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Host and Bacterial Phenotype Variation in Adhesion of Streptococcus
mutans to Matched Human Hosts

Anders Esberg, Anna Lofgren-Burstrom, Ulla Ohman, and Nicklas Stromberg

Department of Odontology/Cariology, Umea University, Umed, Sweden

The commensal pathogen Streptococcus mutans uses Agl/II adhesins to adhere to gp340 adsorbed on teeth. Here we analyzed
isolates of S. mutans (n = 70 isolates) from caries and caries-free human extremes (n = 19 subjects) by multilocus sequence typ-
ing (MLST), AgI/II full-length gene sequencing, and adhesion to parotid saliva matched from the strain donors (nested from a
case-control sample of defined gp340 and acidic proline-rich protein [PRP] profiles). The concatenated MLST as well as AgI/IT
gene sequences showed unique sequence types between, and identical types within, the subjects. The matched adhesion levels
ranged widely (40% adhesion range), from low to moderate to high, between subjects but were similar within subjects (or se-
quence types). In contrast, the adhesion avidity of the strains was narrow, normally distributed for high, moderate, or low adhe-
sion reference saliva or pure gp340 regardless of the sequence type. The adhesion of S. mutans Ingbritt and matched isolates and
saliva samples correlated (r = 0.929), suggesting that the host specify about four-fifths (* = 0.86) of the variation in matched
adhesion. Half of the variation in S. mutans Ingbritt adhesion to saliva from the caries cases-controls (n = 218) was explained by
the primary gp340 receptor and PRP coreceptor composition. The isolates also varied, although less so, in adhesion to standard-
ized saliva (18% adhesion range) and clustered into three major Agl/II groups (groups A, B, and B,) due to two variable V-re-
gion segments and diverse AgI/II sequence types due to a set of single-amino-acid substitutions. Isolates with AgI/II type A ver-

sus types B, and B, tended to differ in gp340 binding avidity and qualitative adhesion profiles for saliva gp340 phenotypes. In
conclusion, the host saliva phenotype plays a more prominent role in S. mutans adhesion than anticipated previously.

treptococcus mutans is considered a commensal pathogen for

dental caries (30), a chronic infectious disease affecting billions
of people worldwide (36). The cariogenic nature of S. mutans is
related to its abilities to produce and withstand an acidic environ-
ment (9, 30), to form sticky biofilms (22, 30), and to attach to the
saliva film on teeth (15, 20, 39). Accordingly, the underlying mo-
lecular traits, e.g., enolase, glycosyltransferases (GTFs), and Agl/IT
(SpaP or Pac) adhesins, have all been targets of vaccine and ther-
apeutic strategies (10, 21, 24, 35).

S. mutans colonizes human subjects at low levels and preva-
lences. Multilocus sequence typing (MLST) shows a genetically
homogenous but diverse S. mutans organism (4, 11, 33). Indeed,
122 sequence types (STs) out of 135 isolates occurred in caries
cases and referents worldwide (11), and 92 sequence types oc-
curred among 102 isolates from diverse human donors and ori-
gins (33). However, similar to other commensal pathogens, e.g.,
Helicobacter pylori (25), single genotypes of clones of S. mutans
colonize and infect an individual host. Vertical mother-to-child
transmission at infancy and horizontal transmission in the nurs-
ery accordingly involve only a few sequence types at the subject
level (12, 26). However, although a high level of strain variation in
adhesion (Adh) has been noted for a few laboratory and clinical
isolates (6-8, 31), the strain variation in adhesion among clinical
isolates from a homogenous sample and their relation to sequence
types remain to be determined.

The Agl/II (SpaP or Pac) polypeptide is the primary adhesin on
S. mutans for surface adhesion or solution aggregation by saliva (6,
18, 31). In contrast, commensal oral streptococci (e.g., Streptococ-
cus gordonii and S. sanguinis) express Agl/II polypeptides among
multiple other surface adhesins (19, 31). Moreover, Agl/II ho-
mologs are present in the invasive pathogens S. pyogenes and S.
agalactiae (32). The Agl/II polypeptides are 140- to 180-kDa mul-
tidomain proteins with a structure composed of alanine-rich A,
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variable V, proline-rich P, and C-terminal C domains (27, 28).
The V domain, which distinguishes the Agl/II SpaP and Pac vari-
ants in S. mutans, is considered more diverse than the A, P, and C
domains (5, 19). Besides adhesion and aggregation (6, 18, 31), the
Agl/II polypeptides mediate bacterial coaggregation (23) and
modulate biofilm formation (1). Agl/Il adopts an elongated fibril-
lar structure with the tip AVP and base C,, domains both partic-
ipating in saliva/gp340 binding (27, 28). However, little is known
about the strain variation of AgI/II in modulating adhesion and
host innate or immune defenses.

Saliva gp340 (or agglutinin/DMBT1) is the primary receptor
for adhesion or aggregation by S. mutans and its Agl/II adhesin
(13, 34). Saliva gp340 is an oligomeric mucin hybrid glycoprotein
with multiple scavenger cysteine-rich domains with affinity for
host ligands (e.g., collectins, secretory IgA, and lactoferrin) and
O-glycosylated repeats with microbial binding sites (3, 17, 34).
The saliva adhesion activity of S. mutans is modulated by gp340
size variants I to III and by allelic variants of acidic proline-rich
protein (PRP) coreceptors (20, 39). Both the gp340 variant I and
PRP Db polymorphisms coincide with S. mutans adhesion and
caries experience (20, 39), and a low-avidity binding of S. mutans
to PRPs has been reported (15). Moreover, in-depth studies on
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low-, moderate-, and high-avidity saliva adhesion phenotypes of
S. mutans indicated that the amount of gp340, PRP types, and
inhibiting substances are adhesion modulatory (7). However, lit-
tle is known about the relative roles of saliva and bacterial adhe-
sion phenotypic variation, and their potential covariation, when
human hosts and isolates of the commensal pathogen S. mutans
are matched at a clinically significant level.

The aim of the present study was to explore the relative role and
nature of saliva and bacterial adhesion phenotypes in the variation
of S. mutans adhesion at a clinically significant level. We therefore
analyzed a set of isolates of S. mutans (n = 70 isolates) from hu-
man caries (n = 6) or caries-free (n = 13) extremes by adhesion to
parotid saliva matched from the same donors (nested from a
larger sample of 12-year-old Swedish caries cases-controls; n =
218). The host types were resolved by gp340 and PRP profiling,
and the bacterial types were resolved by MLST and Agl/II full-
gene sequencing.

MATERIALS AND METHODS

Human parotid saliva samples and S. mutans isolates used. The study
was performed with the following biobank human and bacterial samples
collected from two caries case-control cohorts of 12-year-old children in
Visterbotten, Sweden (n = 218 [cohort 1] and n = 246 [cohort 2]): (i)
isolates of S. mutans strains (n = 70 isolates) and parotid saliva samples
matched from colonization-positive extremes of caries cases (1 = 6 sub-
jects; mean DeFSdefs [decayed into dentine, enamel caries included and
filled, surfaces on permanent, DefS, and primary, defs, teeth] of 11 * 3.5
standard deviations [SD]) and caries-free subjects (n = 13 subjects; mean
DeFSdefs of 0 == 0 SD), where isolates from caries-free donors (median of
3 isolates/donor) were obtained from buccal surfaces of teeth 34 to 36
and, in the case of donors with tooth decay, from different caries
lesions (3 to 9 isolates/donor); (ii) parotid saliva from all caries cases
and controls (n = 218) or parts selected thereof (n = 81) from the
218-subject cohort; and (iii) isolates of S. mutans (n = 70 isolates)
sampled from 35 caries cases and 35 caries-free subjects from both
cohorts (n = 218 and n = 246).

The study also used the following reference saliva samples from adult
saliva donors: (i) reference parotid saliva samples, each with low-, mod-
erate-, and high-avidity adhesion by S. mutans Ingbritt and (ii) reference
parotid saliva samples, each with gp340 variant I, II, and III saliva pheno-
types.

The study was approved by the Ethics Committee for Human Exper-
iments at Umed University, Sweden, and informed consent was given by
the children and their parents. All parents signed consent to participate.

Parotid saliva collection. Parotid saliva was collected from the caries
cases-controls by a trained dentist at the clinics using citric acid stimula-
tion and Lashley cups.

S. mutans isolates and reference strains. Plaque was sampled either
from the buccal surfaces of teeth 34 to 36 of caries-free subjects or from
caries lesions of subjects with tooth decay by using the following proce-
dure. The plaque was sampled by using a foam pellet or a curette into 500
wl standard viability buffer (pH 7.2) and cultured on mitis-salivarius-
bacitracin (MSB) plates. Four single isolates were then selected based on
morphology and cultured on blood agar plates at 5% CO, in an aerobic
environment for 2 to 3 days. Three isolates were recultured on blood agar
plates and tested negative for arginase and positive for 3-glucosidase ac-
tivity and were then harvested and frozen in glycerol at —80°C.

S. mutans strain Ingbritt was from our stock collection, and Lactococ-
cus lactis MG1363 expressing SpaP was kindly provided by H. Jenkinson,
Bristol University.

Culturing of bacteria and DNA isolation. For DNA extraction or
adhesion experiments, S. mutans strains were grown in Jordan broth at
37°Cfor 16 h. Lactococcus lactis MG1363 cells expressing SpaP were grown
in M17 medium containing erythromycin (5 pg/ml) at 30°C for 16 h (18).
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DNA was extracted from isolates of S. mutans as described previously
(16). Briefly, DNA was released by enzymes, extracted by phenol-chloro-
form partitioning, and checked for purity (260/280 nm).

MLST sequencing. Gene segments were selected from the housekeep-
ing genes ppaC (inorganic pyrophosphate), pfl (pyruvate formate lyase),
pyk (pyruvate kinase), and tuf (elongation factor Tu) and from the spaP
(surface AgI/IT adhesin) gene and used for species typing and clonal res-
olution (4, 11). The gene segments were amplified from pure DNA by
PCR using Kapa2G Robust Hotstart DNA polymerase (Kapa Biosystem)
and the following primers: pfl-f (5'-ACGTTGCTTACTCTAAACAAACT
GG-3") and pfl-r (5'-ACTTCRTGGAAGACACGTTGWGTC-3'), ppaC-f
(5"-GACCAYAATGAATTYCARCAATC-3") and ppaC-r (5'-TGAGGNA
CMACTTGTTTSTTACG-3"), pyk-f (5’GCGGTWGAAWTCCGTGGT
G-3') and pyk-r (5’ GCAAGWGCTGGGAAAGGAAT-3'), tuf-f (5'GTTG
AAATGGAAATCCGTGACC-3") and tuf-r (5’ GTTGAAGAATGGAGTG
TGACG-3'), and spaP-f (5’ AGTGCGAGTAAGGAAG-3") and spaP-r (5'
TTCACCGCTGCCAAAT-3"). Amplified gene segments were purified
and sequenced by MWG (Eurofins MWG Operon). All amplified gene
segments were sequenced by using the amplification primers described
above, except for spaP, where spaP-seq-f (TGCTAAGTCTGCTGGTG
TCA) and spaP-seq-r [GCT(CT)GATAGTCTGCTTCG] were used. For-
ward and reverse sequences were aligned and trimmed by using the
CodonCode Aligner program. Neighboring-joining trees were generated
and sequence characteristics were determined by using MEGA5 and
DnaSP software (29, 41). One strain failed repeatedly to return pure se-
quences. The MSLT sequences were submitted to the NIH NCBI genetic
sequence database.

Sequencing of the full-length AgI/II gene. The full-length Agl/II gene
was amplified from DNA purified from S. mutans isolates by PCR using
Iproof DNA polymerase (Bio-Rad) and primers Ag-f (5'-GTTGGATAA
AGTGTGGAGTTTGTG-3") and Ag-r (5'-GCTCAATCTGTGATTTATC
GCTTC-3"). Amplified Agl/II genes were purified and sequenced by Eu-
rofins MWG Operon by using, in addition to Ag-fand Ag-r, the following
sequencing primers: Ag-S1 (5'-GTTGGATAAAGTGTGGAGTTTGTG-
3"), Ag-S2 (5"-CAGAAATTGCCGCTGCCAAT-3"), Ag-S3 (5'-CTTAAG
GCTTCTGCTGTGGA-3'), Ag-S4 (5'-CAGTAGCTTCTCTTAACCG-
3"), Ag-S5 (5'-GGCACCAGTAGCTCCAAAT-3"), Ag-S6 (5'-AGTTCCA
GCTGAAGACAGCA-3"), Ag-S7 (5'-CGCTCTTCAGCAGATACCAT-
3"), Ag-S8 (5'-GTTGATGGTCAGACTATTCC-3"), Ag-S9 (5'-TAGCAA
CTTCTGCCTCATGA-3"), Ag-S10 (5'-GGTTCTGTTAAGTTTCCGTC-
3"), Ag-S11 (5'-CGGTTAAGAGAAGCTACTG-3'), Ag-S12 (5'-TGCTG
TCTTCAGCTGGAACT-3'), Ag-S13 (5'-GGTTTACCAGGAGTTGTCA
C-3"), Ag-S14 (5'-GGAATAGTCTGACCATCAAC-3'), Ag-S15 (5'-GCT
CAATCTGTGATTTATCGCTTC-3"), Ag-S16 (5'-TGCTAAGTCTGCT
GGTGTCA-3"), Ag-S17 (5'-GCTGATAGTCTGCTTCG-3'), Ag-S18 (5'-
AAGCAAAACTTGCTAA-3"), Ag-S19 (5'-TCCTTTTCATAATTTG-3'),
and Ag-S20 (5'-GAATTCTGCAGGTTAGTGTATGTA-3"). The gener-
ated gene segments were trimmed and assembled, covering both the for-
ward and reverse strands of the full-length AgI/IT gene, by using the
CodonCode Aligner program. Neighboring-joining trees were generated
and Agl/II characteristics were determined by using MEGAS5 and DnaSP
software (29, 41). The full-length Agl/II gene sequences were submitted to
the NCBI GenBank database (see nucleotide sequence accession numbers
below).

Typing of AgI/II V-region types A and B among independent iso-
lates. Multiple independent isolates of S. mutans (n = 70) were typed as
Agl/II V region type A or B by PCR amplification of the Agl/II gene as de-
scribed above, followed by sequencing using primers Ag-S4 (5'-CAGTAGC
TTCTCTTAACCG-3") and Ag-S19 (5'-TCCTTTTCATAATTTG-3").

Bacterial adhesion. The adhesion of metabolically >*S-labeled bacte-
ria to saliva-coated hydroxyapatite beads (Bio-Rad Laboratories) was
measured in 96-microtiter-well plates, as described previously (20, 31).
Individual experimental runs were performed with all 70 isolates. After
the hydration of the hydroxyapatite beads in adhesion buffer at 4°C over-
night (5 mg beads in 125 .l per well), the beads were coated with 125 pl
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FIG 1 Neighbor-joining tree showing diverse S. mutans sequence types (STs 1
to 18) between, while showing similar types within, caries (+) or caries-free
(—) strain donors. The neighbor-joining tree was constructed from concate-
nated sequences of the housekeeping genes pfl, pyk, tuf, and ppaC and the
AgI/II adhesin gene. The bar indicates the number of base differences per
sequence.
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Saliva and Bacterial Phenotypes in S. mutans Adhesion

saliva diluted 1:1 or 1:3 (matched samples) or with purified gp340 (6
pg/ml) for 1 h and washed. **S-labeled bacteria were added (125 pl; 5 X
108 cells/ml; 1,000 cells/ cpm) and incubated under agitation for 1 h. After
unbound bacteria were washed away, the beads were counted with a scin-
tillation counter, and the proportion of bound bacteria out of the total
amount of added bacteria (percent adhesion) was calculated.

Agl/II electrophoresis and Western blot analyses. Agl/II proteins
were localized and identified in bacterial outer surface protein extracts,
essentially as described previously (18). Outer surface proteins were pre-
pared from 5 X 10 bacterial cells according to standard methods. The
resultant protein extract (15 wl), standardized by volume, was applied
onto a 5% Criterion gel (Bio-Rad), separated, and silver stained according
to the manufacturer’s instructions (Thermoscientific) or subjected to
Western blot analysis using Agl/II-specific antisera, a polyvinylidene di-
fluoride (PVDF) membrane (Millipore), and 5% dried milk blocking so-
lution. Densitometric values (intensity [INT] X mm?) of the silver-stained
AgI/II protein bands, as measured by the Chemidoc system (Bio-Rad), were
used for the adjustment of adhesion relative to the amount/expression of
Agl/I1 and the percent adhesion value/relative INT X mm? value.

Slot blot measurements of gp340. gp340 (or agglutinin) in parotid
saliva was quantified in a slot blot overlay assay with monoclonal anti-
gp340 antibody MAb-143 (1:60,000; kindly provided by D. Malamud,
NYUCD), essentially as described previously (39). Briefly, saliva (diluted
1:50) was transferred onto a 0.45-pm nitrocellulose membrane (Protran
BA85-SB; Whatman), followed by blocking with 5% dried milk in buffer (50
mM Tris, 150 mM NaCl [pH 7.4]) with 0.05% Tween 20, and incubated with
MADb-143 for 1 h. After two washes, secondary antibody SAB-100 (1:60,000;
Nordic Biosite AB, Sweden), a Super Signal West Dura detection kit (Pierce
Protein Research Products), and densitometry (INT X mm?) using the
Chemidoc system (Bio-Rad) were used to quantify salivary gp340.

Typing of phenotypes and allelic types of acidic PRPs. Acidic PRPs in
parotid saliva were typed on 7.0% (wt/wt) polyacrylamide (27:1 bis, wt/
wt) gels by using a Protean IIxi apparatus (Bio-Rad) and quantified by
densitometry (optical density [OD] per mm?), as described previously
(2). The samples were typed double blind; the vast majority were typed
after a single run, and a few were typed after retyping with larger amounts.
The allelic types (in parentheses) defined the following PRP phenotypes:
P1 (PRP1/PIF), P4 (Db-PRP1/PIF), P5 (PRP2-PRP1/PIF), P6 (Pa-PRP2-
PRP1/PIF), P7 (Db-Pa-PRP2-PRP1/PIF), P8 (Db-PRP2-PRP1/PIF), and
P10 (Pa-PRP2).

PLS modeling. Partial least-squares (PLS) modeling, which relates
two data matrices, X and Y, to each other by a linear multivariate predic-
tion model (14, 42), was performed by using Simca+ P 12.01 (Umetrics
AB, Ume3, Sweden). PLS modeling handles few or many, noisy, colinear,
and incomplete x and y variables and data sets with x and y variables
exceeding the observations (or subjects). The PLS model gives the ability
of the x variables to explain (R?) and, via cross-validation, to predict (a Q*
value of <10% reflects a weak model) the variation in Y, variable charac-
teristics (e.g., values for variable importance in the projection [VIP] of
>1.0 mark influential x variables), and graphic plots (e.g., x and Y asso-
ciation structure). The data were log transformed and autoscaled to unit
variance before being modeled.

TABLE 1 Characteristics of loci and concatenated sequences of S. mutans isolates

No. of Fragment No. (%) of variable No. of allele No. of silent No. of nonsilent

Locus” sequences size (bp) sites G+C content types changes changes k Tl'

tuf 69 405 4(0.99) 0.407 3 4 0 1.679 0.00414
ppaC 69 528 6 (1.14) 0.372 6 4 2 1.960 0.00371
prk 69 429 12 (2.80) 0.394 9 11 1 3.014 0.00702
pfl 69 306 3(0.98) 0.392 3 3 0 0.226 0.00074
spaP 69 510 10 (1.96) 0.396 9 8 2 1.899 0.00372
Conc. 69 2,178 35 (1.61) 0.392 18 30 5 8.777 0.00403
Agl/IT 69 4,704 259 (5.51) 0.333 18 152 106 70.357 0.01503

“ Conc. indicates concatenated sequences of tuf, ppaC, pyk, pfl, and spaP (spaP marks an AgI/II conserved segment). Agl/II indicates the full AgI/II gene sequence.
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FIG 2 Adhesion of S. mutans isolates (n = 70) to saliva matched from the strain donors and to moderate- and low-adhesion saliva. (A) Adhesion of S. mutans
isolates (n = 70, each represented by a bar) or sequence types (STs) to saliva matched from caries (+) or caries-free (—) strain donors (n = 19). Adhesion (%)
indicates the percentage of adhering cells of the total number of cells added. The histogram gives the distribution of adhesion among the isolates and defines the
low-, moderate-, and high-adhesion phenotypes (right). Mean adhesion values (95% CI) for the low-, moderate-, and high-adhesion phenotypes are given. (B
and C) Adhesion of S. mutans isolates to moderate-adhesion (B) and low-adhesion (C) saliva, together with histograms of the distribution of adhesion among

isolates (right). Mean adhesion values (95% CI) are given. M, median adhesion.

The following qualitative and quantitative PRP and gp340 variables
were modeled as x predictors: PRP phenotypes (Pp1 or P1 and Pp4 or P4,
etc., P5, P6, P7, P8, and P10), total PRP amounts (PRPtot), allelic quali-
tative (Db", Pa®, and PRP1" = PRP1/PIF-s", PRP2", and Db-f';
PRP3™ = PRP3/PIF-f"), quantitative (Db, Pa, PRP1, PRP2, Db-f, and
PRP3) types of PRPs, and total amounts of gp340. The Y variable was
saliva adhesion of S. mutans Ingbritt.

Traditional statistics. Data are reported as means * SD or means with
95% confidence intervals (CIs). We used a ¢ test on log-transformed data
for significant differences in means between adhesion groups and Pear-
son’s or Spearman’s test to correlate adhesion data. We used the Mann-
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Whitney U test for significant differences in medians between adhesion
groups of isolates with AgI/II type A or B. We used SPSS software and
considered differences significant at a P value of <0.05.

Nucleotide sequence accession numbers. The full-length Agl/II gene
sequences were submitted to the NCBI GenBank database under acces-
sion numbers JX645983 to JX646051.

RESULTS

Unique sequence types of S. mutans within human subjects. As
a first step in exploring the adhesion of S. mutans isolates to
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FIG 3 Adhesion of S. mutans isolates (n = 70) or sequence types (STs) to pure gp340 receptor related to the caries (+) or caries-free (—) strain donors. Adhesion
(%) indicates the percentage of adhering cells of the total number of cells added. The histogram (right) gives the distribution of adhesion among the isolates.

Mean adhesion values (95% CI) are given. M, median adhesion.

matched saliva from donors, we measured the heterogeneity or
genotypes of multiple isolates (n = 70) from high-caries (n = 6
subjects) or caries-free (n = 13 subjects) extremes (median, 3
isolates/subject). The isolates were genotyped by MLST sequenc-
ing of the conserved segments of the housekeeping genes pyk,
ppaC, tuf, and pfl and the Agl/I adhesin gene previously used for
species typing and the clonal resolution of viridians group strep-
tococci (Fig. 1 and Table 1). The neighboring-joining tree of the
concatenated sequences showed the same unique sequence types
(STs) among isolates from the same subject. Accordingly, unique
sequence types occurred between subjects (STs 1 to 13 and 15 to
18), except for the sharing of the same sequence type in two sub-
jects (ST14). The housekeeping and the Agl/IT adhesin genes had a
low level of nucleotide diversity, and the sequence types thus dif-
fered by a few nonsilent amino acid substitutions (Table 1). Thus,
each human subject appeared to be colonized by a unique se-
quence or “clonal” type regardless of the caries phenotype.

The host phenotype is the major determinant for variation in
matched isolate-saliva adhesion by S. mutans. We measured the
adhesion of the S. mutans isolates (n = 70) to parotid saliva sam-
ples matched from the strain donors and to reference saliva sam-
ples with a moderate or a low level of adhesion of S. mutans Ing-
britt (Fig. 2). The matched adhesion (Adh) profile ranged widely
(40% Adh range) and uniformly between subjects or sequence
types, with low-avidity (<10% Adh; n = 8 subjects), moderate-
avidity (10 to 30% Adh; n = 7), and high-avidity (>30% Adh; n =
4) adhesion phenotypes. In contrast, the matched adhesion pro-
files were similar within subjects and sequence types, except for
ST14, which was shared by two subjects; all ST14 isolates from one
subject (subject 156) had high levels of adhesion, and all isolates
from the other subject (subject 46) had low levels of adhesion.

In contrast, the profiles of adhesion of the isolates to the moder-
ate- or low-adhesion reference saliva samples were narrow, normally
distributed, and of moderate or low avidity, respectively, regardless of
the sequence type (Fig. 2B and C). Similarly, the profile of adhesion to
the pure gp340 receptor protein was narrow, normally distributed,
and of high avidity regardless of the sequence type (Fig. 3). Moreover,
the adhesion of the isolates (n = 70) in two independent experiments
(experiments 1 and 2) showed the same wide percent adhesion range
for matched saliva-bacterium partners (40 and 45%) and a more
narrow adhesion range for the unmatched low-adhesion (5 and 8%)
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and moderate-adhesion (14 and 15%) saliva samples or pure gp340
(15 and 24%) (Fig. 4A).

All sequence types of S. mutans (from all subjects) bound
avidly to moderate-adhesion saliva, while they bound weakly to
low-adhesion saliva (Fig. 4B). Moreover, high- and low-adhesion
saliva samples were tested for the adhesion of S. mutans Ingbritt
and three unique S. mutans sequence types (Fig. 4C). All strains
bound avidly to the high-adhesion saliva and pure gp340 and
weakly to the low-adhesion saliva. The relative strain adhesion
capacity ranged from 25% to 44% and was the same regardless of
the substrate used (Fig. 4C).

S. mutans Ingbritt mimics the adhesion of matched isolates-
saliva samples. In order to verify a predominant role of the host
phenotype in matched saliva-bacterium adhesion, we compared
the matched adhesion of the isolates with the adhesion of S. mu-
tans model strain Ingbritt to the same saliva donors (Fig. 5). The S.
mutans Ingbritt and matched adhesion profiles were highly corre-
lated (r = 0.929; P < 0.01), verifying the representative nature of
S. mutans Ingbritt and the somewhat homogenous adhesion be-
havior of the sequence types. Accordingly, up to four-fifths (r* =
0.86) of the variation in saliva adhesion may be attributable to the
host phenotype. Moreover, L. lactis recombinantly expressing the
Agl/II (SpaP) adhesin from S. mutans showed an adhesion profile
highly reminiscent of that of strain Ingbritt (r = 0.86; P < 0.01)
(Fig. 5), verifying that Agl/II is the predominant adhesin specify-
ing the variation in S. mutans adhesion.

In addition, while the relative adhesion of the sequence types to
the moderate- and low-adhesion saliva samples was correlated
(r =0.61; P < 0.0061) (Fig. 4B), the relative strain adhesion ca-
pacity did not correlate with the adhesion capacity of the matched
isolates-saliva samples (r = —0.14; P = 0.58).

Salivary gp340 receptors and PRP coreceptors partly explain
the different host adhesion phenotypes. Having shown that the
adhesion of S. mutans Ingbritt is representative for the matched
saliva-bacterium partners, we investigated the role of gp340 and
PRPs in specifying the host adhesion phenotype. Multivariate PLS
modeling (and traditional group statistics) were used to analyze
the influence of the amount of saliva gp340 and the composition
of acidic PRP on the saliva adhesion of S. mutans Ingbritt in two
samples of subjects: a caries-referent sample of Swedish children
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8%) and moderate-avidity (14 and 15%) saliva adhesion phenotypes or pure gp340
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moderate- and low-adhesion saliva. Adhesion (%) indicates the percentage of adher-
ing cells of the total number of cells added. <, P < 0.001 by ¢ test. (C) Adhesion of S.
mutans Ingbritt and sequence types 1, 6, and 14 (donor 46) to high- and low-adhesion
reference saliva, pure gp340 receptor, and a bovine serum albumin (BSA) control.
Adhesion (%) indicates the percentage of adhering cells of the total number of cells
added. s, P = 0.003 by ¢ test.

(n = 218) and low- and high-adhesion extreme samples selected
thereof (n = 81) (Fig. 6 and Table 2).

The amount of gp340 and the acidic PRP composition explained and
predicted half of the variation in adhesion (1 = 218, R* = 54%, and Q* =
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51%, and n = 81, R* = 54%, and Q* = 51%, respectively). The amount
of gp340 was highly influential and correlated positively with adhesion
(56.8% versus 18.2% mean adhesion for low versus high gp340 levels).
The allelic types and phenotypes of PRPs were less influential, but their
influence relative to that of gp340 increased for the adhesion extremes (1
= 81; VIPs, 1:3) versus unselected adhesion phenotypes (1 = 218; VIPs,
1:4). The P4 (PRP1 and Db) phenotype and allelic Db variant coincided
positively (48.1% and 42.0% mean adhesions for P4 and Db subjects,
respectively) with S. mutans adhesion in both models. In contrast, the P6
(Pa,PRP2,and PRP1) and P8 (Db, PRP2, and PRP1) phenotypes (31.6%
and 9.2% mean adhesions for P6 and P8, respectively) and allelic PRP-2
and Pa variants coincided negatively.

Unique AgI/II adhesin sequence and potential V-region
binding types. We further investigated the genetic heterogeneity of
the Agl/II adhesin between and within subjects by sequencing the
entire Agl/II adhesin gene from all isolates (Fig. 7 and Table 1). The
neighboring-joining tree from a 5.5% nucleotide diversity (Table 1)
displayed a unique Agl/II adhesin sequence type between most sub-
jects (18 out of 19 subjects), while only two subjects shared Agl/II
adhesin sequence types (Fig. 7A). All isolates from the same subject
belonged to the same Agl/II adhesin sequence type.

The major Agl/II cluster groups A, B,, and B, were derived from
two variable V-region segments; one segment clustered all isolates
into Agl/II type A or B, and the other (unique to the single Agl/II
sequence type 18) clustered the isolates into Agl/II subtype B, or B,
(Fig. 7A and B and 8C). A further set of single-amino-acid substitu-
tions over the entire molecule specified the Agl/IT adhesin sequence
types.

Isolates with Agl/II type A (n = 32) tended to bind gp340 more
avidly than did B-type strains (n = 38), particularly when adjusted
for the amounts of AgI/II (Fig. 7C and 8D). We then measured
V-region and gp340 binding avidity with a further set of indepen-
dent isolates (n = 70), which showed significantly different gp340
binding for AgI/II type B versus type A isolates even when not
adjusted for the amount of Agl/II, with median percent adhesions
of 33.8 and 27.8%, respectively (P = 0.016 by Mann-Whitney U
test) (Fig. 7C). Thus, Agl/II sequence variations may play modu-
latory roles in adhesion and gp340 binding.

In addition, the gel chromatograms of Agl/II showed a tendency
toward a slightly shifted position of AgI/II type A (slower-migrating)
versus type B, (faster-migrating) protein bands (Fig. 8D).

Different adhesion profiles of S. mutans Agl/II adhesin types for
saliva gp340 phenotypes I to ITI. We next analyzed a representative iso-
late of each cluster group and Agl/II types A, B,, and B, for adhesion to
various amounts of gp340 and to saliva gp340 phenotypes I to III, each
characterized by a specific gp340 size variant, variant I, II, or III (Fig. 8).
Theisolates displayed gp340 avidity binding in the order of Agl/II type B,
(isolate no. 7) > type B, (isolate no. 166) > type A (isolate no. 78) upon
repeated dose-response experiments. While the Agl/II B-type isolates
with moderate to high gp340 adhesion (isolates no. 7 and 166) displayed
adhesion profiles similar to the saliva phenotypes I to I (I > I and I1I),
the Agl/IT A-type isolate with low gp340 binding (isolate no. 78) bound
saliva avidly but with another profile (IIl > I1 > I). The Agl/IL type A, B},
and B, isolates (no. 78, 7, and 166, respectively) appeared to express sim-
ilar amounts of AgI/II (Fig. 8D), further supporting strain differences in
gp340 and saliva adhesion among the Agl/IT adhesin types.

DISCUSSION

This study reveals findingsof host and bacterial phenotypic varia-
tion in host saliva-S. mutans adhesion matched at a clinically sig-
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nificant level. Although both the host and bacterial phenotypes
modify adhesion, the host phenotype played a strikingly large role
in specifying alow, moderate, or high level of adhesion of matched
S. mutans isolates-saliva samples. Several findings allowed this
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Entire sample (n=218)

conclusion: (i) a wide (low to moderate to high) adhesion profile
occurred for S. mutans isolates and saliva samples matched from
the same donor, as opposed to the narrow, normally distributed
adhesion profile when the same isolates were attached to a refer-
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TABLE 2 S. mutans adhesion by PRP coreceptors and gp340 primary receptor phenotypes

All subjects (n = 218)

Adhesion extremes (n = 81)

Prevalence (%)

Mean % adhesion of

Prevalence (%)

Mean % adhesion of

Phenotype Composition (no. of subjects) S. mutans 95% CI (no. of subjects) S. mutans 95% CI

P4 Db, PRP1/PIF 18 (40) 40.2 35.3-45.2 17 (14) 48.1 35.4-60.8
P6 Pa, PRP2, PRP1/PIF 28 (62) 32.8 28.7-37.0 30 (24) 31.6 21.4-41.8
P8 Db, PRP2, PRP1/PIF 4(8) 25.8 15.6-36.0 2(2) 9.2 4.5-22.7

PRP2* 47 (103) 33.0 30.0-36.1 48 (39) 30.4 23.0-37.9
Db* 31 (67) 38.0 34.1-41.9 28 (23) 42.0 31.6-52.4
High gp340 > median 50 45.1 42.6-47.6 50 56.8 52.6-61.0
Low gp340 < median 50 26.1 23.7-28.5 50 18.2 13.8-22.8

ence saliva sample; (ii) the host phenotype accordingly mediated a
low, moderate, or high level of adhesion irrespective of MLST, the
Agl/II sequence type, or the host origin of the isolates; and (iii) the
profiles of adhesion of the matched isolates-saliva samples and of
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S. mutans Ingbritt to the same saliva samples were highly corre-
lated (r = 0.929), verifying a largely similar adhesion behavior of
the S. mutans isolates or sequence types and the representative
nature of S. mutans Ingbritt as a model bacterium. We thus ex-
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FIG 7 Agl/Il adhesin sequence types. (A) Neighboring-joining tree from the Agl/II full-gene sequences showing a diversity of Agl/I adhesin sequence types (AgI/II STs
1 to 18) between human hosts (1 = 19 subjects) of defined caries, PRP, and adhesion phenotypes. The bars indicate the number of base differences per sequence. (B)
Schematic picture of the AgI/Il amino acid variations and substitutions related to each Agl/II adhesin sequence type (a solid vertical line marks each amino acid
substitution). The leader peptide (LP), alanine-rich repeats (A), variable domain (V), proline-rich domain (P), and cell wall anchorage (CWA) region are marked. (C)
Relative avidity of adhesion of independent isolates (1 = 19 or n = 70) with AgI/II type A or B to gp340 (2.5 and 5.0 pg) or matched saliva, unadjusted or adjusted for
the expression level of AgI/II. Adhesion (%) indicates the percentage of adhering cells out of the total cells added. P values derived by a Mann-Whitney test are given.
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FIG 8 S. mutans Agl/II types with different profiles of adhesion to saliva gp340 phenotypes I to III. (A) Adhesion of S. mutans Agl/II types to various amounts
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trapolate that about four-fifths (* = 0.86) of the variation in
saliva adhesion should be attributed to the host phenotype and
that about one-fifth (14%) should be attributed to the bacterial
phenotype. Thus, both host and strain phenotypic variation
should be considered in persistent infectious diseases.

Together, the primary gp340 receptors and PRP coreceptors
explained half of the variation in S. mutans Ingbritt adhesion be-
tween the human subjects. While the amount of the primary
gp340 receptor (present in all subjects) played a clearly dominant
role, the PRP phenotypes (present at various frequencies) appar-
ently also modified the saliva adhesion behavior, e.g., mean per-
cent adhesions of 48.1% (95% CI, 35.4 to 60.8%) for P4 and 9.2%
(95% CI, 4.5 to 22.7%) for P8. Indeed, the influence of PRPs
relative to that of gp340 increased for adhesion extremes (n = 81
subjects) versus all subjects (n = 218 subjects), indicating that
largely different receptor/coreceptor “haplotypes” may be at work
at the subject level. Notably, the quality (but not quantity) of PRPs
modified adhesion, as opposed to gp340. Accordingly, gp340 size
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variants I to III, which are known to modify adhesion and caries
susceptibility, could explain a further portion of the variation in S.
mutans Ingbritt adhesion. Moreover, the P4 (PRP1 and Db) phe-
notype and the allelic Db variant promoted, while P6 (Pa, PRP2,
and PRP1) and PRP2 diminished, S. mutans adhesion. Accord-
ingly, both allelic and “haplotype” variations modify S. mutans
adhesion. The PRP coreceptors (although devoid of avid S. mu-
tans binding) and specific phenotypes may mediate the low-avid-
ity binding of S. mutans or indirectly affect the adsorption, pre-
sentation, or intermolecular behavior of the gp340 receptor in the
saliva film. We do not know whether the high-avidity saliva adhe-
sion phenotype reflects a misbehaving saliva gp340 aggregation
function in a subset of human subjects.

The findings or conclusions of the present study are facilitated
by the identical “clonal” and AgI/II sequence types within, but
unique sequence types between, human subjects. Indeed, the con-
catenated sequences of conserved gene loci (MLST) and Agl/II
adhesin full-length gene sequences revealed 18 unique sequence
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types among 19 host subjects, while isolates from the same subject
(and different caries lesions) shared the same sequence type. We
thus confirm data from previous reports of S. mutans as a geneti-
cally homogenous but diverse organism and the presence of a few
sequence types or genotypes in individual subjects. In the present
homogenous, although limited, S. mutans sample (from defined
plaque sites of Swedish 12-year-old subjects), however, both the
Agl/II nucleotide diversity (1.96% versus 7.99%) and the fre-
quency of single sequence types appeared to be lower than re-
ported previously. The either poor or good saliva adhesion phe-
notypes of the S. mutans colonization-positive children studied
here, regardless of the sequence type, does not simply argue for
matched saliva-isolate adhesion as a primary selection mechanism
for the different clonal types between subjects. Host immunolog-
ical surveillance and tolerance, and other as-yet-unknown and
diverse mechanisms, may account for this selection of clonal
types. Regardless, we suggest that there is a diverse S. mutans pop-
ulation and that a single or a few sequence types or “clones” ad-
here, colonize, and persist at the subject level regardless of a
healthy or decayed condition.

The Agl/II adhesin types derived from two variable V-region
segments that grouped Agl/IT into type A or types B, and B, (B, ,)
and single-amino-acid substitutions (single-nucleotide polymor-
phisms [SNPs]) over the entire molecule. We hypothesize that
these sequence variations contribute to quantitative and qualita-
tive differences in saliva adhesion and gp340 binding among the
isolates, partly because multiple independent isolates of AgI/II
type A or B differed significantly in their gp340 binding avidities
and partly because a strain each of Agl/II types A and B, , had
qualitatively different profiles of adhesion to saliva gp340 pheno-
types I to III. Notably, the V region is localized at the Agl/II bind-
ing tip, and adhesin sequence variations, including single-amino-
acid substitutions, are known to modulate epitope specificity
related to different host niches and tropisms (37, 38, 40, 43). Nev-
ertheless, the overall homogenous Agl/II structure agrees both
with the representative nature of the model adhesion strain Ing-
britt and with the overall low level of strain variation in adhesion
relative to the host phenotype. Whether Agl/II sequence variation
is related to particular saliva adhesion subtypes (e.g., gp340/PRP
phenotypes) or other host innate or immune defenses related to
infection susceptibility remains to be determined.

Dental caries and S. mutans represent a prominent model to
study infection susceptibility and the behavior of commensal
pathogens in persistent infections. Here we used a few indepen-
dent S. mutans isolates and human subjects (n = 19) from a larger
clinical or biobank sample of caries and caries-free subjects to
highlight the importance of the host phenotype in the matched
adhesion of saliva-S. mutans partners and, thus, potentially in car-
ies susceptibility (20, 39). We also used the biobank sample of
independent human subjects (n = 81 and n = 218) or isolates (n
= 70) to further explore the host receptor and bacterial adhesin
phenotypes. However, further studies using larger samples of hu-
man cases and isolates will be required to explore the host and
bacterial phenotypes in infection susceptibility and cariogenicity,
respectively, and their possible coevolution. Nevertheless, such
studies will ultimately guide the selection of reference and type
strains for in-depth basic molecular biology and translational re-
search studies.
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