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An effector strain has been constructed for use in the replacement therapy of dental caries. Recombinant
DNA methods were used to make the Strepfococcus mutans supercolonizing strain, JH1140, lactate dehydro-
genase deficient by deleting virtually all of the /dh open reading frame (ORF). To compensate for the resulting
metabolic imbalance, a supplemental alcohol dehydrogenase activity was introduced by substituting the adhB
ORF from Zymomonas mobilis in place of the deleted /dh ORF. The resulting clone, BCS3-L1, was found to
produce no detectable lactic acid during growth on a variety of carbon sources, and it produced significantly
less total acid due to its increased production of ethanol and acetoin. BCS3-L1 was significantly less cariogenic
than JH1140 in both gnotobiotic- and conventional-rodent models. It colonized the teeth of conventional rats
as well as JH1140 in both aggressive-displacement and preemptive-colonization models. No gross or micro-
scopic abnormalities of major organs were associated with oral colonization of rats with BCS3-L1 for 6 months.
Acid-producing revertants of BCS3-L1 were not observed in samples taken from infected animals (reversion
frequency, <107?) or by screening cultures grown in vitro, where no revertants were observed among 10°
colonies examined on pH indicator medium. The reduced pathogenic potential of BCS3-L1, its strong coloni-
zation potential, and its genetic stability suggest that this strain is well suited to serve as an effector strain in
the replacement therapy of dental caries in humans.

A successful effector strain for replacement therapy of a
bacterial disease must have the following basic properties. It
must not cause disease itself or otherwise predispose the host
to other disease states by disrupting the ecosystem in which it
resides. It must persistently colonize the host tissue at risk and
thereby prevent colonization or outgrowth of the pathogen
to levels necessary for it to exert its pathogenic potential. In
situations where the pathogen is itself a member of the indig-
enous flora, an effector strain should aggressively displace the
resident pathogen, enabling replacement therapy of the pop-
ulation at large rather than limiting its use to infants who have
not yet acquired the pathogen as part of their indigenous flora.
Finally, an effector strain should possess a high degree of ge-
netic stability.

Past studies have demonstrated the potential usefulness of
replacement therapy for the prevention of dental caries. Since
acid production by mutans streptococci has long been known
to be integral to the pathogenic process, effector strains with
low acid-producing capabilities have been sought (1, 8, 29).
Lactate dehydrogenase (LDH)-deficient mutants of Strepto-
coccus rattus were shown to have little or no cariogenic poten-
tial in vitro and in various rodent models (18).

The ability of an effector strain to persistently and preemp-
tively colonize the human oral cavity was initially thought to
be a complex phenomenon dependent on a large number of
phenotypic properties. Numerous studies (19, 21, 27, 28; J. M.
Tanzer, B. Krasse, and M. Svanberg, J. Dent. Res. 61:334) doc-
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umented the difficulty of persistently introducing mutans
streptococci into the mouths of humans, particularly if they
already harbored an indigenous strain of this organism. This
difficulty was surmounted by the discovery that a single pheno-
typic property could provide an adequate selective advantage
to enable mutans streptococci to persistently and preemptively
colonize the human oral cavity. A naturally occurring strain
(JH1000) of Streptococcus mutans was isolated that produces a
lantibiotic called mutacin 1140 capable of killing virtually all
other strains of mutans streptococci against which it was tested
(9). Mutants that produced no detectable mutacin 1140 or that
produced approximately threefold-elevated amounts were iso-
lated. The mutants were used to correlate mutacin production
to preemptive colonization and aggressive displacement in a
rat model. A correlation was also made between mutacin pro-
duction and the ability of this strain to persistently colonize the
oral cavities of human subjects and aggressively displace their
indigenous mutans streptococci (10, 12).

Based on these results, we predicted that an S. mutans strain
possessing the combination of LDH deficiency and mutacin
1140 production would satisfy the prerequisites for an effector
strain in replacement therapy of dental caries. However, both
genetic and physiologic methods (2) clearly established the fact
that LDH deficiency is lethal in the S. mutans strains tested,
including JH1140, probably due to the accumulation of toxic
intermediates or to NAD-NADH imbalance. We subsequently
used a temperature-sensitive /dh mutation to demonstrate that
this lethal effect could be overcome by augmenting the indig-
enous S. mutans alcohol dehydrogenase (ADH) activity by
expression of a cloned Zymomonas mobilis adhB gene (15).

In the present report, we describe the construction of
a recombinant effector strain called BCS3-L1 that combines
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LDH deficiency with mutacin 1140 production. The in vitro
growth and fermentation properties of this strain are pre-
sented. We also present the results of animal studies designed
to test its cariogenic and colonization properties, its genetic
stability, and its long-term effect on the general health of the
host.

MATERIALS AND METHODS

Strains, cultivation conditions, and plasmids. S. mutans JH1140 is a sponta-
neous mutant of S. mutans JH1001 (9) that produces two- to threefold-increased
amounts of mutacin 1140. S. mutans Ingbritt (resistant to 1 mg of streptomycin
sulfate/ml) and S. rattus BHT-2 (resistant to 1 mg of streptomycin sulfate/ml)
have been described previously (9). Escherichia coli DH5a was obtained from
Bethesda Research Laboratories, Gaithersburg, Md. Streptococcus strains were
grown in brain heart infusion (BHI) broth, Todd-Hewitt broth (THB), or min-
imal salts medium (25) supplemented with 0.5% yeast extract and carbohydrates
(50 mM), or on plates of the same media containing 1.5% agar. Glucose tetra-
zolium plates were prepared by the method of Lederberg (22). Mitis-Salivarius
agar (MS) with bacitracin (MSB) plates were prepared as described by Gold
et al. (6). E. coli strains were grown with aeration in Luria-Bertani (LB) broth or
on plates of the same medium containing 1.5% agar. Ampicillin (50 pg/ml),
tetracycline (15 pg/ml), and streptomycin sulfate (100 pg/ml) were added to the
plates as required. Plasmid p10-5, containing the ldh gene from JH1001, has been
described previously (13). Plasmid pLOI286, containing the cloned Z. mobilis
ADH 11 (adhB) gene (3), was provided by L. O. Ingram. pVA981, containing the
cloned tetracycline resistance gene from S. mutans (30), was provided by F. L.
Macrina. Chemicals and antibiotics were from Sigma Chemical Co. (St. Louis,
Mo.).

Genetic methods. Restriction enzymes and DNA-modifying enzymes were
obtained from New England BioLabs, Inc. (Beverly, Mass.), and were used ac-
cording to the manufacturer’s directions. PCR primers were supplied by Na-
tional BioSciences Inc. (Plymouth, Minn.). DNA sequencing was performed by
the University of Florida’s Interdisciplinary Center for Biotechnology Research.
Southern hybridizations were performed with the enhanced chemiluminescence
gene detection system and Hyperfilm-ECL from Amersham International PLC
(Amersham, England) according to the manufacturer’s directions. Chromosomal
DNA was isolated from S. mutans by a modification of the method of Marmur
as previously described (7). DNA fragments from PCR amplification and restric-
tion enzyme digestions were excised from agarose gels (0.7%) and purified by the
Prep-A-Gene protocol (Bio-Rad Laboratories, Inc., Hercules, Calif.). Transfor-
mation of S. mutans was performed as described by Perry and Kuramitsu (26).
Other DNA manipulations were performed as described by Maniatis et al. (23).

Enzyme assays. Cells for enzyme assays were grown in BHI broth supple-
mented with 0.5% (wt/vol) glucose. ADH and LDH activities were measured in
cell extracts as previously described (13, 15). The protein concentrations of the
cell extracts were determined by the bicinchoninic acid method. One unit of
activity was defined as 1 wmol of NADH metabolized per min per mg of protein.
Specific activities are expressed as the mean of four trials from each of two
independent cultures.

Growth and fermentation end product analysis. Overnight cultures of strains
grown in minimal medium supplemented with 0.5% yeast extract and 50 mM
glucose were subcultured 1:50 in fresh medium. Optical densities at 550 nm were
recorded during incubation, aerobic standing at 37°C, with a Spectronic 20D
spectrophotometer (Milton Roy Co.). Generation times were calculated by lin-
ear regression analysis of log (optical density) plotted as a function of time. After
72 h of incubation, the cells were removed by centrifugation at 14,000 X g for 15
min. The pH values of the cell-free liquors were determined. Pyruvate, lactate,
formate, acetate, ethanol, and acetoin were determined by high-performance
liquid chromatography (LKB, Bromma, Sweden) with an Aminex HPX 87H
organic column (Bio-Rad) and a 2142 refractive index detector coupled to an
SP4270 integrator. The data presented are the averages of three independent
experiments.

Detection of mutacin 1140 production. Mutacin 1140 production was assayed
by a modification of the overlay technique of Fredericq (5). Single colonies of the
strains to be tested were stab inoculated into THB plates and incubated anaer-
obically at 37°C for 24 h. Three milliliters of molten (42°C) BHI top agar
containing streptomycin sulfate and 10° cells from an overnight THB culture of
S. rattus BHT-2 was spread evenly over the surface of the plate. After an
additional 24 h of incubation, the diameters of clear zones surrounding the test
strain stabs were measured.

In vitro plaque accumulation assay. Plaque accumulation was measured as
previously described (8). Sterile, preweighed microscope slides were immersed in
THB supplemented with 5% (wt/vol) sucrose and inoculated 1:100 from over-
night cultures grown in THB. After 24 h of incubation at 37°C, the slides were
removed, gently washed in distilled water to remove any tenuously attached cells,
and dried at 42°C for 24 h. The change in weight of the slide was taken to be the
amount of plaque accumulation. The results are the averages of three indepen-
dent experiments.

Animal cariogenicity studies. The cariogenic potentials of JH1140 and
BCS3-L1 were measured with a gnotobiotic Fischer rat model (24). Two groups
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of 10 germfree animals were housed separately and fed diet 305 (5% sucrose;
Harlan-Techlad, Madison, Wis.) and fluoride-free water ad libitum. At 21 days of
age, each animal was inoculated with a cotton-tipped applicator saturated with
an overnight culture of the appropriate bacterial strain. The applicator was
placed in the oral cavity and moved side to side for 15 s. This procedure was
repeated twice at 24-h intervals. Three weeks postinfection, four animals from
each group were sacrificed, and their left mandibular teeth were removed with
sterile rongeurs. The teeth were immediately placed in 3 ml of phosphate-
buffered saline and adherent plaque was dispersed by sonication on ice for 10 s.
Serially diluted samples were spread on duplicate MS plates, and colonies which
arose following 2 days of incubation were counted. Seven weeks postinfection,
the remaining animals were sacrificed. The left maxillary and mandibular molars
were extracted and treated as described above to enumerate adherent bacteria.
The right maxillary and mandibular molars were stained with murexide and
scored for carious lesions by the methods of Keyes (20). Differences between
group mean bacterial counts and caries scores were tested for significance by an
independent ¢ test.

The cariogenic potentials of strains were also measured with conventional,
pathogen-free Sprague-Dawley rats (Harlan-Techlad). The animals were housed
in metal wire cages without bedding and maintained on MIT 200 (67% sucrose)
and fluoride-free water ad libitum. Oral-swab samples taken when the animals
were 18 days old were streaked on MSB medium to detect the presence of
mutans streptococci in their normal flora. At 21 days of age, groups of 20 animals
were orally infected with a micropipettor with 0.1 ml of an overnight culture of
JH1140 or BCS3-L1. Twenty animals in a third group were sham treated with
sterile BHI. The infection regimen was repeated twice at 24-h intervals. Three
weeks postinfection, the molar teeth of two male and two female animals from
each group were analyzed as described above to determine the level of coloni-
zation by the test microorganism. Ten weeks postinfection, the remaining ani-
mals were sacrificed. The left maxillary and mandibular molars were extracted
and treated as described above to enumerate adherent bacteria. The right max-
illary and mandibular molars were stained with murexide and scored for carious
lesions by the methods of Keyes (20). Differences between group mean bacterial
counts and caries scores were tested for significance by an independent ¢ test.

Animal colonization studies. The ability of BCS3-L1 to preemptively colonize
the teeth of conventional, S. mutans-free Sprague-Dawley rats was compared to
that of its parent by previously reported methods (9). Three groups of 12 animals
were housed in separate wire cages and maintained on Diet 305. At 21 days of
age, two groups were orally infected with 0.1 ml of an overnight BHI culture of
JH1140 or BCS3-L1. The third group was sham treated with sterile BHI. The
infection regimen was repeated 24 h later. Three weeks postinfection, subgroups
of three animals were challenged with serial 10-fold dilutions of an overnight
BHI culture of strain Ingbritt. Three weeks postchallenge, the animals were
sacrificed and their molars were extracted with sterile rongeurs. The teeth were
suspended in 2 ml of sterile BHI and sonicated for 10 s on ice, and serial dilutions
were spread on MSB medium with or without streptomycin to quantify Ingbritt
and the test strains. As defined for this study, superinfection occurred when
Ingbritt constituted 1% or more of the S. mutans colonies recovered.

The ability of BCS3-L1 to aggressively displace an indigenous S. mutans strain
from the teeth of conventional, S. mutans-free Sprague-Dawley rats was com-
pared to that of its parent, JH1140, by a previously published method (9). Three
groups of 12 animals were housed in separate wire cages and maintained on Diet
305. At 21 days of age, all of the rats were infected by pipetting 0.1 ml of an
overnight BHI broth culture of strain Ingbritt into their oral cavities. The infec-
tion regimen was repeated 24 h later. Three weeks postinfection, subgroups of
three animals were challenged once orally by pipetting 0.1 ml of a 10-fold serial
dilution of overnight BHI broth cultures of JH1140 or BCS3-L1. Animals in the
third group were sham treated with sterile BHI. Three weeks postchallenge, the
animals were sacrificed and their molars were extracted with sterile rongeurs.
Ingbritt and the challenge strains were quantified by spreading samples on
medium with and without streptomycin as described above. As defined for this
study, superinfection occurred when the challenge strain constituted 1% or more
of the S. mutans colonies recovered.

Long-term animal toxicity and safety study. Three groups of three conven-
tional, S. mutans-free rats were housed in separate wire cages and maintained on
Diet 305 and fluoride-containing (1 ppm) water ad libitum. At 21 days of age, two
groups were orally infected with 0.1 ml of an overnight BHI culture of JH1140 or
BCS3-L1. The third group was sham treated with sterile BHI. The infection
regimen was repeated 24 h later. Three weeks postinfection, oral-swab samples
from each animal were streaked on MSB medium to verify colonization by the
infecting strains. Six months postinfection, the left maxillary and mandibular
molars were collected and analyzed for the infecting strains as described above.
Necropsy was performed, and organs were fixed in 10% buffered formalin for
histologic preparations, which were performed by American Histology Labora-
tories (Gaithersburg, Md.). Histopathologic analyses were performed by Paul
Hildebrandt, Pathco, Inc. (Ijamsville, Md.).

RESULTS

Effector strain construction. S. mutans JH1140 was chosen
as the starting strain for effector strain construction because it
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is a spontaneous variant of a clinical isolate which produces
two- to three-fold-elevated levels of a lantibiotic bacteriocin
called mutacin 1140. Production of this lantibiotic was shown
to inhibit the growth of essentially all other mutans strepto-
cocci strains (9), and it promoted colonization in both exper-
imental animals and human subjects (12).

A defect in the lactic acid synthesis pathway due to a defect
in the gene encoding LDH was introduced into JH1140 by
recombinant DNA techniques. Because LDH deficiency was
found to be a lethal mutation in S. mutans (15), an auxiliary
ADH activity from Z. mobilis was simultaneously introduced to
circumvent this problem. To accomplish this, essentially the
entire cloned S. mutans Idh open reading frame (ORF) in the
pBR322-based plasmid, p10-5, was deleted by circle PCR mu-
tagenesis with primers JH45 and JH46 (Fig. 1A). Only the first
28 bases, including the translation (ATG) start codon and the
last 9 bases prior to the translation stop codon (TAA), were
retained. PCR with primers JH26 and JH47 was used to am-
plify the entire ORF of the Z. mobilis adhB gene present in
pLOI128 except for its translation start codon (ATG) plus one
additional (G) base. Following agarose gel purification, the
p10-5 fragment and the adh fragment were ligated and trans-
formed into E. coli DH5a. Transformants were selected on LB
plates containing ampicillin. Restriction enzyme digestion and
sequence analysis were used to confirm the size (9.0 kbp) and
proper orientation of the insert in the resulting plasmid,
pTB1000 (Fig. 1A), which has the Z. mobilis adh gene fused in
frame to the start and end of the /dh ORF. This recombinant
OREF was subcloned into p95, a suicide vector with suitable
antibiotic resistance markers for cloning in S. mutans. This
yielded the final plasmid construct, pTB1002.

The recombinant ORF was introduced into JH1140 to re-
place the wild-type Idh gene via a heterodiploid intermediate
(Fig. 1B). Transformation with 1 pg of purified pTB1002 DNA
resulted in four transformants that arose on medium contain-
ing tetracycline. This result accords with previous studies which
demonstrated the difficulty of transforming JH1001 and its
derivatives (14, 15). Following purification, the clones were
shown by Southern analysis to be heterodiploids containing
chromosomal copies of both the wild-type and mutant ldh
genes separated only by the p95 vector (data not shown).

One of these clones, HD83, was grown for ca. 20 generations
in the absence of tetracycline to enable a second, spontaneous
recombination event to eliminate p95 and either the wild-type
or mutant copy of the /dh gene (Fig. 1B). Eleven tetracycline-
sensitive clones were identified by replica patching from ap-
proximately 16,000 colonies screened. Of these 11 clones, 2
were found which were less acidogenic than the parent strain,
JH1140, when grown for 48 h in BHI broth supplemented with
0.5% glucose. Enzyme analysis of cell lysates of these clones
indicated that they both had no detectable LDH activity and
10-fold-elevated levels of ADH activity relative to JH1140 (Ta-
ble 1). One of these clones, called BCS3-L1, was chosen for
further study. Southern blot analysis with probes including an
internal fragment of the S. mutans Idh gene, the PCR-gener-
ated Z. mobilis adh insert, and a pVA981 fragment was used to
confirm the deletion of the native /dh gene, incorporation into
the chromosome of the Z. mobilis adh gene, and loss of the p95
vector backbone, including its tetracycline resistance gene.

In vitro characterization of the BCS3-L1 effector strain. The
growth properties of BCS3-L1 closely resemble those of its
parent, JH1140 (Table 1). Fermentation end product analysis
showed that BCS3-L1 makes no detectable lactic acid (Table
2). Instead, much of the metabolized carbon is converted to the
nonacidic end products, ethanol and acetoin. Both of these are
normal end products for S. mutans growing under certain cul-
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tivation conditions (11). Thus, metabolism in BCS3-L1 is not
changed qualitatively but does distribute carbon differently
over known catabolic routes. The product profile, as measured,
was balanced with respect to carbon utilized but led to an
apparent surplus of NADH formed during catabolism. The
reason for this observation is currently unknown. Under vari-
ous cultivation conditions, including growth on a variety of
sugars and polyols, such as sucrose, fructose, lactose, mannitol,
and sorbitol, BCS3-L1 yielded final pH values that were at
least 0.4 pH units higher than those of JH1140. Other features
of the BCS3-L1 phenotype that may affect its ability to serve as
an effector strain in replacement therapy of dental caries were
also tested. BCS3-L1 formed plaque on glass surfaces when
grown in the presence of sucrose as well or better than JH1140
(Table 1). BCS3-L1 was also found to produce mutacin 1140 in
amounts comparable to JH1140.

The genetic stability of BCS3-L1 could be assessed in vitro,
since this strain produces red colonies when grown on glucose
tetrazolium medium (8) whereas wild-type S. mutans, including
JH1140, produces white colonies on this medium. No white
colonies were observed among over 100,000 independent col-
onies of BCS3-L1 screened, indicating a spontaneous reversion
frequency of <1 X 107>,

In vivo cariogenicity studies. The efficacy of BCS3-L1 was
evaluated in an animal model with two groups of 10 21-day-old,
germfree Fischer rats. The groups of animals were monoin-
fected with either JH1140 or BCS3-L1. The appropriate chal-
lenge strains were found in fecal samples recovered 1 week
after infection. Three weeks after infection, before the appear-
ance of gross carious lesions, four animals in each group were
killed to determine the level of dental colonization by JH1140
and BCS3-L1. The mean (= standard deviation) number of
cultivable organisms recoverable per set of left mandibular
molars was (5.99 + 1.20) X 10° and (2.41 * 1.83) X 10° CFU
for JH1140 and BCS3-L1, respectively. This difference was
significant (P < 0.01). As illustrated in Table 3, rats infected
with the parent strain for 8 weeks had significantly (P <
0.0001) higher caries scores than did animals infected with
BCS3-L1. The differences were observable for all types of
lesions, sulcal, interproximal, and buccal.

In a similarly designed experiment, conventional (S. mutans-
free) Sprague-Dawley rats were used to assess the cariogenic
potential of BCS3-L1 in the presence of a mixed natural flora.
In this model, no significant difference was detected between
the mean levels of colonization by JH1140 [(3.13 = 0. 792 x 10°
CFU/three molars] and BCS3-L1 [(2.46 = 0.45) X 10° CFU/
three molars] 3 weeks after infection. As shown in Table 4, rats
infected with the parent strain for 8 weeks had significantly
(P < 0.0001) higher caries scores than did animals infected
with BCS3-L1 or uninfected control animals. The differences
were observable for all types of lesions. Animals infected with
BCS3-L1 had a slightly lower mean caries score than S. mu-
tans-free control animals, but this difference was not signifi-
cant.

In vivo colonization studies. BCS3-L1 was compared to
JH1140 for its ability to preemptively colonize the S. mutans
niche in the oral cavity and thereby protect a host against
colonization by naturally occurring strains of this bacterium.
As shown in Table 5, prior establishments of JH1140 and
BCS3-L1 on the teeth of Sprague-Dawley rats were equally
effective in preventing persistent colonization by strain Ingbritt
even when the animals were challenged with as many as 10*°
CFU. By comparison, S. mutans-free control animals could be
infected by as few as 10° CFU.

BCS3-L1 was also compared to JH1140 for its ability to
aggressively displace an established S. mutans strain from its
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TABLE 1. Phenotypes of wild-type and effector strains

Sp act” (pmol/min/mg

. Generation time?® . " of protein) Mutacin production® Plaque productiond
Strain (h) Final pH (mm diam) (mg dry wt)
LDH ADH
JH1140 1.0 4.3 2.098 0.002 18.4 12.2
BCS3-L1 1.1 5.1 ND* 0.025 18.9 25.3

“ Growth in minimal medium supplemented with 0.5% yeast extract and 50 mM glucose; aerobic standing at 37°C.
® Growth in BHI broth supplemented with 0.5% glucose; aerobic standing at 37°C.

¢ Growth on THB agar and overlaid with S. rattus BHT-2.
4 Growth in THB containing 5% sucrose; aerobic standing at 37°C.
¢ ND, not detectable.

niche in the oral cavities of Sprague-Dawley rats. As in the
previous study, BCS3-L1 behaved like its parent with regard
to its colonization potential. At challenge concentrations of 107,
108, 10°, and 10" CFU/ml, BCS3-L1 and JH1140 uniformly
supercolonized animals previously infected with Ingbritt. At
the highest challenge concentration, JH1140 constituted about
one-third of all S. mutans organisms recovered from animals
initially colonized with Ingbritt, whereas BCS3-L1 constituted
approximately 93% of the total (data not shown). At lower
challenge concentrations, BCS3-L1 also appeared to perform
somewhat better than JH1140.

Long-term animal toxicity and safety study. After infection
for 6 months, the mean weights of animals colonized with
BCS3-L1 (398.3 = 49.9 g) did not differ significantly from those
of animals colonized with JH1140 (344.7 = 13.7 g) or S. mu-
tans-free control animals (377.7 = 34.2 g). Approximately
1,000 BCS3-L1 colonies recovered on MSB medium all pro-
duced red colonies on glucose tetrazolium plates, indicating an
in vivo reversion frequency of <1072, All of these colonies
produced mutacin 1140 in amounts comparable to JH1140 as
indicated by zone sizes in the deferred antagonism assay with
BHT-2 as the target strain. Histopathological examination was
performed on all of the major organs from each animal, in-
cluding liver, spleen, kidney, bladder, adrenal gland, pituitary
gland, salivary glands, mandibular and mesenteric lymph
nodes, thyroid, parathyroid, trachea, esophagus, heart, thymus,
lungs, stomach, pancreas, intestines, testes, prostate, skin,
mammary gland, tongue, palate, brain, bone and eyes. No
treatment-related lesions were observed in this study.

DISCUSSION

For many years, replacement therapy has been considered
an appealing approach for the prevention of certain microbial
infections. However, there has been no instance where a par-
ticular effector strain has embodied all of the necessary traits to
enable it to serve reliably in the prevention of a clinical disease.
In the case of dental caries, mutations that affect acid produc-
tion by mutans streptococci have long been known to reduce
their cariogenicity (8, 29). It has also been known for some
time that increased production of a mutacin by a particular
strain of S. mutans could enable it to successfully displace

indigenous mutans streptococci and persistently colonize the
human oral cavity (12). However, in order to combine these
traits in a genetically stable effector strain it was first necessary
to determine the reason why LDH-deficient mutants could not
be found for most strains of S. mutans (14). Using an allele of
ldh that expressed a thermolabile LDH activity, it was possible
to demonstrate that LDH deficiency is a lethal mutation in
S. mutans and that a cloned, heterologous ADH could over-
come the resulting metabolic defect (15). The application of
recombinant DNA methods to solving these problems yielded
the effector strain BCS3-L1 described here. In addition to
enabling us to combine the low acid production and mutacin
overproduction traits, recombinant methods provided consid-
erable assurance against the occurrence of cryptic mutations.
The recombinant methods also provided assurance against re-
version of the Idh mutation, since essentially all of the ORF
was deleted. Reversion by transformation is also unlikely,
since JH1000 and its derivatives are, under optimal conditions,
poorly transformable. Thus, BCS3-L1 is expected to be genet-
ically very stable. Strain construction employed Campbell in-
sertion of the suicide vector, pTB1002, and spontaneous reso-
lution of the heterodiploid intermediate resulted in allelic
exchange. This strategy was necessary because transformation
with linear DNA has not been achieved in JH1001 or its de-
rivatives (14). In addition to elimination of the wild-type gene,
this strategy had the added advantage of eliminating all of the
vector DNA, including its antibiotic resistance genes. Thus, a
truly isogenic mutant was generated.

Southern blot analysis of BCS3-L1 confirmed the exchange
of the Z. mobilis adh gene for the native Idh gene and the con-
comitant loss of vector sequences. Enzyme assays of BCS3-L1
cell extracts showed no detectable LDH activity and 10-fold
increase in ADH activity relative to that of its parent. The ldh
promoter appears to be transcribed at more or less constant
levels regardless of cultivation conditions, as indicated by mea-
surements of B-galactoside activity in a JH1140 derivative con-
taining an Idh::lacZ transcriptional fusion (data not shown).
Thus, constant high levels of ADH should be constitutively
available to BCS3-L1. In support of this hypothesis, BCS3-L1
grew well on a variety of carbon sources. Supernatants from
these cultures contained greatly elevated ethanol concentra-
tions and no detectable lactic acid. Formate, acetate, and ace-

TABLE 2. Fermentation end products of wild-type and effector strains®

Glucose metabolized

Fermentation end products (mmol)

Strain 1 Carbon balance (%)
(mmol) Lactate Pyruvate Formate Acetate Ethanol Acetoin
JH1140 25.6 43.7 <0.05 5.0 4.4 1.7 <0.05 97.3
BCS3-L1 20.0 <0.05 6.1 19.3 6.9 13.0 7.1 100.5

¢ Grown anaerobically on minimal medium supplemented with 0.5% yeast extract and 50 mM glucose.
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TABLE 3. Caries scores of gnotobiotic rats infected
with wild-type or effector strain

Caries score (mean * standard deviation)

Strain
Sulcal Proximal Buccal Total
JH1140 355 6.1 47 +x24 155 +3.7 57.3+94
BCS3-L1 15.8 = 3.0 05*1.2 42+19 20.5 £ 3.5

toin concentrations were also significantly elevated relative to
those of JH1140, indicating increased dissimilation of pyruvate
by pyruvate dehydrogenase and pyruvate-formate lyase path-
ways. When BCS3-L1 was grown in the presence of various
carbon sources, the final pH reached was at least 0.4 pH units
higher than that of JH1140. Although there are no direct mea-
surements to demonstrate that the difference in terminal pH
observed in vitro is exactly reflected in plaque containing wild-
type S. mutans versus plaque containing BCS3-L1, the results
of animal models described below indicate that BCS3-L1 is less
able to reduce the pH below the critical threshold required for
initiation and progression of caries lesions.

Increased plaque formation during growth in the presence of
sucrose as shown here for BCS3-L1 has been previously re-
ported for LDH-deficient mutants of S. rattus (8). This is likely
to be a reflection of the pH dependence of glucosyl transferase
activities. Since in general S. mutans constitutes a relatively
small proportion of the oral flora, it is unlikely that this prop-
erty, if expressed in vivo, would have a significant effect on the
overall amount or quality of plaque that would predispose the
host to other diseases, such as gingivitis or periodontitis. In-
creased dextran production and the clumping caused by dex-
tran may, however, account for the twofold-lower recovery of
BCS3-L1 from gnotobiotic rats compared to JH1140. As pre-
dicted from its reduced acidogenic potential, both gnotobiotic
and conventional rats infected with BCS3-L1 had significantly
lower incidences and severity of dental caries than animals
infected with JH1140. In the gnotobiotic-rat study, residual
caries activity in the mutant infected animals was confined
primarily to sulcal areas where, in the weanling rat, the enamel
is the thinnest (4) and the conditions for acid accumulation
are the greatest. In the case of the conventional-rat model,
BCS3-L1 did not add to the background incidence or severity
of caries lesions caused by the indigenous flora. Clearly, the
1,000-fold-higher numbers of BCS3-L1 attained in gnotobiotic
animals were responsible for the residual pathogenic potential
observed in this model compared to that in the conventional-
rat model.

In earlier studies (12), we demonstrated that JH1005, equiv-
alent to JH1140 in producing two- to threefold-elevated amounts
of mutacin 1140, could persistently colonize the human oral
cavity and aggressively displace indigenous strains without
causing an observable effect on other plaque species. At least
two of the three subjects treated by brushing and flossing
approximately 10'" cells onto their cleaned tooth surfaces for

TABLE 4. Caries scores of conventional rats infected
with wild-type or effector strain

Caries score (mean * standard deviation)

Strain
Sulcal Proximal Buccal Total
JH1140 852+ 124 28.5 £ 8.5 13.7 = 84 126.7 = 23.6
BCS3-L1 443 £ 8.0 148 =74 7.0+ 44 66.1 + 16.4
Control 513195 13.8 = 8.9 7.1 x£47 70.7 £19.5

INFECT. IMMUN.

TABLE 5. Preemptive colonization by wild-type and effector strains

Frequency of superinfection in

Conen of challenge animals colonized by:

strain Ingbritt
(CFU/ml)

JH1140 BCS3-L1 Control
107 0/3 0/3 3/3
108 0/3 0/3 3/3
10° 0/3 0/3 3/3
10'° 0/3 0/3 3/3

3 min remain colonized almost 15 years later (J. D. Hillman,
unpublished observation). Thus, increased production of this
lantibiotic appears to provide a selective advantage in coloni-
zation suitable for use in replacement therapy of dental caries.
In both preemptive-colonization and aggressive-displacement
rat model studies, we found that BCS3-L1 performed as well as
or better than JH1140. These results strongly suggest that
BCS3-L1 should be able to colonize the human oral cavity and
occupy the niche normally occupied by wild-type S. mutans.

No adverse effects were observed at the gross or microscopic
level in conventional rats colonized for 6 months with BCS3-
L1. LDH deficiency requires BCS3-L1 to depend entirely on
mixed acid fermentation pathways that yield formate, acetate,
ethanol, and acetoin as the principal end products. These are
common end products of a variety of microorganisms, includ-
ing S. mutans growing in the presence of limiting substrate, so
they were not expected to result in an observable toxic effect.
Sufficient amounts of mutacin 1140 have not yet been purified
to be able to directly test its toxicity (16), but it belongs to the
same class of antibiotics as nisin, which is used as a food
preservative worldwide and which has very low toxicity (17).

From the experiments described in this study, BCS3-L1 ap-
pears to be well suited to serve as an effector strain in the
replacement therapy of dental caries. It has a significantly
reduced pathogenic potential, it has a selective advantage in
colonizing the tissues at risk for disease, and it is genetically
stable. Additional studies in human clinical trials are planned
to further test this hypothesis.
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