
SHORT COMMUNICATION

The gram-negative facultative bacillus Ac-
tinobacillus actinomycetemcomitans is a
major pathogen in human periodontitis (5,
27, 33). A. actinomycetemcomitans strains
are classified into six distinct serotypes, a
to f (14, 25). The extent of genomic
differences among A. actinomycetemcomi-
tans has not been fully examined.
Comparisons of completed genome se-

quences of closely related bacterial species
or strains of the same species have revealed
a surprising fluidity in bacterial genomes
(3, 4, 7, 15, 16, 18–20, 23, 28, 32). While
two closely related bacteria could share
numerous common genes, each bacterium
may possess one or more distinct DNA
blocks acquired by horizontal gene transfer
from distantly related bacteria.
Representational difference analysis

(RDA) is a subtractive hybridization

method for identifying unique DNA se-
quences between two samples (17). This
method has been applied to examine the
genetic differences between virulent and
non-virulent strains within bacterial spe-
cies, or between closely related pathogenic
and non-pathogenic bacterial species. The
resultant specific DNA fragments often
provide new insight into the pathogenic
mechanisms of bacteria. Moreover, RDA
and similar subtractive hybridization meth-
ods have identified genomic-island-like
elements in various bacterial species (9,
26, 34). The horizontally acquired genom-
ic islands presumably carry genes that
confer virulence mechanisms on the host
bacteria.
The aim of this study was to test

the utility of RDA to identify strain-
specific DNA fragments and examine

their distribution among diverse A. actino-
mycetemcomitans strains. Forty-seven
A. actinomycetemcomitans strains were
examined, including HK1651 (serotype
b), Y4 (serotype b), JP2 (serotype b),
ATCC29523 (serotype a), ATCC29524
(serotype b), ATCC33384 (serotype c),
and 41 clinical isolates of serotypes a
(n = 9), b (n = 9), c (n = 10), d (n = 8), e
(n = 4), and f (n = 1). The A. actinomyce-
temcomitans strains were routinely grown
in the sTSB medium (3% trypticase soy
broth, 0.3% yeast extract, 1.5% agar, and
5% horse serum), or mTSB broth (3%
trypticase soy broth, and 0.6% yeast
extract) at 37�C in 5% CO2.
The protocols for RDA were as des-

cribed previously (17, 29) for strains D7S
(tester) and HK1651 (driver). Two differ-
ent libraries were constructed. In the first
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A genomic subtraction method, the representational difference analysis (RDA), was
tested for its use in identifying strain-specific DNA in Actinobacillus
actinomycetemcomitans. Subtraction of strain D7S with strain HK1651 yielded D7S-
specific 2.3-kilobase (kb) islet-A and 5.3-kb islet-B. Islet-A contains a 1.5-kb region that
is homologous to a region found in the A. actinomycetemcomitans plasmid pVT745.
Islet-B contains a 2.1-kb homolog of vgr, a component of a DNA repeat element rhs. The
distribution of these islets among A. actinomycetemcomitans strains was further
examined by polymerase chain reaction. Islet-A was found in nine serotype a and two
serotype b strains but was missing from 34 strains. Islet-B was found in one serotype a
strain, four serotype d strains and two serotype e strains, but was missing from 34 strains.
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library, the tester DNA was digested with
Sau3AI, extracted with phenol–chloroform
and precipitated with ice-cold 95% eth-
anol. The driver DNA was sheared by a
sonifier (Brandson Sonifier 450, VWR
Scientific) to produce DNA fragments of
0.4 to 3.0 kilobases (kb). Oligonucleotide
adapters were ligated to the ends of the
digested tester DNA. Three sets of com-
plementary oligonucleotide pairs were
designed to produce adapters for Sau3AI-
restricted DNA. Each of these pairs con-
sisted of a 24-mer and a 12-mer which,
when annealed, generate a Sau3AI-com-
patible overhang. These three sets were
FBam12 (5¢-GATCCTCGGTGA-3¢) and
FBam24 (5¢-AGCACTCTCCAGCCT-
CTCACCGAG-3¢); SBam12 (5¢-GAT-
CCGTTCATG-3¢) and SBam24
(5¢ACCGACGTCGACTATCCATGAACG-
3¢); TBam12 (5¢-GATCCTCCCTCG-3¢)
and TBam24 (5¢-AGGCAACTGTGCTAT-
CCGAGGGAG-3¢). The second library was
constructed using Tsp509I for digestion of
tester DNA (D7S) and the corresponding
three sets of adaptors were Feco12 (5¢-
AATTCTCGGTGA-3¢) and Feco24 (5¢-
AGCACTCTCCAGCCTCTCACCGAG-3¢),
Seco12 (5¢-AATTCGTTCATG-3¢) and
Seco24 (5¢-ACCGACGTCGACTATCCA-
TGAACG-3¢), and Teco12 (5¢-AATTCA-
GTCGGT-3¢) and Teco24 (5¢-GCGA-
CTTCCAGGTTCAACCGACTG-3¢). The
details for amplification and hybridization
were as described previously (17, 29).
Fragments generated after three successive
rounds of RDA were cloned into the
BamHI site of pBluescript (Stratagene,
La Jolla, CA) then transformed into

Escherichia coli DH5a using standard
protocols. Transformants containing the
desirable clones were submitted for
sequencing at the USC School of Medicine
Microchemical Core Facility.
A modified inverted polymerase chain

reaction (PCR) sequencing protocol (30)
was employed to determine the sequences
flanking the RDA-detected strain D7S-
specific DNA fragments. Briefly, strain
D7S genomic DNA was digested with a
selected restriction enzyme. The digested
DNAwas then self-ligated with T4 ligase at
15�C overnight to generate a circularized
template. PCR primers were designed to
amplify outwards from both ends of either
islet-A or islet-B (see Table 1 for primer
sequences). PCR amplification was
performed to generate an amplicon that
might include the flanking regions of the
islets. The amplicons were purified and
submitted for sequence determination. The
inverted PCR sequencing process was
repeated with a different restriction enzyme
andwith orwithout a different set of primers
until a common DNA region between strain
D7S and HK1651 was identified. Enzymes
HindIII and BfaI were used for sequencing
of islet-A, and enzymes HindIII and SphI
were used for islet-B.
A standard PCR amplification protocol

was used for sequence verification and to
determine the distributions of islet-A and
islet-B. The sequence of the primers and
their usages are given in Table 1. Briefly,
30 ll PCR mixture contained 50–100 ng
template, 0.5 lm of each primer, 3 ll
dNTP stock (2 mm each of dATP, dCTP,
dDTP and dTTP), 1.5 mm MgCl2 and

1 unit Taq DNA polymerase in 1x Taq
DNA polymerase buffer. The amplification
performed had the following profile: 5 min
at 94�C for denaturation followed by 30
cycles at 94�C for 30 s, an annealing step
at 50–60�C for 1 min, an extension step at
72�C for 1–5 min and then a final exten-
sion of 7 min at 72�C. The annealing
temperatures were calculated based on the
GC compositions of the primers by the
following formula: 4�C per G or C and
2�C per A or T (10). When indicated, the
PCR amplicons were purified and submit-
ted for sequencing at the USC School of
Medicine Microchemical Core Facility.
The genome sequence of strain HK1651
(University of Oklahoma, http://
www.uoklahoma.edu) was used to search
for homologs of the identified DNA frag-
ments. The annotations of the HK1651
genome are provided at the Los Alamos
National Laboratory Oral Pathogen
Sequence Databases (http://www.oral-
gen.lanl.gov/). BLAST search was used
to identify homologs in the National
Center for Biotechnology Information
(NCBI) database.
Twenty randomly selected clones from

two RDA-constructed libraries were
screened for strain D7S-specific DNA
fragments. The results led to the identifi-
cation of a 191-base-pair (bp) fragment
and a 153-bp fragment that were not found
in the genome sequence of strain HK1651.
The flanking regions of the 191-bp frag-
ment in strain D7S were identified by
inverted PCR sequencing, which revealed
an upstream region of the 191-bp fragment
that was nearly identical to the 3¢ end of

Table 1. Oligonucleotide primers and their uses

Primer Sequence (5¢–3¢) Usage

T3 promoter AATTAACCCTCACTAAAGGG T3/T7 for PCR amplification of the cloned inserts in pBluescript KS
T7 promoter GTAATACGACTCACTATAGGGC
191 W CTA CGA GCA CGC CCA CAG CC First-round inverted PCR sequencing for the flanking regions of islet-A.
191 CW GTA CTC TCG GCC AAC GAC GTG
W1-F CTC TGG ATT TGG AGC GAC G Second-round inverted PCR sequencing for the flanking regions of islet-A.
CW3-R GAT TTC GTG GTA TTG TTG AAT G
153 W ATC AGA AAG AGC CTG TTC TCA First- and second-round inverted PCR sequencing for the flanking regions

of islet-B.153 CW CAA TGG GGC AGC GTG AAA C
HisC-F (forward) GAT CAG CCA GGC TTT GAA CGC PCR sequencing of islet-A and islet-B and detection of these islets among

A. actinomycetemcomitans strains. HisC-F, AroA-R, PonC, and Sgbh-B
anneal to regions either upstream or downstream of the islets.

191 CW (reverse) GTA CTC TCG GCC AAC GAC GTG
191W (forward) CTA CGA GCA CGC CCA CAG CC
Vul-R (reverse) GCT CGT GCT GTT TGA TAG CG
Somnus-F (forward) CTT GCA CAG TGT CGC CAG AC
AroA-R (reverse) GAT TTT CCA CGC TCA CGC CG
PonC (forward) GCT CCG AAA GCA GCT ATA TGC
153 CW (reverse) CAA TGG GGC AGC GTG AAA C
VGR C (forward) GGG ATT ACC GTT ATA AGT AAG CG
Mena-R (reverse) CAC CGG ACT TGC ATC TGC CG
VgrG-S (forward) CAG GTG GAA CTC AGT GGC C
Sgbh-D (reverse) AGA AGC TGA CAA CCA CCC AA
Mena-F (forward) GAG TGA GTG GTC GGT GGG AC
Sgbh-B (reverse) GAC GCA AGC CAT TTA CCA CCG
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the hisC2 gene in strain HK1651 (see
Fig. 1). Since hisC2 was located upstream
of aroA in the genome of strain HK1651,
we made an assumption that a large DNA
fragment (that contains the 191-bp frag-
ment) was inserted within the region of
hisC2 and aroA in the genome of strain
D7S. As expected, PCR amplification with
primers HisC–F to AroA–R (primers
located in hisC2 and aroA respectively)
resulted in a 3.6-kb amplicon. This 3.6-kb
amplicon was then sequenced from both
ends, and the results were used to design
new primers to generate overlapping PCR
amplicons for sequence confirmation. The
results identified a 2.3-kb D7S-specific
DNA fragment designated islet-A (Gen-
Bank accession no. EF187432). Similarly,
the inverted PCR sequencing of the 153-bp
fragment identified an upstream region that
was identical to ponC of strain HK1651.
The ponC gene was located upstream of
sgbH in strain HK1651. A 5.6-kb ampl-
icon was generated by PCR using primers
annealing to ponC and sgbH. The PCR
amplicon was sequenced to reveal a 5.3-kb
D7S-specific DNA fragment, designated
as islet-B (GenBank accession no.
EF187433). The genetic maps of islet-A
and islet-B in strain D7S and their corres-
ponding regions in strain HK1651 are
shown in Fig. 1.
The 2.3-kb islet-A was found within

hisC2 of strain D7S, splitting the gene into
a larger 1014-bp fragment and a smaller
84-bp fragment, with a duplication of three
nucleotides. The insertion site was mapped
to the nucleotide coordinate 1,931,787 of
strain HK1651 (which has an intact
hisC2). The hisC2 gene is presumably
involved in the biosynthesis of aromatic
amino acids in A. actinomycetemcomitans.
Within this 2.3-kb islet is a 1.5-kb region
that is homologous to a region in
the A. actinomycetemcomitans plasmid
pVT745 nucleotide coordinates 9241–

10,732 (http://www.oralgen.lanl.gov) but
missing the two small regions in the
nucleotide coordinates 9788–9804 and
9874–9923. This 1.5-kb region contains
three partial ORFs of pVT745: the last 80
nucleotides of AA11, a truncated AA13
and a truncated AA12 transcribing in the
opposite direction. The functions of AA11,
AA12, and AA13 are unknown.
The 5.3-kb islet-B was flanked by an

intact ponC and an intact sgbH in strain
D7S. The ponC and sgbH genes may
function in cell wall synthesis. The inser-
tion site of islet-B was mapped to the
nucleotide coordinates 1,149,202–
1,149,282 of strain HK1651 and resulted
in a small deletion of the intergenic region
IGR1097 (http://www.oralgen.lanl.gov/).
Islet-B contains a 2166-bp homolog of
vgr (named for its frequent Val-Gly
repeats, see below for more information).
The remaining DNA on islet-B did not
show any significant homology with any-
thing in the NCBI database.
The distributions of islet-A and islet-B

were determined among 47 A. actinomyce-
temcomitans strains by PCR analysis.
Primers that flanked the insertion site of
islet-A (primers HisC-F/AroA-R) or islet-
B (primers PonC-F/SgbH-B) were used to
amplify the genomic DNA of the test
strains. The insertion of the islets, or the
lack of the islets, was determined based on
the sizes of the amplicons. Strains with an
insertion of the islet were subsequently
confirmed by PCR with primers that
amplified the corresponding joint regions.
Islet-A was found in nine of the 10
serotype a strains and in two of the 13
serotype b strains. For the remaining 36
strains, 34 were negative for islet-A and
two strains showed no reactivities in PCR
assays. Islet-B was found in one of the 10
serotype a strains, four of the eight sero-
type d strains and two of the four serotype
e strains, but were missing from 34 strains.

The remaining six strains showed no
reactivities by PCR assays.
An important consideration in the appli-

cation of RDA is its efficiency in identi-
fying target DNA fragments. While RDA
application between closely related species
has resulted in a significant number of
target DNA (24, 29), the application of this
method to strains of the same species
generally did not result in a large number
of desirable DNA fragments (1, 2). The
limitation here may be the genetic similar-
ity between the strains selected for RDA.
Other methods are available for amplifica-
tion and identification of strain-specific
DNA fragments (6, 9, 26). It is likely that
an extensive cataloging of strain-specific
DNA fragments between a tester and a
driver A. actinomycetemcomitans strain
would require combinations of different
methods. Importantly, the RDA and other
PCR-based genomic subtraction methods
have the advantage of not requiring previ-
ous sequence information of the strains.
The islet-A and islet-B contained appar-

ent mutations that may have rendered these
elements functionless. These two islets
may represent ancient remnants of hori-
zontal gene transfer-acquired genetic
elements that underwent significant
modifications such as deletions, insertions,
and point mutations. The significance of
the disruption of hisC2 by the insertion of
islet-A remains to be determined. The
insertion of homologs of the pVT745
(found in islet-A) in the A. actinomyce-
temcomitans genome has been reported
previously by Novak et al. (11, 21, 22).
However, the regions and the insertion
sites of the pVT745 homologs were
different between their studies and this
study. The vgr locus (found in islet-B) is
commonly found to be part of a larger
repetitive genetic element called Rhs in
many bacteria (13, 31). The complete Rhs
element consists of vgr, an Rhs core, and
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Fig 1. Comparison of islet-A (A) and islet-B (B) and their insertion sites in strain D7S relative to the corresponding regions in strain HK1651. The
boundaries of the islets are indicated with red arrows. Islet-A was inserted within hisC2 of strain D7S. Islet-B was inserted between ponC and sgbH in
strain D7S. These islets were not found in strain HK1651.
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the distal core extension (13, 31). The vgr
locus and the Rhs core have different
origins and can be disassociated in some
bacteria. The Rhs elements are not essen-
tial for bacterial growth but may function
in some specific ecological niches.
A question may arise concerning whe-

ther the ancestor of A. actinomycetem-
comitans may have acquired these
genetic elements, which were then selec-
tively lost in some descendants. How-
ever, this alternative hypothesis seems
unlikely, in particular to explain the
presence of islet-A within the housekeep-
ing gene hicC2 in the ancestral strains of
A. actinomycetemcomitans.
Genetic differences, either as the result

of point mutations or horizontal gene
transfer, could result in phenotypic differ-
ences among A. actinomycetemcomitans
strains. For example, a deletion of 153-bp
fragment in the promoter of the leukotoxin
operon results in a highly leukotoxic
phenotype in the JP-2 clone of A. actin-
omycetemcomitans (8). Hayashida et al.
(12) showed that the inability of the JP-2
clone of A. actinomycetemcomitans to
utilize heme was the result of mutations
in the hgpA gene. In this study, the gene
content and the insertion sites of islet-A
and islet-B did not provide obvious clues
to their functions. We did not detect any
association of these islets to the clinical
sources of the strains (data not shown).
Additional studies are needed to under-
stand the impact of horizontal gene
transfer to the virulence/fitness of
A. actinomycetemcomitans virulence.
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