [1 I]. 

Phylogenetic relationships inferred by comparison 
of 16s rRNAs are emphasized here, since consider- 

ably more sequence data are available than for 23s 

rRNA. Li et al. [23] constructed a phylogenetic tree 

Table 3 

Linearized replicons resolved by PFGE of unrestricted DNA from selected B. crpucra isolates,’ 

Strain 

ATCC 53617 (G4)” 

ATCC 25416 

ATCC 17759 (382) 
ATCC 29424 (PHK/DBOl )” 
PHK-GB” 

CRE-7 

ATCC 17616 (249) 

542’ 

ATCC 53867 (AC1 100) 

67-46 

ATCC 17760 (383) 

SW3” 

Large replicons (Mb) 

3.4. 2.4. 1.2. I.1 

3.6. 3.4. 1.0 

3.5, 3.3, I.1 

3.4. 2.4. 1.3 

5.8, 1.3 

3.4. 3.2. I.3 

3.4. 2.5. 0.9 

3.4, 3.0 

3.7. 2.6 

3.6, 1.8 

3.4. 1.3 

3.5. 1.1 

Total chromosomal DNA (Mb)b 

8.1 

8.0 

7.9 

7.1 

7.1 

7.0 

6.8 

6.4 

6.3 

5.4 

4.7 

4.6” 

*Data obtained by B. Manning and T. Lessie. Note there are small differences in size estimates compared to values reported by Rodley et al. 

[35] for strain 254176 and Henrickson 1161 for strain 53867, which were based on macrorestriction fragment analyses (see Table 2). 

)‘The estimates of genome size do not include replicons smaller than 0.9 Mb. For example, the 0.5- and 0.3-Mb megaplasmids of strain 53867 

1161 and the approximate 200-kb cryptic plasmids of strains 17616 [14], 25416 [35], and 53867 [16] are not included. 

?Unrestricted DNA from strain G4 also contained DNA species corresponding to replicons of about 0.4, 0.3, 0.2, and 0.1 Mb. 

“Strains DBOI and PHK-GB represent different stocks of the phthalate-utilizing strain PHK isolated by P. Keyser [20] and deposited in the 

American Type Culture Collection as ATCC 29424. 

“A stock of strain 29424 from the culture collection at the U.S. EPA Gulf Ecology Lab in Gulf Breeze, FL, in which the 2.4- and 3.4-Mb 

replicons of the original isolate had fused to form a stable 5.8-Mb replicon. 

‘A clinical isolate obtained from J.M. Matsen at Univ. Utah Medical Center. 

“An oil-degrading isolate from the U.S. EPA Gulf Ecology Lab in Gulf Breeze, FL. 
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Table 4 

Characteristics of selected IS elements from B. cepacia strains 17616 and 53867 

IS element (GenBank 

accession number) 

Size 

(bp) 

Characteristics 

IS401 from strain 17616 (LO9108) 

IS402 from strain 17616 (M33173) 

IS406 from strain 17616 (M33481) 

IS407 from strain 17616 (M3378) 

IS408 from strain 17616 (LO9108) 

IS931 from strain 53867 (M25495) 

IS932 from strain 53867 

IS14Z3 from strain 53867 (U58191) 

1316 

914 

1368 

1236 

2685 

1477 

ca. 3400 

1429 

Insertion generated 3-bp direct repeats of target site DNA. 

26-bp terminal inverted repeats (IR). G+C content 64%. 

Promoted rearrangements of pTGL1 of strain 17616 and 

replicon fusion between pTGL1 and pRP1. l-6 genomic 

copies*. Related to ISSZ of P. savastanoi. 
3-bp direct repeats of flanking DNA. 17-bp IRS. G+C 

content 63%. Activated expression the bla gene of pRP. 

24 genomic copies”. Related to a Mycobacterim element. 

8-bp direct repeats of flanking DNA. 41-bp IRS. G+C 

content 64%. Activated the lac genes of pGC9.14. 

5 genomic copies”. Related to IS1201 of Lactobacilhu. 
4-bp direct repeats of flanking DNA. 49-bp IRS. 

G+C content 59%. IS3 family member. Putative transposase 

is a transframe protein formed by translational frameshifting 

between two ORFs of 264 and 549 nt. Activated the lac genes 

of pGC91.14. Carries an outward-directed promoter within 

IR-R. 3-5 genomic copies”. 

8-bp direct repeats of flanking DNA. 49-bp IRS. G+C 

content 63%. Inserted into the IacZ gene of pGC91.14, 

and activated expression of its lad gene. 4 genomic copies”. 

Related to IS1162 from P. j7uorescens. 
8-bp direct repeats of flanking DNA. 38-bp IRS. G+C 

content 64%. Located upstream of genes related to 2,4,5-T 

degradation. Activated the streptomycin resistance gene of 

pT240. 2440 genomic copies”. 

Located near genes related to 2,3,4-T degradation, Activated 

the streptomycin resistance gene of plasmid pT240. 13-15 

genomic copies”. No nucleotide sequence data available. 

9-bp direct repeats of flanking DNA. 24-bp IR. G+C 

content 60%. Inserted upstream of tftA gene. Transposase 

may be formed by translational frameshifting between 

ORFs of 384 and 891 nt. Related to I’S72 of Thiobacillus 
ferrooxidans. 10-12 genomic copies”. 

Refemces 

[1,13,21,22,26,38] 

[22,45,47,48] 

[6,22.47,48] 

[3,22,41,47] 

[15,461 

1151 

14,161 

‘The number of genomic copies was different in various derivatives of the parent strain. 

of rRNA group II pseudomonads based on a com- 

parison of nearly complete 16s rRNA sequences. 
The strains examined formed two clusters within 

the P-subclass. Members of the first cluster, which 
included Burkholderia andropogonis, B. caryophylli, 

B. gladioli and B. cepacia, shared 94% 16s rRNA 
sequence homology. Members of the second cluster, 
which included Ralstonia solanacearum, R pickettii, 
and R eutropha [50], shared between 93 and 95% 
similarity. The two clusters were joined in the tree 
at the level of 88% sequence similarity. 

Fig. 1 shows a tree which depicts the relationships 
between several B. cepacia isolates described in Table 

1 and closely related species of the P-subclass. The 

majority of the B. cepacia isolates shown in Fig. 1, 

and a group of rhizosphere and clinical isolates of B. 
cepacia described by Tabacchioni et al. [44], exhib- 

ited 98% or greater nucleotide sequence similarity. 
The exception was the 2,4,5-T-degrading isolate 

AC1100 (ATCC 53867). The 16s rRNA sequence 
of this bacterium was more similar (97-98%) to se- 
quences from a group of phenanthrene-degrading 
bacteria, recently characterized by Mueller et al. 
[31], than it was to those of B. cepacia ATCC strains, 
such as 17616, 17760, 25416, 29424, and 53617, with 
which it shared only 95% similarity. The AC1100 

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sle/article/144/2-3/117/639711 by guest on 18 M
ay 2023



122 T G. Lrssie rt al. I FEMS Microbiology Lrtrers I44 i 1996 I I I7- 128 

line appears to differ sufficiently from these well 

characterized B. cepacia isolates to warrant its sep- 

aration along with the phenanthrene degraders into a 
distinct species. 

4. Genomic organization 

The development of methods for the isolation and 

manipulation of high molecular mass DNA in agar- 

ose plugs and the ability to resolve megabase size 

DNA fragments by pulsed-field gel electrophoresis 
(PFGE) made feasible the evaluation of genome sizes 

and construction of macrorestriction fragment maps 

of the chromosomes of different B. cepacia isolates 
[7,16,35]. This approach led to the discovery of chro- 

mosomal multiplicity in B. cepacia as well as the 

unexpected finding of significant variation in overall 

genome size and chromosome number in members of 

this species. 

4.1. Macrorestriction ,fiagment maps 

Preparations of B. cepacia DNA suitable for 

macrorestriction fragment analysis were obtained 

by lysing the bacteria in agarose plugs using protein- 
ase K or pronase E, lauryl sarcosine, and EDTA 
[7,35]. Digestion of about log bacteria in 100 pl agar- 

ose plugs yields 5-10 pg of DNA. The B. cepacia 
genome is cleaved into fewer than a dozen fragments 

when these DNA samples (largely intact circular 

chromosomes) are incubated in reaction mixtures 

containing enzymes such as SwaI (recognition site 
5’-ATTTAAAT-3’) or PacI (5’-TTAATTAA-3’) 

(see Table 2). 8-bp sequences comprised exclusively 
of A and T residues are rare in B. cepacia DNA, 

which has a G+C content close to 70%. Enzymes 
recognizing similarly AT-rich 6-bp sequences, such 
as DraI (recognition site 5’-TTTAAA-3’) or se- 

quences containing the rare tetranucleotide CTAG, 
such as SpeI (5’-ACTAGT-3’) or XbaI I (5’-TCTA- 
GA-3’) cleave the DNA into a larger, but still man- 
ageable, number of fragments. For example, QeI 
cleaves the genomes of the ATCC strains 17616 
and 25416 into 46 and 38 fragments, respectively. 

Several approaches were taken to construct 
macrorestriction fragment maps. These included 
analyses of fragments generated by partial and com- 

plete digestion of the DNA and comparison of frag- 
ment patterns from the wild type and mutants exhib- 
iting large chromosomal deletions. Two-dimensional 

gel electroporesis proved useful to order fragments 

generated by step-wise double digestion of the DNA 

with different restriction enzymes [36]. The analysis 
of the genome of strain 25416 provided a good ex- 

ample of the application of two-dimensional PFGE 

in construction of physical maps. Rodley et al. 

used this approach to determine the chromosomal 
distributions of 38 SpeI. 11 SwaI, 11 PacI, 

1 lPme1, and six CeuI sites [35]. Another strategy 

employed for map construction was linking adjacent 
fragments by Southern hybridization experiments 
using DNA probes containing rare restriction en- 

zyme sites [7,35]. 

4.2. Chromosome multiplicity 

Construction of physical maps for two well char- 

acterized B. cepacia isolates, the ATCC strains 17616 

and 25416, indicated that these bacteria each con- 

tained three circular chromosomes. Strain 17616 

contained chromosomes of 3.4, 2.5, and 0.9 Mb [7] 
and a 170-kb cryptic plasmid [14]. The genome of 

strain 25416 was larger than that of strain 17616 
and comprised chromosomes of 3.6. 3.2, and 1 .l 

Mb with a 200-kb cryptic plasmid 1351. Each of the 
chromosomes in strains 17616 and 25416 contained 

at least one set of rrn genes [7,35]. 
Recently, a physical map has been completed for 

the genome of the related 2,4,5-T-degrading strain 
AC1 100 (ATCC 53867). This isolate contained two 

large circular replicons of about 4.1 and 2.7 Mb, 
each with three sets of rrn genes, as well as three 
smaller circular replicons of 0.5, 0.3 and 0.17 Mb 

1161. 

4.3. Chromosomal distribution of rrn and other genes 

In all three of the above strains, the distribution of 
rrn genes was of particular interest, since their pres- 

ence is commonly interpreted to indicate that a 
large replicon represents a chromosome as opposed 
to a megaplasmid [18,43]. Based on the hybridization 
of macrorestriction fragments with 16s and 23s 
rRNAs, the 3.4-, 2.5-, and 0.9-Mb chromosomes of 
strain 17616 were shown to contain rrn genes [7]. 
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Similar results were obtained for the 3.5, 3.0-, and 

l.l-Mb chromosomes in strain 25416 [35]. However, 
only the two largest replicons of strain AC1 100 con- 
tain rrn genes, suggesting that the smaller replicons 

may be classified as megaplasmids. The results were 

confirmed by analyses of CeuI fragments. This en- 
zyme recognizes a 19-bp core sequence conserved in 

23s rrn genes which is not represented elsewhere in 

bacterial genomes [24,35]. DNA hybridization ex- 

periments indicated a minimum of five and six rrn 

operons, respectively, in strains 17616 and 25416. 
Cat1 cleaved DNA from ATCC 17616 and 25416 
into five and six fragments, respectively, consistent 

with the results of the hybridization analyses. DNA 

from ATCC 29424, 53617, and 53867, and from 

strain CRE-7, was also cleaved by CeuI into six frag- 
ments. Thus strain 17616 appears atypical in possess- 

ing only five rrn operons. Table 2 compares the 
number and sizes of DNA fragments generated by 

treatment of DNA from B. cepaciu strains 17616, 

25416, and 53867 with CeuI, Swal, and PacI. The 

physical map developed for strain 25416 included 

information about the locations of CeuI relative to 
SpeI sites. This made it possible to determine the 
orientations of the six rrn operons, since genes en- 

coding 16s RNA contain a highly conserved SpeI 

site [35]. 
There is only limited information about the distri- 

bution of other genes on different B. cepacia repli- 

cons. Transposon mutagenesis with a Tn.5-751 deriv- 
ative carrying a SwaI site afforded one means of 

determining the locations of selected genes [7]. This 

transposon, which carries both kanamycin and tri- 

methoprim resistance cassettes, was introduced into 

B. cepacia on a plasmid temperature-sensitive with 
respect to its replication. The presence of the tri- 

methoprim cassette makes this transposon generally 
useful, since all B. cepaciu strains were sensitive to 

trimethoprim (100 pg ml-l), whereas many isolates, 
including strain 17616, were kanamycin resistant. 

Transposants were selected by passage of the bacter- 
ia at elevated temperature in the presence of tri- 
methoprim. The trimethoprim resistant transposants 
were then screened to isolate auxotrophic strains as 
well as strains blocked in utilization of various car- 
bon sources. In this manner, the 3.4-Mb chromo- 
some of strain 17616 was shown to contain genes 
related to the biosynthesis of arginine, histidine, iso- 

leucine, and threonine. Information about gene dis- 

tribution was also obtained by analysis of deletion 
mutants. For example, derivatives which had suf- 

fered deletions of DNA from the 2.5-Mb chromo- 

some exhibited pleiotropic loss of functions consis- 
tent with the interpretation that the mid-size 

chromosome contained genes related to lysine bio- 

synthesis, P-lactamase formation, and trehalose and 

phthalate utilization [7]. The chromosomal distribu- 

tion of other genes was determined by hybridization 

experiments using appropriate DNA probes [7,35]. 

For example, we recently used the cryptic dsd gene 
of strain 17616 as a probe to determine that the D- 

serine deaminase gene resides on the same 0.5-Mb 

SwaI fragment of the 3.4-Mb chromosome to which 

we had previously mapped the gene encoding the 

atypical L-threonine deaminase of this bacterium 

[7,21]. In strain ACllOO, the gyrB gene was mapped 
to a 0.6-Mb SwaI fragment of the largest chromo- 

some, using hybridization with a probe generated by 

PCR (W. Hendrickson, unpublished observation). 

Genes required for 2,4,5-T utilization in strain 

AC1 100 were mapped using cloned genes as hybridi- 

zation probes [16]. These probes were also useful in 
studying genomic rearrangements. One gene cluster, 

tftAB, specifying the first step in the pathway, is 

located on the 0.3-Mb replicon. However the genes 
specifying the lower portion of the pathway, tftE-H, 

are located on the 0.5-Mb replicon, and the remain- 

ing genes, tftCD, are duplicated on both replicons 
[16]. This distribution and the presence of adjacent 

IS elements suggests that the pathway was assembled 
in several independent events. The capability to de- 

grade 2,4,5-T is highly unstable, and mutants unable 

to grow on this substrate are obtained at high fre- 
quency. In strain PT88, the tftE-H gene cluster has 

been deleted from the 0.5-Mb replicon, and a 60-kb 

region containing the tftAB genes has translocated 
from the 0.3- to the 0.5-Mb replicon. Derivatives 

of PT88 were obtained that subsequently lost the 
activity of the upper portion of the pathway. Hybri- 

dization analyses showed that these strains had each 
suffered similar rearrangements in which a 300-kb 
segment carrying the tftAB genes was deleted from 
the 0.5-Mb replicon. We speculate that the mecha- 
nism of these highly frequent rearrangements is simi- 
lar to the initial events that occurred in the evolution 
of the pathway. The repeated observation of similar 
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size deletions suggests recombination hot spots that 
could result from multiple insertion elements. Simi- 

larly large deletions were noted in Lyss derivatives 
of strain 17616, which had suffered a pleiotropic loss 

of functions including the ability to utilize trehalose 

and penicillin G as carbon sources [7]. 

4.4. Randomly linearized replicons 

Multiple replicons can be detected directly with 

DNA samples that have not been digested with re- 

striction enzymes. Preparations of unrestricted DNA 
in agarose plugs contain small amounts of randomly 

linearized species of the large circular replicons pres- 

ent. In our hands DNA prepared with pronase E 
contained more of the linearized species than DNA 

prepared with proteinase K. The amount of linear- 

ized DNA could be increased by irradiation of the 

DNA samples [35], or by freeze-thawing [16]. Unlike 

the bulk of the DNA, which is retained in the sample 
agarose plugs, the linearized species are resolvable by 

PFGE. For example, unrestricted DNA samples (1-2 

ug) from B. cepacia 17616 contained sufficient line- 
arized forms of the 3.4-, 2.5-, and 0.9-Mb chromo- 

somes to be detected by conventional staining with 
ethidium bromide [7]. In derivatives of strain 17616 

with deletions affecting the 2.5- and 0.9-Mb replicons 

the linearized DNA species were correspondingly 

smaller [7]. Preparations of unrestricted DNA from 

strains 25416 and AC1100 also contained multiple 

DNA species corresponding to the linearized forms 

of circular chromosomes defined by macrorestriction 
fragment mapping. 

To further investigate the incidence of multiple 
replicons in B. cepacia, we examined preparations 
of unrestricted DNA from a variety of isolates Table 

3 summarizes the results of our survey, including 

estimates of overall genome size based on the num- 
ber and sizes of replicons detected in these strains. 

All of the strains contained at least two replicons 
larger than 1 Mb. The majority contained three large 
replicons. One strain, G4 (ATCC 53617) contained 
four large replicons. The sums of the sizes of the 
large linearized DNA species from each strain varied 
between 4.6 and 8.1 Mb. In the course of our survey, 
we noted that derivatives of certain strains had suf- 
fered significant genomic rearrangements. For exam- 
ple we identified a stock of strain 29424 (PHK), from 

the culture collection at the U.S. EPA Gulf Ecology 
Lab in Gulf Breeze, FL, designated PHK-GB, in 

which the 2.4- and 3.4-Mb replicons of the original 
isolate had fused to form a stable 5.8-Mb replicon. 

5. Prevalence and roles of insertion sequence (IS) 
elements 

Transposable genetic elements in B. cepacia were 
first detected in strain 17616 in the course of inves- 

tigating mechanisms underlying (i) rearrangements 

of a 170-kb cryptic plasmid in strain 17616 1141 
and (ii) activation of the expression of foreign bla 

and lac genes introduced into this strain on broad- 

host-range plasmids [38,47]. Certain plasmid altera- 
tions in different derivatives of strain 17616 were 

related to the transposition of two insertion se- 

quences, IS401 and IS402, from the chromosome 

to pTGL1, the 170-kb cryptic plasmid present in 
the parent strain [14]. These IS elements were also 

shown to promote deletions and inversions of plas- 
mid DNA and to promote replicon fusions between 

the cryptic plasmid and the broad-host-range plas- 

mid pRP1 [1,21]. 
Other IS elements, including IS402, IS403, IS404, 

IS40.5, IS406, IS407, IS408, and IS415, were found to 

transpose to sites upstream of the bla and lac genes 
of plasmids pRP1 and pGC91.14, and increase their 

expression [21,22,38,47]. Two of these, IS405 and 

IS408, were also detected on pTGL1 [14]. IS411, 

another element on pTGL1, transposed to pRP1 in 
the course of an event involving fusion of these two 

plasmids [1,21]. 
Three IS elements were isolated from strain 

AC1 100 based on their ability to activate gene ex- 

pression in the promoter trap vector pKT240 ([15]; 
Huebner and Hendrickson, unpublished results). 
IS931, which accounts for most of the transposition 

activity, is present at high copy number (see Table 
4). IS932 and IS1413 transpose less frequently, and 
are present at lower copy number. All three elements 

are dispersed throughout the genome, but they are 
present at higher copy number on the smaller repli- 
cons. This is consistent with the notion that they 
played a role in the recruitment of the 2,4,5-T genes 
located on the same replicons, and that they con- 
tinue to drive rapid rearrangements of these genes. 
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Nucleotide sequences of seven of the above IS ele- 
ments, IS401, IS402, IS406, IS407, IS408, IS931, and 
IS1413, have been determined [3,13,46,48]. Table 4 
summarizes some characteristics of the B. cepacia 
elements for which nucleotide sequence data are 
available. The G+C contents of all seven insertion 
sequences are significantly lower than the G+C con- 
tent of B. cepaciu DNA, suggesting possibly foreign 
origins. An outward-directed promoter was identified 
at one end of IS407 which may account for its ability 
to activate expression of foreign genes in B. cepacia 
and several unrelated bacteria. Another element, 
IS406, appeared to activate Zuc gene expression by 
generating a hybrid promoter with a new -35 region 
provided by the element. IS401 and IS407 are mem- 
bers of the widely distributed IS3 family of insertion 
sequences. The transposases of members of this fam- 
ily of elements appear to be transframe proteins 
whose formation is governed by translational frame- 
shifting [6]. Other IS elements from B. cepaciu ex- 
hibit homology with a variety of IS elements from 
unrelated bacteria (see Table 4). Given the similari- 
ties between elements identified in B. cepacia and 
other bacteria, it was surprising that hybridization 
experiments indicated that the elements from strains 
17616 and AC1100 are not represented in each 
other’s genome nor in the genome of B. cepacia 
24516 [16,35,46]. 

6. Future perspectives 

B. cepacia warrants further attention as an impor- 
tant representative of the P-subclass of the proteo- 
bacteria. Less is known about this group of bacteria 
than about the IX- and y-subclasses of the proteobac- 
teria. Among the more interesting features of B. ce- 
paciu are: (i) the presence of multiple chromosomes, 
(ii) wide variation in genome size, with the majority 
of strains having larger genomes than most bacteria, 
and (iii) extraordinary adaptability as reflected by its 
unusual nutritional versatility and ability to colonize 
both plant and animal tissues. It remains to be clar- 
ified to what extent these characteristics are shared 
by other members of the P-subclass of the proteo- 
bacteria. 

Recent data open new areas of inquiry relating 
to the organization, evolution, and plasticity of the 

B. cepacia genome. In rapidly proliferating bacteria 
such as B. cepacia, with genomes approaching twice 
the size of that of E. coli, one likely advantage of 
multiple chromosomes is a reduction in time re- 
quired for DNA replication. Chromosome multipli- 
city could also provide more flexibility in control of 
replication and segregation. Each chromosome may 
be regulated by a separate control system, so that the 
genome resembles a collection of large independent 
plasmids. Such replicons could be transferred even 
among bacteria with different replication control. 

The multiple replicons in B. cepacia appear not to 
represent deletion derivatives of a larger chromo- 
some. For example, in strain 25416, for which de- 
tailed physical maps of all three chromosomes are 
available, the lack of common macrorestriction frag- 
ments (see Table 2) rules out such a relationship. 
More detailed information about the distribution 
and arrangement of various genes and the extent of 
overall DNA homology and/or comparative nucleo- 
tide sequence data for the different replicons is 
needed to assess whether or not the B. cepacia ge- 
nome is organized into more highly conserved and less 
closely related accessory chromosomes. The tools are 
available for such analyses; what remains is to focus 
on selected isolates which have been reasonably well 
characterized, such as those listed in Tables 1 and 3. 

DNA:DNA hybridization is ordinarily considered 
a defining criterion in bacterial taxonomy [32,33]. 
However, instances where nearly identical 16s 
RNA sequences contrast with low DNA:DNA hy- 
bridization values have been reported among Aero- 
monas and Bacillus isolates [12,27]. B. cepacia may 
represent another such case, since a high degree of 
overall DNA homology might not be expected be- 
tween strains with genome sizes as different as 4.6 
and 8.1 Mb (the range of genome sizes for isolates 
listed in Table 3). Clearly acquisition of chromo- 
somes by lateral transfer might introduce a bias 
that would obscure an otherwise close evolutionary 
relationship between strains. 

The fact that 16s rRNA sequences reported for 
different B. cepaciu isolates exhibit a high degree of 
similarity suggests rapid homogenization of any for- 
eign rrn sequences that might have been acquired by 
incorporation of large replicons from other bacteria. 
We have begun to test the sequence similarity of rrn 
operons located on different chromosomes of strain 
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17616. Using PCR technology, different spacer re- 

gions have been amplified, with the aim of identify- 

ing tRNA markers that would distinguish rrn oper- 

ons on the different chromosomes. 

The observation that B. cepacia isolates with gen- 

erally similar phenotypes and 16s rRNA sequences 

differ dramatically in macrorestriction fragment pat- 
terns of their DNA and in size and number of chro- 

mosomes underscores the remarkable genomic plas- 
ticity of these bacteria. An important question is 

how forces promoting genomic constancy and ge- 

nomic plasticity are balanced. Since IS elements ap- 

pear to confer a high degree of genomic plasticity, a 

better understanding of mechanisms governing ele- 

ment transposition may provide insights into the ca- 

pacity of B. cepacia to adapt to diverse environments 
and evolve new functions. We have constructed a 

variant of IS407 carrying a trimethoprim resistance 

marker and SwaI site (Li and Lessie, unpublished 

results). The availability of such marked elements 

should facilitate analysis of the influence of various 
conditions of environmental stress on transpositional 

activity and related genomic rearrangements. 
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