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Actinomyces naeslundii genospecies 1 and 2 bind to acidic proline-rich proteins (APRPs) and statherin via
type 1 fimbriae and to B-linked galactosamine (GalNAc[3) structures via type 2 fimbriae. In addition, A. naes-
lundii displays two types of binding specificity for both APRPs-statherin and GalNAc3, while Actinomyces
odontolyticus binds to unknown structures. To study the molecular basis for these binding specificities, DNA
fragments spanning the entire or central portions of fimP (type 1) and fimA (type 2) fimbrial subunit genes were
amplified by PCR from strains of genospecies 1 and 2 and hybridized with DNA from two independent col-
lections of oral Actinomyces isolates. Isolates of genospecies 1 and 2 and A. odontolyticus, but no other Actino-
myces species, were positive for hybridization with fimP and fimA full-length probes irrespective of binding to
APRPs and statherin, GalNAcf3, or unknown structures. Isolates of genospecies 1 and 2, with deviating pat-
terns of GalNAcB1-3Gala-0O-ethyl-inhibitable coaggregation with Streptococcus oralis Ss34 and MPB1, were
distinguished by a fimA central probe from genospecies 1 and 2, respectively. Furthermore, isolates of geno-
species 1 and 2 displaying preferential binding to APRPs over statherin were positive with a fimP central probe,
while a genospecies 2 strain with the opposite binding preference was not. The sequences of fimP and fimA
central gene segments were highly conserved among isolates with the same, but diversified between those with
a variant, binding specificity. In conclusion, 4. naeslundii exhibits variant fimP and fimA genes corresponding
to diverse APRP and GalNAc specificities, respectively, while A. odontolyticus has a genetically related but

distinct adhesin binding specificity.

A key primary event in bacterial colonization of the host is
adherence mediated by adhesins which recognize either car-
bohydrate or peptide structures (15, 21, 22, 26). Adhesins also
participate in adherence-associated events, such as bacterial
uptake into cells and host cell signaling (10, 23). Moreover,
multiple adhesin families and heterologous specificities among
each adhesin family lead to specific animal and tissue tropisms
(39, 42, 44, 45).

Actinomyces naeslundii genospecies 1 and 2 and Actinomyces
odontolyticus are common oral species displaying specific tissue
and animal host tropisms (12-14, 25, 32, 34, 38). The intraoral
tropism of A. naeslundii genospecies 1 and 2 involves two an-
tigenically and functionally distinct fimbriae, type 1 and type 2
(8,9). The amino acid sequences of the type 1 and type 2 major
fimbrial subunits as deduced from the corresponding fimP and
fimA genes of strains T14V (genospecies 2) (48) and ATCC
12104" (genospecies 1) (11, 49), respectively, have 34% se-
quence identity (50). Recently, the biogenesis and function of
type 1 fimbriae were found to involve six genes (open reading
frames 1 through 6), in addition to the fimP gene (51). More-
over, the adhesive capacity of type 2 fimbriae has been asso-
ciated with a 95-kDa protein or protein complex, although the
genetic basis for this is unclear (27). The corresponding genes
for adhesion of A. odontolyticus to oral surfaces remain un-
known (18).

Type 1 fimbriae, present mainly on genospecies 2 (8, 39),
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mediate attachment to salivary acidic proline-rich proteins
(APRPs) and statherin adsorbed onto hydroxyapatite surfaces
(15, 16). Allelic (e.g., PRP-1, PRP-2, Db, Pa, and PIF) and
posttranslational (e.g., PRP-3 and PRP-4) variants of APRPs
and four statherin variants (3, 20) and variant binding patterns
of Actinomyces to APRPs and statherin (18, 41) have been
demonstrated. The genospecies 2 strains LY7 and ATCC
19246, both expressing type 1 fimbriae (16, 47) and isolated
from human sites, display preferential binding to APRPs and
statherin, respectively (40, 41). Type 2 fimbriae, expressed by
both genospecies (8, 39), mediate binding to B1-3-linked ga-
lactose or galactosamine structures (referred to as GalNAc
specificity) (33, 43) in cell surface glycolipids and glycoproteins
(5, 40), salivary glycoproteins (41), and streptococcal capsular
polysaccharides (1). However, the genospecies 1 strain ATCC
12104T and the genospecies 2 strain LY7 display different
binding patterns to a panel of saccharides containing B-linked
galactose or galactosamine structures (39, 40). Consequently,
these two strains display different lactose- and GalNAcB1-
3Gala-O-ethyl-inhibitable adherence patterns to epithelial
cells (5, 39-41), polymorphonuclear leukocytes (36, 39), and
streptococci (7, 28, 29, 39, 40). The adherence (or coaggrega-
tion) of Actinomyces-Streptococcus involves heterogeneous in-
teraction modes (coaggregation groups A through F) which are
either inhibitable or unaffected in the presence of lactose (28,
29). However, the genetic basis for the different types of APRP
and GalNAcP specificity is unknown.

Recently, we surveyed the expression of APRP and GalNAcB
binding specificities among a collection of Actinomyces isolates
from defined individual and tissue sites of the human oral
cavity (18, 19, 39). The survey revealed (i) different types of
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FIG. 1. Schematic illustration of the fimP and fimA fimbrial subunit genes from A. naeslundii. DNA probes representing full-length and central (gray area) gene
segments specific for different adhesin specificities were PCR amplified by using synthetic oligonucleotide primers specific for fimP from A. naeslundii T14V
(genospecies 2), fimA from ATCC 12104" (genospecies 1), and fimA from P-1-N (genospecies 2, strain CCUG 33910). The nucleotide positions of all primers are
indicated by arrowheads and labeled p1 through p12 (see Materials and Methods). Primers set as superscripts to position numbers were used to amplify full-length gene
segments; primers set as subscripts to position numbers were used to amplify central gene segments. The central DNA probes were generated from a region of the gene
sequences having comparably low homology and being devoid of highly conserved proline-containing segments. The overall nucleotide sequence identities between the
three fimbrial subunit genes are indicated on the right. An asterisk marks the position of the BamHI cleavage site in the type 2:1 fimbrial subunit gene.

GalNACcB specificity, as measured by coaggregation with strep-
tococci, in genospecies 1 (type 2:1 specificity) and genospecies
2 (type 2:2 specificity); (ii) different prevalence rates of APRP
binding, but preferential binding to APRPs over statherin, for
isolates of genospecies 1 and 2; (iii) tongue isolates of A. odon-
tolyticus expressing fimbriae and coaggregating with strepto-
cocci in a fashion that was not inhibited in the presence of
GalNAcB1-3Gala-O-ethyl.

The aim of this study was to generate full-length and central
DNA fragments specific for the fimP (type 1) and fimA (type 2)
fimbrial subunit genes and to use these fragments as probes in
DNA-DNA hybridization assays with our collection of Actino-
myces isolates and representative strains of the Actinomyces
coaggregation groups A through F. Using this approach, we
identified genetic variation among the fimP and fimA fimbrial
subunit genes that correlated with the different types of APRP
and GalNAcB specificity displayed by Actinomyces species. Fur-
thermore, we provide evidence that A. odontolyticus may ex-
hibit a genetically related but functionally distinct adhesin
binding specificity.

MATERIALS AND METHODS

Bacterial strains, culture conditions, and characterization. Strains of Actino-
myces were isolated from different intraoral sites and subjects and characterized
as previously described (18, 19). Representative reference strains of coaggrega-
tion group A (A. naeslundii T14V), group B (A. naeslundii PK19), group C
(A. naeslundii PK947), group D (A. naeslundii PK606), group E (A. odontolyticus
PK984), and group F (A. naeslundii PK1259) were obtained from P. Kolen-
brander, National Institutes of Health, Bethesda, Md. A. naeslundii 1L.Y7 was
obtained from R. J. Gibbons, Forsyth Dental Center, Boston, Mass. A. naeslundii
ATCC 19246 and ATCC 12104" were obtained from the National Bacteriology
Laboratory, Stockholm, Sweden. Strains LY7 and ATCC 19246 and reference
strains for coaggregation groups A through F were characterized by multivariate
statistical analysis of phenotypic characteristics, serotyping, and sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as previously described
(18). Streptococcus oralis MPB1 was obtained from the Department of Cariology,
Goteborg University, Goteborg, Sweden, and S. oralis Ss34 was obtained from P.
Kolenbrander. Escherichia coli HB101 and K-12 and Actinonyces ATCC 100487,
ATCC 12102", ATCC 35568", ATCC 23860", and ATCC 49285" were all ob-
tained from the Culture Collection, Goteborg University (CCUG). All Actino-
myces and streptococcal strains were cultured at 37°C for 24 h in 5% CO,-10%
H, in nitrogen on Columbia II agar base plates (Becton Dickinson and Co.,
Cockeysville, Md.) supplemented with 30 ml of a human erythrocyte suspension
per liter. E. coli strains were cultured on Luria-Bertani (LB) agar plates at 37°C
for 24 h. Bacteria were metabolically labeled by mixing 10 pl of [**S]methionine
(10 mCi/ml; Amersham, Little Chalfont, United Kingdom) with bacteria sus-

pended in 100 pl of 10 mM phosphate-buffered saline (pH 7.2) prior to growth
for 24 h.

Chromosomal DNA isolation. Chromosomal DNA was isolated essentially as
described previously (6), except for the following minor modifications: (i) the
concentration of lysozyme was increased to 20 mg/ml; (ii) bacterial lysis was
induced by the addition of 60 pl of 10% SDS and 150 pl of pronase (25 mg/ml;
Sigma Chemical Co., St. Louis, Mo.) prior to overnight incubation at 37°C; and
(iii) after lysis, DNA was extracted with an equal volume of phenol, followed by
chloroform-isoamyl alcohol (24:1, vol/vol), and precipitated with 2 volumes of
ethanol (95%)-1 M NaCl at —20°C. Following treatment with 0.5 mg of RNase
(Boehringer GmbH, Mannheim, Germany) at 37°C for 45 min, DNA was finally
recovered with 375 pl of cold ethanol (95%) in the presence of 50 pl of 7.5 M
ammonium acetate for 30 min at —20°C.

Oligonucleotide primer pairs. The PCR primer sequences used to generate
DNA probes specific for fimP (type 1), fimA (type 2:1), and fimA (type 2:2)
fimbrial subunit genes were as follows: P1, 5'-ACA GCA ATG CAC TCC CTC
AA-3’, and P2, 5'-TG CTT GGC AAC GTG ACG GC-3' (used to generate a
1,603-bp type 1 full-length probe); P3, 5'-ACC CTC TCC GGT GTG GAC
AA-3', and P4, 5'-ACC TCG TTC TGA CCG ACG AT-3' (a 208-bp type 1
central probe); P5, 5'-G AAG TAC AAC ACC AGC ACG C-3', and Po6,
5'-GAG GTC CCG GTT CCG CTT-3' (a 1,576-bp type 2:1 full-length probe);
P7,5'-AGA AGA TCG AAG TCG CCA AGA-3’, and P8, 5'-CTG TAG CCG
TCA CCT GCT TCA-3' (a 176-bp type 2:1 central probe); P9, 5'-G AAG TAC
AAC ACC AGC ACG C-3', and P10, 5'-CTT GGC ACC AGT GAG GGG-3’
(a 1,506-bp portion of the type 2:2 fimbrial subunit gene); and P11, 5'-AGG CCA
TCA GCG TTG AGA AGA-3', and P12, 5'-AGA CCT CAG TGG CGG
TCA-3" (a 182-bp type 2:2 central probe). The locations of these primer se-
quences with respect to the type 1 and type 2 fimbrial subunit genes are indicated
in Fig. 1.

PCR. The PCRs were performed in 50-pl reaction mixtures containing 100 ng
of DNA; 50 ng of each oligonucleotide primer; 2 U of Tag polymerase (Boehr-
inger); 100 uM each dATP, dGTP, dCTP, and dTTP (deoxynucleoside triphos-
phate [dNTP] mixture; Boehringer); and 1X PCR buffer (10 mM Tris-HCI [pH
8.3], 50 mM KCl, 1.5 mM MgCl,). DNA fragments were labeled with digoxigenin
by replacing the dNTP mixture with the digoxigenin dNTP labeling mixture
(Boehringer) in the second PCR amplification. Chromosomal DNA isolated
from A. naeslundii T14V (type 1), ATCC 12104 (type 2:1), and P-1-N (type 2:2)
was used as the template for probe construction. The full-length gene fragments
were amplified by using an initial cycle with denaturation at 94°C for 5 min,
annealing at 59°C for 150 s, and extension at 72°C for 150 s, followed by a repeat
of 33 cycles with denaturation at 94°C for 75 s, annealing at 59°C for 150 s,
extension at 72°C for 150 s, and a final hold at 72°C for 7 min. The type 1 and type
2:1 central gene segments were amplified by using an initial cycle with denatur-
ation at 94°C for 4 min, annealing at 63°C for 2 min, and extension at 72°C for
2 min, followed by a repeat of 29 cycles with denaturation at 94°C for 75 s, primer
annealing at 63°C for 75 s, primer extension at 72°C for 75 s, and a final hold at
72°C for 7 min. The type 2:2 central gene segments were amplified in the same
way except that the annealing temperature was decreased to 50°C.

Slot blot hybridization assay. Chromosomal DNA (3 ng) was transferred to
nylon membranes (Hybond N+; Amersham) with a slot blot manifold filter
system (Milliblot-S; Millipore, Vistra Frolunda, Sweden) as described previously
(2). Membranes were prehybridized in 5X SSC (0.75 M sodium chloride, 0.075
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M sodium citrate)-0.02% N-lauroylsarcosine-0.1% SDS-1% blocking reagent
(Boehringer) at 80°C for 5 h (high-stringency conditions). Following overnight
hybridization in prehybridization solution containing probe DNA, the mem-
branes were washed twice in 2X SSC-0.1% SDS for 5 min at room temperature
and twice in 0.5X SSC-0.1% SDS (for type 1 and type 2:1 full-length and central
probes) or 0.3X SSC-0.1% SDS (for type 2:2 central probe) for 15 min at 80°C.
Additional rounds of hybridization and stringency washes were also performed
under the same conditions except that the temperature was lowered from 80 to
50°C (low-stringency conditions). Hybridization was detected by using a digoxi-
genin DNA detection kit, as recommended by the manufacturer (Boehringer),
scanned in a densitometer (GS-700 imaging densitometer; Bio-Rad, Hercules,
Calif.), and analyzed with Molecular Analyst software (Bio-Rad). The degree of
hybridization was scored from 0 to 6 according to the following densitometric
values: score of 0 = a densitometric value of <0.01, 1 = 0.01 to <0.04, 2 = 0.04
to <0.10,3 = 0.10 to <0.16,4 = 0.16 to <0.22, 5 = 0.22 to <0.27, and 6 = =0.27.

Southern blot analysis. Chromosomal DNA (8 ng) was digested with BamHI
or Pstl, and DNA fragments were separated on 0.7% agarose gels. DNA was
transferred to nylon membranes (Hybond N+; Amersham) as described previ-
ously (35). Membranes were prehybridized in 5X SSC-0.02% N-lauroylsar-
cosine-0.1% SDS-1% blocking reagent (Boehringer) at 80°C for 5 h (high-
stringency conditions). Following overnight hybridization in prehybridization
solution containing probe DNA, the membranes were washed twice in 2X SSC-
0.1% SDS for 5 min at room temperature and twice in 0.5X SSC-0.1% SDS (for
type 1 and type 2:1 full-length and central probes) or 0.3 SSC-0.1% SDS (for
type 2:2 central probe) for 15 min at 80°C. Hybridization was detected by using
a digoxigenin DNA detection kit, as recommended by the manufacturer (Boehr-
inger).

Subcloning and nucleotide sequencing. PCR-amplified DNA fragments were
purified with the Jetpure PCR purification kit (Saveen, Malmo, Sweden). Type
1 and type 2 full-length and central DNA fragments were cloned directly into the
pGEM-T vector system (Promega, Madison, Wis.) in accordance with the man-
ufacturer’s instructions. The ligation mixture was transformed into E. coli JM109
competent cells, and appropriate transformants were selected on LB agar plates
containing ampicillin (50 pg/ml), 5-bromo-4-chloro-3-indolyl-B-p-galactopyrano-
side (40 pg/mL; X-Gal), and isopropyl-B-p-thiogalactopyranoside (0.1 mM;
IPTG). Plasmid DNA was isolated by miniprep DNA purification systems (Wiz-
ard; Promega) and sequenced by using the Pharmacia (Uppsala, Sweden) T7
sequencing system (37) and analyzed in 8 M urea—6% polyacrylamide gels.

Computer analysis. DNA and deduced amino acid sequence comparisons
were performed by using the Sequence Analysis software package, version 8.1,
from the Genetics Computer Group, University of Wisconsin, Madison.

Coaggregation. The coaggregation of streptococci (3 X 10° cells/ml) and Ac-
tinomyces cells (3 x 10° cells/ml), both suspended in coaggregation buffer (1.0
mM Tris-HCI, 0.1 mM Ca>*, 0.1 mM Mg?*, 0.02% NaNj), was determined by
visual inspection after mixing the cells as described previously (18).

Isolation of APRPs and statherin. Freshly collected parotid saliva from one
individual homozygous for allelic APRP variants (PRP-1 and PIF-s) was sepa-
rated on a DEAE-Sephacel column (15 by 1.6 cm; Pharmacia) by using a linear
gradient of 25 mM to 1.0 M NaCl in 50 mM Tris-HCI (pH 8.0). The peak
containing APRPs and statherin was concentrated by ultrafiltration on a Cen-
triprep 10 concentrator (Amicon Inc., Beverly, Mass.) and separated by gel
filtration (HiLoad 26/60 Superdex S-200 Prepgrade; Pharmacia) in 20 mM Tris-
HCI-0.5 M NaCl (pH 8.0). Each of the resolved PRP-1-PIF-s, PRP-3-PIF-f, and
statherin proteins were then finally purified on a Macroprep high Q column (15
by 1.6 cm; Bio-Rad) by using a linear gradient of 25 mM to 1.0 M NaCl in 50 mM
Tris-HCI (pH 8.0). The purity and identity of APRPs and statherin were con-
firmed by SDS-PAGE, native alkaline electrophoresis, NH,-terminal amino acid
sequencing, and bacterial binding properties.

Hydroxyapatite assay. The adherence of [**S]methionine-labeled bacteria
(6 % 10* cpm/ml; 5 X 108 cells/ml) to purified proteins (5.0 pg/ml) adsorbed onto
hydroxyapatite beads (BDH Chemicals Ltd., Poole, United Kingdom) was mea-
sured as described previously (16, 41).

RESULTS

Genetically related Actinomyces adhesin specificities. To de-
termine the genetic relatedness of different binding specifici-
ties in A. naeslundii and A. odontolyticus, DNA fragments
which span the known fimP and fimA fimbrial subunit genes of
strains T14V (genospecies 2) and ATCC 121047 (genospecies
1), respectively, were amplified by PCR (Fig. 1) and hybridized
with DNA from Actinomyces isolates with defined binding
specificities (Table 1). Isolates of A. naeslundii were positive
for hybridization with the fimP and fimA full-length probes,
irrespective of genospecies 1 or 2, type of APRP and GalNAcf
specificity, or tissue origin (teeth or buccal mucosa) (Table 1
and see Table 3). Isolates of genospecies 1 displayed stronger
hybridization signals with the fimA probe than genospecies 2
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did, while the opposite was true for the fimP probe. Isolates of
A. odontolyticus, which binds to unknown structures, were pos-
itive with both probes, whereas Actinomyces israelii, Actinomy-
ces meyeri, Actinomyces gerencseriae, Actinomyces georgiea, and
E. coli were negative. Thus, A. naeslundii and A. odontolyticus
may express a family of genetically related but distinct adhesin
specificities.

A. naeslundii genospecies 1 exhibits a variant fimA gene as-
sociated with type 2:1 GalNAcp specificity. To investigate the
genetic basis for different types of GalNAcp specificity, a DNA
probe which spans the central segment of the fimA gene of
strain ATCC 12104" (genospecies 1) was amplified by PCR
(Fig. 1) and hybridized with DNA from isolates of A. naeslundii
with different types of GalNAcp specificity (Tables 1 and 2).
Isolates of A. naeslundii genospecies 1, which display GalNAcB1-
3Gala-O-ethyl-inhibitable coaggregation with S. oralis Ss34
and MPB1 (type 2:1 specificity), were positive with the probe
irrespective of tooth (18 isolates) or buccal mucosa (2 isolates)
origin. In contrast, isolates of A. naeslundii genospecies 2,
which harbor APRP and another GalNAcB specificity, were
negative with the probe (63 of 63 isolates). Thus, A. naeslundii
genospecies 1 appears to encode a variant fimA gene that con-
fers type 2:1 GalNAcP specificity.

A. naeslundii genospecies 2 exhibits a variant fimA gene as-
sociated with type 2:2 GalNAcp specificity. To investigate the
molecular basis for the variant GalNAcB specificity of geno-
species 2, essentially the entire fimA gene from the genospecies
2 strain P-1-N (CCUG 33910) was amplified by PCR, cloned,
and sequenced (Fig. 1). This gene segment showed 74% nu-
cleotide sequence identity to the known fimA gene of the
genospecies 1 strain ATCC 12104T (data not shown).

A DNA probe was generated by PCR from the central
region of the novel fimA gene and hybridized with DNA from
the Actinomyces isolates (Tables 1 and 2). Isolates of genospe-
cies 2, which display GalNAcB1-3Gala-O-ethyl-inhibitable co-
aggregation with S. oralis Ss34 but not with strain MPB1 (type
2:2 specificity), were positive with this probe irrespective of
tooth (41 isolates), buccal mucosa (21 isolates), or tongue (1
isolate) origin (63 of 63 isolates). In contrast, isolates of geno-
species 1, which display type 2:1 GalNAcB specificity, were
negative with the probe (20 of 20 isolates). Thus, A. naeslundii
genospecies 2 exhibits a variant fimA gene that is responsible
for a type 2:2 GalNAcP specificity.

Variant fimP genes correspond to different types of type 1
APRP specificity. To characterize the molecular basis for dif-
ferent types of APRP specificity, a DNA probe which spans the
central segment of the fimP gene was generated by PCR from
the genospecies 2 strain T14V (Fig. 1). When used in hybrid-
ization assays, this central DNA probe hybridized with DNA
from virtually all A. naeslundii isolates characterized by a pref-
erential binding to APRPs over statherin (67 of 68 isolates),
irrespective of genospecies (62 genospecies 2 isolates and
5 genospecies 1 isolates) or tissue origin (45 tooth, 21 buccal
mucosa, and 1 tongue isolate). In contrast, the genospecies
2 strain ATCC 19246, displaying preferential binding to
statherin over APRPs, was positive with the fimP full-length,
but not with the central, probe (Table 3). Thus, A. naeslundii
genospecies 2 may contain variant fimP genes that correspond
to different types of APRP specificity.

APRP and GalNAcp specificity in A. odontolyticus. Since we
have demonstrated that genetic diversity within the fimP and
fimA fimbrial structural genes correlates with different types of
binding specificity, we aimed to use hybridization analysis with
specific probes to characterize APRP and GalNAcp specificity
in A. odontolyticus (Tables 1 and 2). Isolates of A. odontolyticus
were positive with both fimP and fimA full-length probes (19 of
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TABLE 1. Hybridization of full-length and central fimP (type 1) and fimA (type 2) gene probes with chromosomal DNA
from Actinomyces strains of defined binding specificities

Degree of hybridization®
Binding specificity”

Species® and o fimP fimbrial gene fimA fimbrial gene
strain Origin”
Full-length Central Full-length Central probes APRP GalNAGp Unknown
probe probe probe 21 22 s 21 22 structure
A. naeslundii genospecies 1
B-2-G Buccae 2 0 6 4 0 - + -
B-1-L Buccae 3 0 6 3 0 - + -
P-4-N Plaque 2 0 5 4 0 - + -
Pn-1-GA Plaque 2 0 6 4 0 - + -
Pn-22-E Plaque 3 0 6 4 0 - + -
P-5-L Plaque 2 0 6 4 0 - + -
P-10-A Plaque 2 0 6 4 0 - + -
A. naeslundii genospecies 2
B-3-N Buccae 6 6 5 0 3 + - +
B-10-N Buccae 6 4 5 0 3 + - +
B-3-K Buccae 6 4 6 0 3 + - +
B-10-K Buccae 6 5 5 0 2 + - +
B-1-G Buccae 6 2 4 0 2 + - +
B-3-L Buccae 5 4 5 0 2 + - +
B-10-L Buccae 6 5 5 0 2 + - +
B-1-A Buccae 6 4 5 0 4 + - +
P-1-N Plaque 6 5 4 0 3 + - +
P-6-K Plaque 5 5 4 0 3 + - +
P-1-G Plaque 6 3 6 0 4 + - +
P-1-L Plaque 4 4 5 0 2 + - +
P-1-A Plaque 6 3 5 0 4 + - +
A. odontolyticus
B-4-L Buccae 4 4 5 0 2 + - +
Pn-13-N Plaque 3 0 3 0 0 + - +
T-5-G Tongue 3 0 2 0 0 + - - +
T-1-G Tongue 3 0 2 0 0 - - - +
T-21-N Tongue 3 0 2 0 0 - - - +
T-25-N Tongue 3 0 2 0 0 - - - +
T-26-N Tongue 3 0 2 0 0 - - - +
T-27-N Tongue 3 0 2 0 0 - - - +
T-1-K Tongue 3 0 2 0 0 - - - +
T-3-K Tongue 3 0 2 0 0 - - - +
T-10-K Tongue 2 0 1 0 0 - - - +
A. israelii
ATCC 10048" 0 0 0 0 0
ATCC 12102" 0 0 0 0 0
A. meyeri ATCC 35568" 0 0 0 0 0
A. gerencseriae ATCC 23860" 0 0 0 0 0
A. georgiae ATCC 49285" 0 0 0 0 0
Escherichia coli
K12 0 0 0 0 0
HB101 0 0 0 0 0

@ Strains were isolated from several individuals (last suffix in strain designations for A. naeslundii genospecies 1 and 2 and A. odontolyticus). The isolates were
identified by multivariate statistical analysis of phenotypic characteristics, serological reactions, and protein banding patterns of cell extracts analyzed by SDS-PAGE
(18).

? Strains were isolated from the buccal mucosa (buccae), teeth (plaque), and tongue of several individuals.

“The type 1 DNA probes were generated from the fimP fimbrial subunit gene of A. naeslundii T14V, and the type 2:1 and type 2:2 DNA probes were generated from
the variant fimA fimbrial subunit genes of A. naeslundii ATCC 12104™ (genospecies 1) and P-1-N (genospecies 2), respectively. The probes were labeled with digoxigenin
and used in slot blot hybridization with chromosomal DNA from Actinomyces species under high-stringency conditions. The degree of hybridization was scored from
0 to 6 according to the following densitometric values: 0 = <0.01, 1 = 0.01 to <0.04, 2 = 0.04 to <0.10, 3 = 0.10 to <0.16, 4 = 0.16 to <0.22, 5 = 0.22 to <0.27, and
6 = =0.27. Essentially identical results, though analyzed for only half of the strains, were obtained under low-stringency conditions.

< APRP specificity denotes binding of Actinomyces strains to APRP-1 and APRP-3 and statherin adsorbed onto hydroxyapatite beads (18, 19). Preferential binding
of all strains was in the order of APRP-1 > APRP-3 > statherin. GalNAcp specificity denotes hemagglutination and aggregation of Actinomyces strains with an
established collection of streptococcal strains in a GaINAcB1-3Gala-O-ethyl-inhibitable fashion (18, 19). The GalNAcB specificities, types 2:1 and 2:2, denote different
aggregation patterns with S. oralis Ss34 and MPBI: type 2:1 coaggregates with both strains, whereas type 2:2 coaggregates only with Ss34 (18, 19). Binding specificity
to unknown structures denotes aggregation of Actinomyces with streptococci that was not inhibitable by the presence of GaINAcB1-3Gala-O-ethyl (18, 19). +, positive
result; —, negative result.
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TABLE 2. Hybridization of central fimP (type 1) and fimA (type 2) gene probes with chromosomal DNA from strains
of A. naeslundii and A. odontolyticus with defined binding specificities and tissue origin

No. of isolates hybridized with”: No. of isolates with:

Species and site gﬁ?g%ﬁ fimA central DNA probes spﬁgfﬁyc GalNAcp specificity”
of isolation”
Type 2:1 Type 2:2
Pos Neg Pos Neg Type 2:1 Type 2:2 Neg
Pos Neg Pos Neg

A. naeslundii genospecies 1 (n = 20)

Tooth (n = 18) 6 12 18 18 5 13 18

Buccal mucosa (n = 2) 2 2 2 2 2

Tongue (n = 0)
A. naeslundii genospecies 2 (n = 63)

Tooth (n = 41) 40 1 41 41 41 41

Buccal mucosa (n = 1) 21 21 21 21 21

Tongue (n = 1) 1 1 1 1 1
A. odontolyticus (n = 19)

Tooth (n = 1) 1 1 1 1 1

Buccal mucosa (n = 1) 1 1 1 1 1

Tongue (n = 17) 17 17 17 1 16 17

“ The isolates were identified by multivariate statistical analysis of phenotypic characteristics, serology, and protein banding patterns of cell extracts analyzed with
SDS-PAGE (18). Strains isolated from eight individuals were grouped based on tissue origin (tooth, buccal mucosa, or tongue) or binding specificity.

> The central type 1 DNA probe was generated from the fimP fimbrial subunit gene of A. naeslundii T14V, and the central type 2:1 and type 2:2 DNA probes were
generated from the variant fimA fimbrial subunit genes of A. naeslundii ATCC 12104™ and P-1-N (CCUG 33910), respectively. The probes were labeled with digoxigenin
and used in slot blot hybridization with chromosomal DNA from Actinomyces species under high-stringency conditions. The degree of hybridization was scored from
0 to 6 according to the following densitometric values; 0 = <0.01, 1 = 0.01 to <0.04, 2 = 0.04 to <0.10, 3 = 0.10 to <0.16, 4 = 0.16 to <0.22, 5 = 0.22 to <0.27, and
6 = =0.27. Positive signals (Pos) denote hybridization reactions with scores of 2 to 6 and negative signals (Neg) denote hybridization reactions with scores of 0 to 1.
The majority of strains showed hybridization reactions with scores of 3 to 4. Essentially identical results, though analyzed for only half of the strains, were obtained
under low-stringency conditions.

¢ APRP specificity denotes binding to APRPs adsorbed onto hydroxyapatite beads (18, 19). All APRP-binding isolates showed preferential binding in the order of
APRP-1 > APRP-3 > statherin (18, 19).

4 GalNAcB specificity denotes hemagglutination and aggregation of Actinomyces strains with a collection of streptococcal strains in a GaINAcB1-3Gala-O-ethyl-
inhibitable fashion (18, 19). The different GalNAcp specificities, types 2:1 and 2:2, denote different aggregation patterns with S. oralis Ss34 and MPBI: type 2:1
coaggregates with both strains, while type 2:2 coaggregates only with Ss34 (18, 19). Negative GalNAcP binding is characterized as aggregation of Actinomyces with

streptococci that was not inhibited in the presence of GalNAcB1-3Gala-O-ethyl (18, 19).

19 isolates), irrespective of binding to unknown structures (17
tongue isolates), APRP and GalNAcp (1 buccal mucosa and 1
tooth isolate), or to APRP alone (1 tongue isolate). However,
only the isolate from buccal mucosa with APRP and type 2:2
GalNACcP specificity was positive with the fimP and fimA cen-
tral probes. These data suggest a further genetic heterogeneity
in fimbrial subunit genes in A. odontolyticus.

Adhesin specificities among an independent reference col-
lection of Actinomyces strains. We next characterized the bind-
ing properties present in an independent reference collection
of Actinomyces strains, i.e., Actinomyces coaggregation groups
A through F, which represent the different adherence proper-
ties of isolates of largely subgingival origin (28). Representa-
tive strains of groups A through F bound to APRPs, GalNAcp,
and unknown structures, and DNA from these isolates hybrid-
ized to the fimP and fimA full-length probes (Table 3).

The group B, C, and D strains, belonging to A. naeslundii
genospecies 1, displayed a type 2:1 GalNAcp specificity and
were positive with the fimA type 2:1 central probe (Table 3).
Although binding to APRPs was not distinct, the group C and
D strains, but not the group B strain, were positive with the
fimP central probe. The group A and F strains, belonging to
A. naeslundii genospecies 2, displayed a type 2:2 GalNAcB
specificity and were positive with the fimA4 type 2:2 central
probe. These strains also bound more efficiently to APRP-1
than to statherin and were positive with the fimP central probe.
The group E strain, belonging to A. odontolyticus, displayed
binding to unknown structures and was positive only with the
fimP and fimA full-length probes. Thus, the same family of

genetically related but distinct adhesin specificities are present
in an independent reference collection of Actinomyces strains.

Single type 1 and type 2 fimbrial gene copies. To exclude the
possibility of multiple fimP and fimA genes contributing to
genetic diversity, Southern blot hybridizations were used to
demonstrate single fimP and fimA gene copies among ran-
domly selected isolates (Fig. 2). The type 1 and type 2:2 central
probes hybridized to single BamHI or PstI DNA fragments of
chromosomal DNA from several isolates of A. naeslundii geno-
species 2. The type 2:1 central probe hybridized to two BamHI
DNA fragments of chromosomal DNA from four isolates of
A. naeslundii genospecies 1. This is expected since a BamHI
restriction site is located within the central region of the fimA
gene of the genospecies 1 strain ATCC 12104 " (Fig. 1).

The variant fimA and fimP genes conferring a given binding
specificity are highly conserved within each Actinomyces geno-
species. To gain further insights into the genetic diversity of
fimA and fimP genes, central fimA and fimP gene fragments
from isolates of A. naeslundii were amplified by PCR, cloned,
and sequenced (Fig. 3). The fimP genes from five isolates of
A. naeslundii genospecies 2, which bind preferentially to
APRPs over statherin, displayed central gene segments with 98
to 100% nucleotide and deduced amino acid sequence identity
to the known fimP gene. Similarly, the fimA genes from six
isolates of A. naeslundii genospecies 1, which display type 2:1
GalNACcP specificity, displayed central gene segments with 90
to 100% nucleotide and deduced amino acid sequence identity
to the known fimA gene. The fimA genes of three isolates of
genospecies 2, which display type 2:2 GalNAcp specificity, had
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TABLE 3. Hybridization of full-length and central fimP (type 1) and fimA (type 2) gene probes with chromosomal DNA from an
independent reference collection of Actinomyces strains and with DNA from a single strain characterized by a statherin binding pattern

Degree of hybridization to”:
Binding specificity®

fimP fimbrial gene fimA fimbrial gene
Strain or coaggregation Species*
roup (strain Central
group ( ) Full-length  Central  Full-length probes APRPs GalNAcB Unknown
probe probe probe structure
2:1 22 APRP-1  Stath. 2:1 2:2
Reference strains”
LY7 A. naeslundii genospecies 2 6 6 4 0 3 + (+) - + -
ATCC 12104" A. naeslundii genospecies 1 3 0 6 6 0 - - + - -
Coaggregation groups?
A (T14V) A. naeslundii genospecies 2 6 6 4 0 3 + (+) - + -
B (PK19) A. naeslundii genospecies 1 3 0 6 5 0 - - + - -
C (PK947) A. naeslundii genospecies 1 6 5 6 4 0 - - + - -
D (PK606) A. naeslundii genospecies 1 5 5 6 4 0 - - + - -
E (PK984) A. odontolyticus 2 0 5 0 0 - - - - +
F (PK1259) A. naeslundii genospecies 2 4 3 4 0 1 + (+) - + -
Statherin binding strain®  A. naeslundii genospecies 2 6 0 5 0 0 (+) + - - -

ATCC 19246

“ The isolates were identified by multivariate statistical analyses of phenotypic characteristics, serological reactions, and proteins banding patterns of cell extracts
analyzed by SDS-PAGE (18).

> The type 1 DNA probes were generated from the fimP fimbrial subunit gene of A. naeslundii T14V, and the type 2:1 and type 2:2 DNA probes were generated from
the fimA type 2 fimbrial genes of A. naeslundii ATCC 12104™ and A4. naeslundii P-1-N (CCUG 33910), respectively. The probes were labeled with digoxigenin and used
in slot blot hybridization with chromosomal DNA from isolates of Actinomyces spp. under high-stringency conditions. The degree of hybridization was scored from 0
to 6 according to the following densitometric values: 0 = <0.01, 1 = 0.01 to <0.04, 2 X 0.04 to <0.10, 3 = 0.10 to <0.16, 4 = 0.16 to <0.22, 5 = 0.22 to <0.27, and
6 = =0.27. Essentially identical results were obtained under low-stringency conditions.

< APRP or statherin (Stath.) specificity denotes binding to acidic proline-rich proteins (APRPs) or statherin adsorbed onto hydroxyapatite beads, respectively (18,
19). A negative binding result (—) means complete absence of visible binding, and a positive binding result [+ and (+)] indicates that more than 15% of bacteria
adhered to the protein-treated beads. A strong positive binding result, +, indicates markedly more binding than a low positive result, (+). GaINAcp specificity denotes
hemagglutination and aggregation of Actinomyces strains with an established collection of streptococcal strains in a GaNAcp1-3Gala-O-ethyl-inhibitable fashion (18,
19). The different GalNAcB specificities, types 2:1 and 2:2, denote different aggregation patterns with S. oralis Ss34 and MPBI1: type 2:1 coaggregates with both
strains, while type 2:2 coaggregates only with Ss34 (18, 19). Binding specificity to unknown structures denotes aggregation with streptococci that was not
inhibitable by GalNAcB1-3Gala-O-ethyl (18, 19).

9 The coaggregation groups A to F include strains showing adherence properties typically found in an independent reference collection of Actinomyces strains with
a mainly subgingival plaque origin (28).

¢ Statherin binding denotes a preferential binding to statherin over APRPs adsorbed onto hydroxyapatite beads (41).

central gene segments with 92 to 100% nucleotide and de- to different types of both APRP and GalNAcp specificity. First,
duced amino acid identity to each other. The fimP and fimA isolates with different types of APRP and GalNAcR specificity
type 2:1 central gene segments had 42 to 51% nucleotide were distinguished by DNA probes spanning the central por-
sequence identity and 28 to 43% deduced amino acid sequence tions of the fimA and fimP genes, while full-length probes were
identity; the fimP and fimA type 2:2 central gene segments had
44 to 50% nucleotide sequence identity and 26 to 38% de-
duced amino acid sequence identity. In contrast, the nucleotide

and deduced amino acid sequence identities between the fimA fype-1 fype-2:1 fype-2:2
type 2:1 and type 2:2 central segments were 70 to 75% and 71 Vi - == 231
to 81%, respectively. These data reveal a direct correlation " 1 -
between genetic diversity among fimP and fimA genes and the : il O S o
binding specificity mediated by the protein product encoded by ! -, - - -— - 64
these genes.

4.4

DISCUSSION — '

In the present study, we have used two independent Actino- . h
myces reference collections of supra- and subgingival origin to ki qﬂ

extend our previous demonstration of two types of both APRP ;3
and GalNAcB specificity in A. naeslundii and a yet-uncharac- :

terized binding specificity in A. odontolyticus. We show that var- 123 4 kb 123 4 kb 1 2 3kb

iant fimP and fimA fimbrial subunit genes confer the two types FIG. 2. The type 1 and type 2 fimbrial subunits are encoded by single gene
of APRP and GalNAcB specificity and that a genetically re- copies in Actinomyces isolates. Southern blot hybridization of chromosomal

; : o di _ DNA from A. naeslundii isolates with the fimP type 1 central DNA probe (left
lated fimbrial adhesin may account for the blndlng of A. odon panel: lane 1, strain B-1-K; lane 2, P-1-K; lane 3, T14V; and lane 4, LY7), the

tolytic.us to U!’lkl’lOWIl Str_UCtureS' Thus’ strucFural VE.lrla:tIOIl m fimA type 2:1 central DNA probe (middle panel: lane 1, strain Pn-22-E; lane 2,
fimbria-associated proteins conferring adhesin specificity may Pn-6-GA; lane 3, P-5-N; and lane 4, ATCC 121047), and the fimA type 2:2

account for the many tissues and animal hosts being colonized Centr)al DNA probe l(right IDaHCEIaHe 1d Striin P-1-K; lane 2, P-lb-N; and lane 3h
: . LY7). Chromosomal DNA was digested with BamHI prior to hybridization wit

by (‘)46”’;10219’ ces Spec.lgs' he follow ” ) . cither type 1 or type 2:1 DNA probes and with PstI prior to hybridization with the

ur findings provide the following evidence that genetic var- type 2:2 DNA probe. The sizes (in kilobases) of HindIII-digested bacteriophage

iation in the fimP and fimA genes of A. naeslundii corresponds lambda DNA standards (lanes kb) are indicated on the right.
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Type-2:2 (fimd) 209 ~AISVEKSTIQEOKLNGYGVGSLIKFPVSSTART

FIG. 3. Alignment of the deduced amino acid sequences (in single-letter code) of central segments of the fimP and fimA type 2:1 and type 2:2 fimbrial subunit genes
(see Fig. 1). Identical amino acids are indicated by gray shading, and those conserved in structure are indicated by a colon (:). Amino acids in boldface type are variable
in fimbrial subunit sequences corresponding to the same binding specificity. The type 1 sequence data were collected from five isolates of genospecies 2 (strains B-10-K,
B-1-K, P-1-K, P-3-K, and LY7), the type 2:1 sequence data are from six strains of genospecies 1 (strains P-3-N, P-5-N, Pn-1-GA, Pn-6-N, Pn-20-E, and Pn-22-E), and
the type 2:2 sequence data are from a comparison of three strains of genospecies 2 (strains P-1-N, P-1-K, and LY7).

positive for hybridization with the isolates irrespective of type
of binding specificity. Second, inverse hybridization signals with
fimA and fimP full-length probes occurred between isolates
with differing binding specificities (i.e., genospecies 1 versus 2).
Third, the sequences of the fimA and fimP central gene seg-
ments were highly conserved among isolates with the same, but
diversified between those with a variant, binding specificity. Fur-
thermore, the different binding specificities observed were not
due to a contribution of multiple genes, since randomly se-
lected isolates contained only single fimA and fimP gene cop-
ies.

The present finding of variant fimA and fimP genes corre-
sponding to different types of both APRP and GalNAcp spec-
ificity may suggest the presence of a binding domain in the
fimbrial subunit. This is reminiscent of the E. coli K88 and K99
major fimbrial subunits, both of which contain a domain for
binding to host carbohydrate or protein structures (4, 24).
Many bacterial adhesins constitute minor proteins distinct
from the major structural subunit (21, 22), and similar to the
situation for the minor Sfa adhesin of S fimbriae (17), struc-
tural variations in the major subunit could modulate the spec-
ificity of a separate, as-yet-uncharacterized adhesin in Actino-
myces. Both extensive structural differences, as observed for
PapG adhesins recognizing different glycolipid conformations
(21, 22, 31, 44, 45), and single amino acid substitutions, similar
to those described for different influenza virus binding speci-
ficities (46), could confer different binding specificities to Ac-
tinomyces species.

The binding of tongue isolates of A. odontolyticus to un-
known structures in coaggregation with streptococci (18) may
reflect a genetically related but functionally distinct fimbrial
adhesin. Evidence for this is that all tongue isolates of A. odon-
tolyticus, which produce fimbriae (18, 47), were positive with
the full-length but not the central fimP and fimA probes. The
fact that three A. odontolyticus isolates expressing APRP and
GalNACcP specificity were positive with the full-length probes
while only one of those was positive with the central probes
provides further arguments for a genetic variability among
fimbrial subunit genes in A. odontolyticus.

The present association of variant fimbrial subunit genes
with different types of APRP and GalNAc specificity may
explain the intraoral tissue and animal tropisms of Actinomyces
species (40, 41). For example, the different GaINAcB1-3Gala-O-
ethyl-inhibitable adherence patterns of genospecies 1 (ATCC
12104™) and genospecies 2 (LY7) to oral epithelial cells (40)
may suggest variation in GalNAcp specificity as a contributing
factor to the relative dominance of genospecies 2 on the buccal
mucosa and that of genospecies 1 on the tongue (12, 32). Fur-
thermore, the differing appearances of genospecies 1 and 2 in
plaque formation and their distinct patterns of coaggregation
with streptococci irrespective of tissue origin (teeth or buccal
mucosa) may suggest variation in GalNAcp binding specificity
as a tool to establish specific ecological niches (28). Although
the role of variation in APRP specificity is less well under-

stood, APRPs and statherin are polymorphic proteins display-
ing allelic and posttranslational variants. Therefore, the weak
binding of some isolates (group C and D strains and one tooth
isolate) to the allelic APRP-1 variant but positive fimP hybrid-
ization signals may suggest either binding to other APRP vari-
ants or a repressed fimbrial gene expression. Nonetheless, in
line with the absence of preferential binding to statherin of
strain 19246, which originated from a human case of acti-
nomycosis, in both Actinomyces collections, statherin bind-
ing seems to be a characteristic of Actinomyces isolates from
the oral cavity of rats and hamsters (30).
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