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I

INTRODUCTION

Microorganisms are found in air, in water, on surfaces of plants, animals,
human beings and on inanimate materials. Microbial ecosystems are characte
rized by a diversity of microbial species (Alexander, 1971; Savage, 1977).
The existence of mixtures of microorganisms in natural habitats was conclu
sively demonstrated by Antoni van Leeuwenhoek. In his letter to the Royal
Society

of

London,

dated

17th

September

morphological types of little animals

1683,

he

described

different

(bacteria) in that white

material

(dental plaque) he found on the teeth.
Two hundred years later Miller (18Θ9) recognized the importance of the
oral microorganisms to the process of dental caries. Despite this early
recognition that the mouth

carried

involved

in tooth destruction,

interest

has been

shown

in

an

it is

the

indigenous microflora, which

was

in the last two decades that any

microbial

ecology

of

the

mouth.

Much

emphasis was put on adhesion as an ecological determinant in dental plaque
(Gibbons and van Houte, 1975) and some attention has been payed to the
influence of bacterial interactions as there is the influence of inter
action on dental caries
effect

of

(Rogers et

bacteriocins

(König et
on

the

al. , 1965; Mikx et

composition

of

the

al.

1972) or

microbial

the

community

al. , 1978; Van der Hoeven and Rogers, 1979). However, almost no

attention has been paid

to the growth of oral bacteria in the natural

habitat. Yet, growth is the important factor for a

species

to maintain

itself in an ecological system. The survival of a bacterial species in a
natural habitat depends on its ability to grow at a rate sufficient
balance cell death and

to

loss of cells from the population. The growth of

bacteria is governed by the availability of nutrients, as is expressed by
Monod's (1949) empirical equation for the specific growth rate, which has
served as a basis for ecological studies. Bacteria respond to fluctuations
in

the

environment

by

changing

their

metabolism.

They

have

developed

different strategies with respect to the utilization of various nutrients
and

their

concentrations

(Matin,

1979).

The

overall

result

of

the

physiological adaptation of the cells is reflected by changes of the growth
rate. And, as is shown in pure culture studies, the basic macromolecular
composition of an organism depends markedly on the rate at which it grows
and

the

nature

of

the

growth

conditions, particularly

different substrate limitations or excesses

the

effect

(Bull, 1974,- Herbert,

of

1961).
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Growth rate can give information about the growth conditions in VÌVO. The
growth of bacteria under natural conditions is governed by variety of
factors. Figure 1 summarizes various ecological determinants of the dental
plaque ecosystem. It is realized that this scheme is still superficial and
does not suiranarize all possible factors involved. The growth rate of the
bacteria

in dental

plaque

reflects

the

net

effect

of

the

involved

ecological determinants. To estimate the relative importance of individual
ecological determinants to the ecosystem

is generally very difficult.

Recent studies have stressed the importance of nutrients for the growth of
bacteria in dental plaque (Van der Hoeven et al.,

19Θ4). The importance of

carbohydrate for the growth in dental plaque was elucidated in earlier
studies. Homofermentative bacteria such as S. mutans

produce only lactic

acid from glucose in batch cultures. However, cultured in a chemostat, with
glucose as the growth limiting substrate, S. mutans produced in addition to
lactic acid, formic acid, acetic acid and ethanol (Carlsson and Griffith,
1974). In dental plaque S. mutans
(Van der

Hoeven,

1976)

showed the latter fermentation pattern

suggesting

that in dental plaque glucose or

carbohydrate is limiting the growth.
De Jong et al.

(1984) demonstrated that the cell yield of i'. mutans

cultured in saliva was limited by the carbohydrate source. Further, the
proportions of S. mutans,
be

influenced

by

S. sangius

adding

sucrose

and S. milleri
and

arginine

in dental plaque could
as

carbon

and

energy

substrates to the host's diet. Sucrose is preferentially utilized by
S. mutans whereas arginine is fermented by S. sanguis
not by 5. mutans.

and S.

milleri

but

The shifts in the proportions of these species apparently

reflected shifts in the growth rates of these species due to supply of
growth-limiting substrates (De Jong et al. , 1984).
Only few estimates of growth rates in dental plaque have been made so
far. Socransky et al.

(1977) described a phase of rapid growth of bacteria

in early dental plaque on a cleaned tooth surface. The mean generation time
(M.G.T.) of the bacteria was 3 to 4 h. These observations suggested that
early dental plaque behaved like a exponential growing population. Mikx and
Svanberg

(1978) calculated a M.G.T. of 6-14 h for an 5. nutans

strain,

invading an artifical fissure. Generation times of 8 to 12 h for mature
dental plaque have been suggested by Gibbons (1964). He based his esti
mation on the number of bacteria in saliva. These bacteria are derived by
release from oral surfaces.
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In terms of population kinetics mature dental plague can be considered as a
steady state population, where an equilibrium exist between cell division,
settling of cells from saliva and decaying of cells as a consequence of
cell death or loss of cells from the population (Brock, 1971). To measure
growth rates of bacteria in such a population in dental plaque requires
other methods than simple counting the number of bacteria as can be done
for an exponential growing population. Radioactive labelling of DNA has
been used by Brock

(1967) to study microbial growth

rate

directly

in

nature.
In the present study we have estimated the doubling times of bacteria
during the early phase of colonization of the tooth surfaces. In this stage
interactions between bacteria

are

generally

not

important

whereas

the

doubling time likely reflects the actual rate of cell division, because
settling of cells, cell death or loss of cells seem to be negligible.
In the last part of the study a method is described to estimate the
growth rate of bacteria in mature dental plaque in rats. The method
based on the incorporation

of tritiated

thymidine

into DNA by

is

growing

cells. The growth rate can be detected by measuring the rate of decrease of
the fraction of labelled cells after stop labelling.

Fig. 1 : Ecological determinants in dental plaque
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Growth Rates of Actinomyces viscosus and Streptococcus
mutans During Early Colonization of Tooth Surfaces in
Gnotobiotic Rats
H J A BECKERS' AND J S VAN DER HOEVEN
institute of Preventive and Community Dentistry, University of Nijmegen Nijmegen The Netherlands
Received 24 June 1981/Accepted 2 October 1981
Germfree Osborne-Mendel rats were monoassociated with Actinomyces visco
sus or Streptococcus mutans The adherence and subsequent growth of these
organisms on the tooth surface was studied by means of total viable cell counts
Both A viscosus and S mutans showed a lag phase and an exponential growth
phase, similar to logarithmic growth tn batch cultures The exponential growth
rates of S mutans and A viscosus were 0 63 h ' (doubling time [tj\ = 1 1 h) and
0 24 h" 1 (frf = 2 9 h), respectively After a period of rapid growth, the rate
declined and the populations approached a steady state The presence of a
sucrose-containing diet did not significantly influence the exponential growth
rates of A viscosus and S mutans, but had a slight negative effect on the initial
adherence of 5 mutans at the tooth surface
The survival of a bacterial species in a natural
habitat depends on its ability to grow al a rate
sufficient to balance cell death and loss of cells
from the population The growth of bactena is
governed by the availability of nutnents, as is
expressed by Monod's (20) empirical equation
for specific growth rate, which has served as a
basis for ecological studies Bactena respond to
fluctuations in the environment by changing
their metabolism They have developed different
strategies with respect to the utilization of vari
ous nutnents and the concentrations thereof
(18) The overall result of the physiological
adaptation of the cells is reflected by changes of
the growth rate The growth rate is an important
factor in the competetiveness of a bactenum (1)
Chemostat studies of phenotypic responses of
bactena to the environment may enable the
investigator to predict the outcome of the com
petition of two or more species under a given set
of conditions (13, 33) However, such informa
tion is generally insufficient to explain the be
havior of these bactena under natural condi
tions In particular, it is extremely difficult to
explain the population dynamics in complex
heterogeneous ecosystems, such as dental
plaque, from in vitro observations only Com
plementary results can be obtained from direct
observations on natural ecosystems or simpli
fied in vivo model systems Little data are
available on growth rates of bactena in dental
plaque Generation times of 8 to 12 h for mature
plaque have been suggested by Gibbons (10),
based on data of Krasse (14) In artificial fis
sures, Mikx and Svanberg (19) suggested a mean

generation time of 6 to 14 h, whereas Socransky
et al (26) reported bacterial generation times of
3 to 4 h in the early phase of plaque formation
In terms of population dynamics, dental
plaque can be considered a dividing transit pop
ulation (Fig le) The three processes, settling,
dividing, and decaying, regulate the extent of the
dental plaque in space and time Depending on
the relative rates of the processes of settling and
decaying, the dividing transit population merges
into the other three types of growing populations
(Fig If, g, and h)
A steady state may be reached in mature
dental plaque, which means that the processes
of settling, decaying, and cell division are in
equilibrium When the processes of settling and
decaying are negligible compared with the divid
ing process, the population can be considered a
closed dividing (exponential) one In nature, an
exponential dividing population will only occur
transiently Socransky et al (26) showed a phase
of rapid growth of bactena in early dental plaque
on a cleaned tooth surface These observations
suggested that early dental plaque behaves like a
closed dividing population
We have estimated growth rates of bactena
during early colonization of the tooth surfaces in
gnotobiotic rats To this end, germfree rats were
inoculated with Streptococcus mutans or Acti
nomyces viscosus, and the increase of the popu
lations of these organisms on the teeth was
measured by total viable cell count The effect of
the host's diet on the population increase was
evaluated by companson of bactenal growth in
starved and fed rats
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FIG 1 Diagrammatic representation of possible
cell populations Arrows outside the boxes indicate
cell migration, arrows inside the boxes refer to cell
divisions taking place within the system (Reproduced
with permission from Brock [3])
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ples were taken at the intervals noted in Fig 2 Each
sample consisted of specimens from three rats
The method used for determination of the coloniza
tion of the teeth by bactena was a modification of the
procedure described by van Houle et al (31) The rats
were killed, and the molars of the lower jaw were
extracted with a dental probe The nght and left halves
of the lower jaw were treated as separate samples The
molars were ground in a mortar in 0 5 ml of 0 85%
saline After the mortar was nnsed with an additional
0 5 ml of saline, the suspension was transferred into a
stenle tube and dispersed for 30 s with a Kontes E/MC
Sonifier The undiluted suspension and suitable dilu
tions were plated onto blood agar plates The plates
were incubated for 48 h at 37°C in an atmosphere of
91% N2-5% COr-4% H 2
RESULTS

Initial growth. The number of viable cells on
molar teeth at increasing time intervals after
inoculation are shown in Fig 2A and В for A
viscosas and 5 mutans, respectively These
MATERIALS AND METHODS
curves demonstrate several distinct growth
Microorganisms. A viscosas strain Nyl (29) and S phases Immediately after inoculation, the via
mutans strain T2 (23) were used in this study The ble counts decreased until a minimum level was
strains were kept lyophilized in stock
reached after about 2 h The decrease then
The inocula were prepared from 16-h cultures of turned into a fast increase, and rapid growth
strain Nyl in actinomyces broth (BBL Microbiology proceeded for 48 h Next, the rate of increase
Systems) or strain T2 in brain heart infusion broth leveled off, and the number of viable counts
(Difco Laboratories) supplemented with 2% (wt/vol) approached a maximum value In contrast to the
glucose The bacterial cultures were ultrasomcally
dispersed with a Branson Sonifier, type В 12, twice for results found for A vtscosus in both groups and
15 s each at 15-s intervals and with continuous cooling 5 mutans in sucrose-fed rats, no initial decrease
in ice (microwave tip, 75-W ouput) The dispersed of 5 mutans was observed in starved rats during
cultures were used to inoculate the rats Viable counts the first 2 h (Fig 2)
of the inocula were estimated on Trypticase soy agar
Doubling times of bacterial populations. From
(BBL) plates supplemented with 1% (wt/vol) yeast the increase in total viable counts (Fig 2), the
extract and on 10blood agar plates The inocula con
doubling times of the populations of A viscosas
tamed about IO viable cells per ml
and 5 mutans adhering to the tooth surface
Animals and Treatments. Germfree Osbome-Mendel were calculated for several intervals during
rats, 36 to 45 days old, from six litters were randomly
distributed among four groups Groups 1 and 2, con growth The calculated doubling times are
sisting of 12 and 15 rats, respectively, were inoculated shown in Table 1 In the penod of 6 to 24 h, the
with A VISCOSI« Nyl Groups 3 and 4 consisted of 15 growth of A vtscosus in the fedgroup proceeded
and 21 rats, respectively, and were inoculated with 5
with a doubling time of 2 9 h In the period from
mutans T2 The rats were housed in plastic isolators 24 to 48 h, its growth continued with a slightly
containing Macrolon cages
longer doubling time of 3 9 h The > 1,000-fold
The rats were individually inoculated with 100 μ| of increase of S mutans between 2 and 12 h in the
the bacterial suspension The inocula were applied fed group corresponds to a doubling time of 1 1
with a 1-ml hypodermic synnge The diet was adminis h
tered at the time of inoculation The rats were ob
S mutans showed a doubling time of 7 5 h in
served to eat from about 30 min after inoculation
Before the inoculations all rats were starved for 24 the penod of 12 to 48 h After 2 days, the
h, with only drinking water available The rats m populations of A vtscosus or 5 mutans ap
groups 1 and 3 continued to starve for an additional proached maximum values with concomitant
period of 24 h, during which bacterial growth was increases of the calculated doubling times The
monitored A sucrose-containing diet was available ad differences in doubling times found between the
libitum to the rats in groups 2 and 4 In these groups fed and starved groups were not statistically
the growth of the inoculated strains was monitored for
3 and 6 subsequent days, repectively The composition significant Because no 12-h sample was avail
of the diet was as follows sucrose, 16%, wheat flour, able, it is not known whether the doubling time
44%, skim milk powder, 32%, yeast extract, 7%, and of A viscosas was shorter during the first 12 h
vegetable oil, 1% The diet was sterilized with 2 5 than in the penod thereafter, as was the case for
Mrads of gamma irradiation
S mutans
Bacteriological procedures. After inoculation, sam
Adherence. The number of cells attached to
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FIG 2 Viable counts of A viscosus Nyl (A) and S mutans T2 (В) on molar teeth of gnotobiotic rats
Symbols ( · ) sucrose fed, (O) starved CPU, Colony-forming units
the molar teeth reached a minimum level of
about 2 h after inoculation (Fig 2, Table 2) At
that tune growth did not seem to have started,
and the loosely bound cells had been lost from
the site The number of adherent cells at 2 h after
inoculation likely represented firmly attached
cells N o significant differences could be demon
strated in the numbers of A viscosus that were
found to adhere in starved or fed rats The
number of adherent 5 mutans cells found in
starved rats was significantly higher than that in
sucrose-fed-rats (Table 2)

phase, there is an exponential increase in cell
numbers followed by a decline in growth rate
The decline is likely to reflect the change from a
closed dividing to a dividing transit system
(3) (Fig 1), wherein a steady state is rea
ched The rate of the exponential increase
m cell number is surpnsmgly high, which
reflects ал environment
that is relatively
rich in nutnents This is supported by the
observation that the supply of external nut n e n s from the host's diet did not significantly

Establishment after 3 days. The number of
bactena approached a maximum value 3 days
after inoculation (Fig 2) In spite of different
growth patterns, the populations of A
viscosus
and S mutans had reached about the same sizes
at 3 days after inoculation (Fig 2)

TABLE 1 Doubling limes of A viscosus and S
mutans m gnotobiotic rats
Bactena] strain
A

viscosus
Nyl

Group
Sucrose diet

DISCUSSION
In this study the initial growth rates of 5
mutans and A viscosus were estimated in gnoto
biotic rats to avoid the effect of intermicrobial
interactions upon growth rate The differences
between our data and those reported by Socransky et al (26) and Mikx and Svanberg (19)
may well reflect the influence of microbial inter
action on growth rate The kinetics of the initial
growth of bacterial populations on the tooth
surface were found to be similar to the logarith
mic growth in batch cultures After the lag

Starved
S mutans T2

Sucrose diet

Penod of
increase
(Ί - h h)

Doubling
time (h)°

6-24
24-48
48-72

29 ± 0 3
39 ± 03
24 ± 1

2-24

28 ± 0 2

2-12
12^8
48-72
3-6 days

1 1 ±02
75 ± 0 5
38 ± 6
66±7

1 3 ± 02
44 ± 08
° Doubling time = [(ij - r,» 3010]/(log Ni - log
Ni), where N2 = mean number of cells at time f2
Starved

6-12
12-24

17
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TABLE 2 Initial adherence of Λ viscosas Nyl and
S mutans T2 to molar teeth in germfree rats 2 h
after inoculation

INFECT

IMMUN

degradation and utilization of the adsorbed macromolecules by exoenzymes Esterman and
McLaren (8) showed an enhanced protein degradation by extracellular proteinases of strains of
No of adherent
Organism
Group
cells ± SE/10*
Flavobactenum
and Pseudomonas
when the
inoculated cells
proteins were adsorbed by clay minerals The
influence of the presence of solid surfaces on
A viscosas Nyl Starved
2± 1
bactenal growth was also demonstrated by Filip
Sucrose diet
5 t. 2
(9) He found that the growth of compost bacteS mutans T2
Starved
16 ± 4"
n a was accelerated by the presence of solid
particles such as glass beads, this effect was
Sucrose diet
3 ± 2'
associated with the surface activity of the partiT, s 0 05
cles rather than with an oxidative power or a
nutrition factor from the particles
alter the rate of the exponential growth It seems
Intracellular polysachande is another subthat the growth rate has reached a maximum strate that could advance the initial growth
value that is not dependent upon the concentra Depending on the culture conditions, 5 mutans
tion of limiting substrates This maximum (32) and A viscosus (unpublished data) produce
growth rate can only be reached at the early a considerábale amount of intracellular polysacstages of the formation of a microbial film on the charides The contnbution of intracellular polytooth With increasing thickness of the film, the saccharides to the increase in cell mass will be
growth rate decreases due to substrate limita low Assuming a molar growth yield of about 20
tions (22)
to 30 g (dry weight) per mol of glucose (28), it
The size of the population on the tooth surface will be clear that to double the cell mass a
is influenced by various processes, including multiple of the dry weight in the form of glucose
division of cells, decaying due to release of cells is needed
or cell death, and settling as a result of the
There is considerable evidence that sucrose
adherence of cells from the saliva
promotes the S mutans population on the tooth
In the early steige of plaque development, surface (4, 15, 31) A s the initial growth rate of
during the period of rapid population increase, the cells w a s not influenced by a sucrose-conthe numerical contribution of settling and decay taining diet, other mechanisms are likely more
ing to the cell numbers is likely to be small important in the stimulatory effect of sucrose
compared with the contnbution of cell division
Sucrose can favor the accumulation of S muAs a consequence, the doubling times of the tans by vanous mechanisms, including dexpopulations calculated for this period may well tran- or glycosyl transferase-mediated adherreflect true rates of cell division At a later stage, ence (12, 21) In complex microflora sucrose
when a steady state is reached, the processes of might sustain the competitive ability of S musettling, decaying, and cell division will be in tans, because this organism has a high-affinity
equilibrium
transport system for sucrose (25, 27), which
The substrates for bacterial growth in the enables the bactenum to capture low concentramouth anse from saliva, me gingival crevice tions of sucrose from the environment
fluid, and epithelial cells that are shed into the
To survive in the oral cavity, bactena must be
saliva (17) Because of its relative abundance, able to adhere to the tooth surface or to the soft
composition, and continuous production (17), tissues in the oral cavity A viscosus and S
saliva seems to be the main source of nutnents
mutans preferentially adhere to the tooth surIt is known that S mutans can utilize salivary face (2, 7, 11, 30) The bactena in the 2-h
proteins as a sole source of nitrogen (6) whereas samples represent cells that were firmly atA viscosus may grow slowly in saliva (2) The tached to salava-coated enamel while loosely
utilization of vanous salivary components by bound cells were being released into the saliva
these organisms has not been studied yet in N o significant difference in initial adherence was
sufficient detail to explain their rapid growth on found between A viscosus and S mutans in the
the tooth surfaces However, in the mouth, fed group For A viscosus no effect of sucrose
macromolecules from saliva become quickly ad on the initial adherence was found Sucrose
sorbed to the enamel surfaces (16) and bactena seemed to have a slight negative effect on the
adhere to the macromolecular layer by vanous adherence of 5 mutans This corroborates the
mechanisms (24) According to ¿oBell (34) at- results of Clark and Gibbons (5), who showed
tached bactena have at their disposal more that S mutans cells, exposed to sucrose to
substrates than do free-floating cells and conse- permit extracellular polysachande synthesis bequently can grow more rapidly The mechanisms fore or during adsorption, tended to attach m
involved include accumulation of substrate and fewer numbers to saliva-treated hydroxyapatite
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surfaces than did cells in the absence of sucrose.
Two days after inoculation, growth declined
(Fig. 2) and the populations approached a steady
state. The increase in population density and the
increase in thickness of the bacterial layer will
induce substrate limitations in the bacterial layer
and consequent reduction in growth rates. Little
information is available on generation times in
mature dental plaque. Gibbons (10) has argued
that steady-state growth proceeds with a mean
generation time of 8 to 12 h.
Study of the growth rates of steady-state
populations requires special methods, as pointed
out by Brock (3). The estimation of steady-state
growth rates of microorganisms in dental plaque
may help to explain their ecological relationships.
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Effect of Microbial Interaction on the Colonization Rate of
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The resident oral microflora of conventional Osborne-Mendel rats was chal
lenged with Actinomyces viscosus or Streptococcus mutans strains. The adher
ence of the inoculated organism to the tooth surface and the subsequent growth
were studied by means of viable counts determination. The initial growth rate of
S. mutans in conventional rats was lower than in mono-associated gnotobiotic rats
(doubling time, td = 5 h versus tj = 1.1 h). The delayed start of growth and the low
initial growth rate indicated that a competitive interaction between 5. mutans and
the resident microflora occurred. The initial growth rate of A. viscosus in
conventional rats (tj = 3.1 h) was approximately the same as that in gnotobiotic
rats (/</ = 2.8 h). The start of growth of A. viscosus was only slightly delayed
compared with the start in gnotobiotic rats. These results suggest a neutralistic
relationship between A. viscosus and the resident microflora. A. viscosus reached
a stationary level about 7 days after inoculation, whereas the 5. mutans strains did
not reach stationary levels until 2 weeks after inoculation.

This study deals with the rate at which new
bacteria colonize the dental plaque in rats. After
inoculation into the mouth, some of the cells
attach to the tooth surfaces or to the microbial
layer on the teeth. In the next phase the adher
ent cells start to divide. The rate of increase of
the adherent population depends upon the rates
of cell division, cell release, cell death, and
settling of cells from saliva. During early coloni
zation these latter processes are likely to be of
little importance and the population increase will
be mainly determined by cell division. At a later
stage, during transition to or in steady-state
situation, the processes of cell release, cell
death, and settling of cells will be of more
importance, and calculated doubling times,
based on the determination of colony-forming
units (CFU) of the population, reflect only the
net result of all the involved processes (1).
As the growth rate of bacteria is governed by
the concentration of substrates in the environ
ment (12), the rate of increase of the inoculated
microorganism in the plaque will provide infor
mation on the availability of substrates. Further
more, the newly entering organism may interact
in different ways with the resident microflora,
and this interaction may influence its rate of cell
division. It is very difficult, however, to obtain
experimental evidence for the occurrence of
particular microbial interactions in dental

plaque, and only in a few cases has such evi
dence been presented (see reviews by Gibbons
and van Houte [9], Bowden et al [3], and van
der Hoeven [16]).
In this study the initial doubling times of
strains of Actinomyces viscosus or Streptococ
cus mutans are measured in conventional rats.
The effect of interaction of the inoculated micro
organisms with the resident microflora on the
doubling time is evaluated by comparison with
the previously estimated doubling time of the
same microorganisms in monoinfected gnotobi
otic rats.
MATERIALS AND METHODS
Microorganisms. 5 mutans T2 (13). S mutan f C671 (5), and A. viscosus Nyl (И) were used in this study.
The strains were made resistant to streptomycin (GistBrocades N V ) by sequential inoculation m broth
with increasing streptomycin concentrations. No dif
ference was found between the growth rates of the
resistant or parent strain in batch culture The strains
were kept lyophihzed in stock Inocula of A. viscosus
Nyl were prepared from 16-h cultures m actinomyces
broth (BBL Microbiology Systems, Cockeysville,
Md ). Inocula of the 5 mutans strains were prepared
from 16-h cultures in brain heart infusion broth (Difco
Laboratories, Detroit, Mich.) The bacterial cultures
were ultrasonically dispersed with a Branson sonifíer,
type B-12, twice for 15 s with a 15-s interval and with
continuous cooling m ice (Microwave tip, 75-W output
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in 10-ml volume) Viable counts of the inocula were
estimaled on Tryplicase soy agar (BBL) plates supplemenled »ilh 1% (wl/vol) yeasl extracl and conlainmg 100 μg of slreptomycm per ml (TS-S agar), and on
blood agar plates The inocula of 5 muians T2 and

C67-1 and A VHCOSHS Nyl contained 10'. 3 x 10'. and
10

2 χ IO viable cells per ml, respectively.
Animals and treatment. Conventional Osborne-Mendel rats. 35 to 44 days old, were randomly distributed
among three groups. The 4'> rats of group 1 (five litters
of nine rats each) were inoculated with S. mutans T2,
the 45 rats (15 litters, three rats each) forming group 2
were inoculated with 5 mutans C67-1. and the 60 rais
in group 3 (five litters of 12 rats each) were inoculated
with A. vtstosus Nyl.
Twenty-four hours before the inoculation of the
microorganisms, the rats were given a sucrose-con
taining diet The diet contained 16% sucrose, 447c
wheatflour,329f skim milk powder, 7% yeast extract,
and 1% vegetable oil The diet was available ad libitum
during the expérimental period. The rats were individually inoculated with 100 μΐ of the suitable bacterial
suspension applied with a 1-ml hypodermic syringe A
fourth group of 28 rats (from six litters). 32 days old,
was not inoculated at all This group served to study
the changes in the indigenous oral microflora after the
change from ordinary rat pellets to the sucrose diet for
a penod of 48 h.
Bacteriological procedures. After inoculation (groups
1, 2, and 3) or after the change of diet (group 4),
samples were taken at time intervals as indicated in
Fig 1 and 2 Each sample from groups 1, 2, or 3
consisted of five rats; the samples from group 4
included four rats each. The method used for the
determination of the number of bacteria on the rat
molar teeth was a modification of the procedure de
scribed by van Houle et al. (21) The rats were killed.
and the three molars in the left half of the lower jaw
were extracted by using a dental probe The molars
were ground in a mortar m 0 5 ml of 0.85% saline The
mortar was rinsed with an additional 0.5 ml of saline,
and the suspension was transferred into л stenle tube
and dispersed for 30 s with a Kontes E/MC somficr,
provided with a microlip, at maximum output. The
undiluted sample and suitable dilutions were plated on
TS-S agar plates for the enumeration of the inoculated
strains. Total viable counts were estimated on blood
agar plates The blood agar plates were incubated for
480 h, and the TS-S plates were incubated for 72 h, at
37 C in an atmosphere of 91% N2-5% C02^»% Hi
RESULTS
Growth of the Inoculated microorganisms and
the doubling times of their populations. The num
bers of viable cells of the inoculated strains on
molar teeth at increasing time intervals after the
inoculation are given in Fig. 1, for all three
strains tested. The curves demonstrate several
phases in the growth of the inoculated strains.
Immediately after inoculation the number of
adherent cells decreased. A. viscows Nyl and
5. mutans C67-1 were found to decrease for a
period of about 6 h, and S. mutans T2 decreased
for a period of 24 h. Thereafter a rapid increase
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of the populations of the inoculated strains was
observed. This rapid increase lasted up to 48 h
for A. viscosas and 5. mutans T2 or C67-1
(Table 1); beyond 48 h the rate of increase
declined and the population numbers ap
proached a stationary level A. viscosas Nyl
reached a stationary level at about 7 days after
inoculation (Fig. 1С; Table 2). In contrast, 5.
mutans C67-1 and 5. mutans T2 continued to
increase for at least 14 days after inoculation, at
which point the latter did not seem to have
reached its stationary level yet (Fig. 1A and B;
Table 2).
The calculated doubling times of the popula
tions of S. mutans T2, 5. mutans C67-1, and A.
viscosus Nyl are shown in Table 1. A. viscosas
Nyl attained its maximum rate of increase be
tween 24 and 48 h; the doubling time (tj) was 3.1
h. 5. mutans C67-1 reached its maximum rate
with a tj of 4.5 h between 6 to 24 h and sustained
rapid growth up to 48 h, with a tj of 7 h. 5.
mutans T2 showed a maximum growth rate
between 24 h and 2 days; its doubling time was 5
h. Beyond 2 days, during the transition to a
stationary level S. mutans T2, S. mutans C67-1,
and Α. liscosus Nyl showed concomitant in
creases of tj.
Changes in the indigenous flora. Streptococcus
bovis was the dominant organism of the indige
nous ñora on the tooth surface, ranging between
50 and 95% of the total cultivable flora. A
Veillonella sp. was highly variable and comprised from 1% to 40% of the total flora. Five
additional anaerobic gram-negative rod-shaped
species varied between 5 and 20%. In the noninoculated rats (group 4), shifts in the indigenous
microflora were recorded after a change from rat
pellets to the powdered sucrose diet. During the
48-h period, the population of 5. bovis tended to
increase while the gram-negative species remained fairly constant. The Veillonella sp.,
however, decreased considerably during day 2
(Fig. 2). The effect of the inoculated microorganisms can be summarized as follows. Concomitant with the rise of S. mutans C67-1 in the
period from 7 to 13 days, there was a highly
significant drop in the number of S. bovis (Ρ <
0.001, analysis of variance). The gram-negative
species of the indigenous flora also seemed to be
depressed by S. mutans C67-1, but the drop was
not significant. No effect of S. mutans T2 on the
5. bovis population was observed, which was
likely due to the low level of strain T2 during the
experimental period (Fig. 1A). A high level of A.
viscosus did not seem to influence S. bovis or
the gram-negative species (Fig. 1С). Large fluc
tuations in the number of Veillonella sp. also
occurred in the inoculated groups. No correla
tion between the Veillonella sp. population and
the inoculated microorganisms was observed.
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FIG. 1 Growth curves of the inoculated strains (*)
and viable counts of the resident microflora Symbols
(O) total cultivable flora; ( · ) 5. bovis, (Δ) other
species (A) S. mutans T2, (В) S. mutans C67-1, (С) А
viscosas Nyl.
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The doubling time of a microbial population in
dental plaque is the net result of the processes of
cell division, loss of cells due to release of cells
or cell death, and continuous adherence of cells
from saliva. The measured initial doubling times
reflect true rates of cell division because the
contributions of adherence of cells and loss of
cells are negligible compared to cell division.
Previous studies have shown that after their
inoculation into germfree rats, cell numbers of
A. vistosus or S. mutans on the molar teeth
increase at a surprisingly high rate. Initial dou
bling times of 2.8 and 1.1 h, respectively, were
measured (1). These fast initial growth rates
indicate strongly that adherence of cells or loss
of cells, due to release of cells or cell death, are
of little importance compared to cell division in
the early phase of plaque development. Howev
er, the rate of cell division depends on the
availability of substrates (12). Competition for
substrates therefore affects the rate of cell divi-
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TABLE 1 Doubling times (fj) of 5 mulani T2, S
mutans C67-1 and A viscosas Nyl in conventional
ratb
Period of
increase
(i| Ы"

Strain
5

mutans

S mutans

A

viscosas

ι/ (h) ± SE

T2

24 h - 2 d
2d-4d
4d-7d
7 d-14 d

"¡0
12
27
71

± 1 1
± 3
± 10
± 12

C67 1

6h-24h
24 h - 2 d
2d-3d
3d-7d
7 d-13 d

45
70
13
31
•¡9

± 1 0
± 18
± 8
± 12
± 10

Nyl

6 h-24 h
24 h-2 d
2d-3d
3d-7d
7 d-14 d

73
31
13
25
130

" d Days
* I«, - ('2 - /,V3 3 log (Л/,/ЛУ (Л/;
(г) SE Standard error

±
±
±
±
±

28
02
3
9
50

CPU at lime

sion and thus the doubling time of the popula
tion
In conventional rats the slight delay in the
start of growth (6 h as compared to 2 h in
gnotobiotic rats) and the initial doubling time of
A viscosus Nyl, td = 3 1 h, suggest the absence
of interaction, or neutralism, with the resident
microflora The ultimate level of colonization of
A viscosus was higher than that of S mutans In
spite of the predominance of A viscosus the
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absolute numbers of S bovis or the gram-nega
tive bacteria remained unchanged These obser
vations support the above suggestion of absence
of interaction between A vistosus and the resi
dent microflora
The initial doubling times of S mutans strains
T2 and C67-1 were significantly prolonged com
pared to the doubling time in gnotobiotic rats (1)
The retardation of the initial growth of S mu
tans can be caused by several mechanisms in
cluding decreased attachment, increased release
of 5 mutans cells, antagonistic interactions, or
competition for substrates No evidence is avail
able for decreased attachment or increased re
lease of cells The initial adherence of 5 mutans
6
m conventional rats is even higher (70 CI-U/IO
inoculated cells, 2 h after inoculation) than its
adherence in gnotobiotic rats fed a sucrose diet
6
(3 CFU/IO inoculated cells) or starved (16
6
CFU/10 inoculated cells) (1) Otherwise, there
is considerable evidence that sucrose promotes
the accumulation of S mutans on the tooth
surface (4, 10, 21), so increased release of cells
in the presence of sucrose is unlikely Antago
nistic activity of members of the indigenous
microflora against S mutans cannot be demon
strated m vitro Therefore the retardation of the
initial growth of 5 mutans might well indicate a
competitive type of interaction between S mu
tans and members of the resident microflora, in

TABLE 2 Establishment of the inoculated
miLroorganisms
Days after
CFU
inoculated
inocu
stram
lation

Strain

S

mutans

S mutans

A

viscosus

CFU
total
cultivable
flora

И»

T2

4
7
14

8 5 X 10s 6 9 Χ 10' 1 2
6 7 x IO" 5 8 Χ 1 0 ' 11
2 8 X 1 0 ' 1 1 χ 10" 25

C67 1

3
7
14

3 2 x IO" 9 6 x 1 0 ' 3 3
2 7 x 1 0 ' 1 6 χ 10" 17
1 5 χ 10" 1 8 x 10" 83

Nyl

3
4
7
14
21

1
2
2
6
3

7
6
6
3
7

χ
χ
x
χ
χ

10'
10'
10"
10"
10"

8
1
4
1
5

4
5
3
1
2

χ
x
x
x
x

10'
10"
10"
ΙΟ"
10"

20
17
61
57
71

" CFU per three molars
* (CFU inoculated stram/CFU total cultivable flora)
χ loo

24

FIG 2 Viable counts of the resident microflora
after change lo a powdered sucrose diet The change
of diet was at zero time Symbols (O) total cultivable
flora, ( · ) S bovis, (Δ) Veillonella sp (*) other
species
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TABLE 3 Observed and calculated times of exponential growth and times required to approach the
equilibrium state
Time required to approach
equilibnurη(days)

Strain

Maximum
growth rate"
(h •)

WD»

Observed

M/D* - SO/D"

Observed

5 mutans T2
S mutans C67-t
A viscosus Nyl

0 14
0 15
0 22

71
65
45

48-72
48-72
48

6-24
5-20
4-15

>14
14
7

Exponential penod (h)

° Maximum growth rate measured (μ = In2/lj)
'' Theoretical values from Taylor and LeB Williams (9)
particular S bovis Van Houte and Upeslacis
(19), studying the sucrose-associated coloniza
tion of S mutans, found different growth kinet
ics for S mutans 6715 in Sprague-Dawley rats,
with a fairly long initial doubling time of 8 h as
calculated from their data Moreover, they
found that strain 6715 (19, 20) or strain C67-1
(18) attained distinctly lower stationary levels
than did strain T2 or C67 1 in our expenments
These differences likely reflect differences be
tween the hosts, Sprague-Dawley or OsborneMendel rats, as well as differences in the indige
nous microflora of the rats that interact with the
inoculated S mutans strain
From the bacteriological analysis of the
plaque, it appeared that S bovis decreased when
5 mutans became predominant S bovis and 5
mutans apparently have overlapping ecological
niches, but S mutant is likely to be more
competitive The competition between 5 bovis
and S mutans further seems to be reflected by
the delayed start of the growth of 5 mutans
after its inoculation The delay was significant in
particular for strain T2, which was also distinct
ly affected in its doubling time Little informa
tion is available on the type of interaction be
tween S mutans and S bovis In vitro, 5 bovis
is inhibited by bactenocins produced by the
strains C67-1 and T2 It is likely that these
bactenocins are also effective in dental plaque
(17), which could explain the suppression of S
bovis Bactenocin action, however, could not
account for the increased doubling times of S
mutans Other interactions such as competition
for substrates might be involved here A similar
competitive interaction might occur between 5
mutans and 5 sanguis, as indicated by the
inverse relationship that has been observed be
tween these species in human or rat dental
plaque (6, 16a) In other natural ecosystems, the
establishment of an invading microorganism de
pends on the composition of the resident micro
flora, as was shown by Fréter (8) in the gut
Meynell (11) or Ducluzeau et al (7) demonstrated in the mouse gut the antagonistic effect of the
indigenous microflora or specific members of it
Retardation or inhibition of initial bacterial

growth of two of the three inoculated bacterial
strains was observed by Bennet and Lynch (2) in
the rhizosphere of gnotobiotic plants The suppression of the gram-negative species of the
resident microflora of rats might be due to the
production of bdctenoun by S mutans (17), but
this was not further investigated
Pronounced differences were observed in the
time needed by A viscows or 5 mutans to
attain a stationary level A vifccuu? reached a
stationary level at about 7 days after inoculation,
and S mutans C67-1 took 14 days, 5 mutans T2
likely did not reach a stationary level during the
experimental penod of 2 weeks These data are
in accordance with earlier data obtained in our
laboratory on the establishment of S mutans in
the plaque of conventional rats (17) However,
in those expenments no information was obtained on initial doubling times of 5 mutans
A theoretical treatment of the growth of mixed
cultures in a chemostat was given by Taylor and
LeB Williams (14) They argued that rapid
exponential growth with little interaction between the species occurs initially After exponential growth is halted, at a time of about r =
10/D (D = dilution rate), because substrate
concentrations limit the growth, there is a relatively slow adjustment of the species concentrations towards equilibrium values The time required to approach the equilibrium state vanes
between about 20/D and 80/1), depending on the
ratios in the inoculum
Substitution for D of the maximum growth
rates determined in this study for the different
populations confirmed that the kinetics of the
growth of A viscosus or S mutans in dental
plaque corroborate those of the theoretical model The observed and calculated penods of exponential growth and the times required to approach the equihbnum stale for A viscosus or 5
mutans are shown in Table 3
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SUMMARY

Streptoooacus

mutans

and Actinomyoes

visaosus

were simultaneously inocu

lated into the mouth of germfree rats. The maximum growth rates attained by
S. mutons

(doubling time t n = 1.5 h) or A. visaosus
d

(t^ = 2.7 h) , were
α

approximately the same as in mono-associated gnotobiotic rats (t

= 1.1 h

and 2.8 h, respectively (Beckers and Van der Hoeven, 1982a)). The presence
of glucose or sucrose did not affect the maximum growth rates of these
organisms. In starved rats the accumulation of microorganisms tended to
decline sooner, suggesting that the growth was limited by the availability
of nutrients.
No interaction between the two organisms could be detected at the stage
of initial adherence to the tooth surfaces or during the first 24 h of
growth. After that period the increase of Л. visaosus

was found to be

retarded in the presence of S. mutans T2, but not with S. mutans

OMZ176.

The retardation was more pronounced in the rats fed on glucose than on
sucrose. Yet, at 24 days after inoculation A. visaosus

had reached higher

cell numbers in the glucose than in the sucrose group. Under the conditions
of the experiment sucrose did not stimulate the accumulation of S.

mutans

more than glucose did.
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INTRODUCTION
Interspecific relationships play a significant role in maintaining the
balance of a microbial ecosystem. Alien microorganisms invading the ecosystem will interact with members of the resident microflora and in
general, fail to colonize

or

establish

(Alexander,

1971). Microbial

ecosystems in animals or man are further regulated by host factors as well
as the host's diet (Brecher and Van Houte, 1979; Savage, 1977; Tannock,
1981; Van Houte et al.,

1977).

In a previous study (Beckers and Van der Hoeven, 1982b) it appeared that
the initial growth of Streptococcus

mutans in the dental plaque of conven-

tional rats was slower than the growth in mono-associated gnotobiotic rats.
The retardation was found to be related to the presence of S. bovis

in the

indigenous microflora of the rats. One of the ecologically most important
questions is how to explain the coexistence of physiologically related
microorganisms in the same habitat. In the natural environment nutrient
limitation is certainly the rule (Veldkamp, 1977). In the last decade the
study of microbial interactions and in particular the microbial competition
for growth-limiting substrates has contributed significantly to answering
this question.
The supragingival dental plaque is characterized by a predominance of
facultative anaerobic streptococcal and actinomyces species. S. mutans and
Actinomyces

viscosus

are amongst the dominant species in the plaque (Hardie

and Bowden, 1975). Both organisms require carbohydrate as a source of energy and are likely to compete for carbohydrate in their natural environment.
Dental plaque is a dynamic open ecosystem of which the continuous flow
of saliva and the host diet are significant determinants. Sucrose in the
diet promotes the colonization of the teeth by S. mutans
Egelberg, 1965; Krasse et al.,
on glucose diet A. viscosus

1967; Van Houte et al.,
rather than Streptococcus

(Carlsson and

1976). In rats fed
species became the

predominant organism in the plaque (Van der Hoeven, 1974). The combination
of A. viscosus
S. mutans

with S. sanguis

seemed to impair the colonization of rats by

(Van der Hoeven and Rogers, 1979) . In the present study we have

inoculated germfree rats simultaneously with S. mutans

and A. viscosus

to

study the interaction between these two species during their colonization
of the tooth surfaces. The effect of diet was evaluated by comparing
starved rats with rats fed on sucrose- or glucose-containing diets.
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MATERIALS AND METHODS
Microorganisms.
A. visaosus

strain Nyl (Van der Hoeven, 1974) and S. mutans

1976) or S. mutans

T2 (Rogers,

OMZ176 (Guggenheim, 196Θ) were used in this study. In

contrast to S. mutans

T2 S. mutans

activity against A. visaosus

OMZ176 does not produce bacteriocin

Nyl (Van der Hoeven and Rogers, 1979). Strain

Nyl was adapted to streptomycin (Gist-Brocades N.V., Leiden, The Nether
lands) by a sequential series of increasing streptomycin concentrations.
The strains were kept lyophilized in stock.
The inocula were prepared as described earlier

(Beckers and Van der

Hoeven, 1982a). Viable counts of the inocula were estimated on blood agar
plates and in the case of A. visaosus

on trypticase soy agar (BBL Micro

biology Systems, Cockeyesville, U.S.A.) supplemented with 1 % (wt./vol.)
yeast extract (TS-agar) or TS-agar containing 100 pg/ml streptomycin (TS-S
g
agar). The inoculum of A. Visaosus
contained about 3 10 cells/ml. The
g
inocula of S. mutans contained about 5 10 cells/ml.
Animals

and

treatments.

Germfree Osborne-Mendel rats, 35-43 days old, were randomly distributed
among 3 groups. Group 1 consisted of 21 rats; groups 2 and 3 consisted of
33 rats each. These groups were inoculated with S. mutans
sus

T2 and A.

visao

Nyl. Two additional groups (4 and 5) of 12 rats each were inoculated

with S. mutans OMZ176 and A. visaosus

Nyl. The rats were housed in plastic

isolators containing Macrolon cages. The rats were individually inoculated
with 100 μΐ of the bacterial suspension. S. mutans
and after a few minutes A. visaosus

was inoculated first,

Nyl. The inocula were applied orally

with a 1 ml hypodermic syringe. The experimental diet was administered from
the time of the inoculations on.
Before inoculation all rats were starved for a period of 24 h, drinking
water being available. The rats in group 1 continued starvation for an
additional period of 36 h during which bacterial growth was monitored. A
sucrose-containing diet was available ad libitum for the rats in groups 2
and 4; a glucose-containing diet for the groups 3 and 5. The composition of
the diet was as follows: sucrose or glucose, 16 %; wheat flour, 44 %; skim
milk powder, 32 %; yeast extract, 7 %, and vegetable oil, 1 %. The diet was
sterilised with 2.5 Mrads of gamma irradiation.
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Bacteriological

procedures.

After inoculation, samples were taken at times indicated in fig. 1A, IB
and 1С for the groups 1, 2 and 3, respectively. From groups 4 and 5 samples
were taken at 10 and 24 days after inoculation. The samples consisted of
specimens from· three rats, except the 24-days samples from groups 2 and 3
or the samples from groups 4 and 5 that contained б rats. The rats were
killed and the molar teeth of the lower jaws were extracted with a dental
probe. The left and right halves of the lower jaw were treated separately
giving 2 samples per rat. The method used for determination of the colo
nization of the teeth by bacteria was described earlier (Beckers and Van
der Hoeven, 1982a). The undiluted suspensions of the ground molar teeth,
and suitable dilutions thereof were plated on TS-S and blood agar plates.
The blood agar plates were incubated for 48 h, the TS-S plates for 72 h at
37 С in an atmosphere of 91 % N
S. mutans

or A. viscosus

- 5 % CO

- 4 % H . The presence of

per sample was expressed as the mean value of the

logarithm of colony forming units (C.F.U.).
Table 1
Initial adherence of Л. Viscosus

Nyl and 5. mutans

T2 to molar teeth in

di-associated germfree rats measured 2 h after inoculation.

Organism

Group

No. of adherent cells +^ S.E.
per 10

A. viscosus

Nyl

S. mutans T2

Starved

inoculated cells

68 + 15

Sucrose diet

4 + 1

Glucose diet

3 + 1

Starved

18 +

Sucrose diet

7 + 1

Glucose diet

4 + 1

a: Ρ

< 0.001, compared to the sucrose or glucose group.

b: Ρ

<^ 0.01, compared to the sucrose or glucose group.
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RESULTS
Adherence of the inoculated

cells.

In the sucrose or glucose group the number of cells of A. visaosus
S. mutans

or

attached to molar teeth reached a minimum level at about 2 h

after inoculation (fig. IB, 1С, table 1). These cells likely represented
irreversibly attached cells, fit to multiply (Beckers and Van der Hoeven,
1982a). No difference was found between the adherence in the sucrose or
glucose group for S. mutans and for A. visaosus
A. viscosus

and S. mutans

(table 1). The adherence of

in di-associated rats in this experiment was

approximately similar to the adherence of these organisms in mono-asso
ciated rats (Beckers and Van der Hoeven, 1982a). In the starved group the
number of adherent S. mutans

cells was significantly higher

(Pt < 0.01,

Student's t-test) than in the glucose or sucrose groups. The number of
adherent cells of A. viscosus

in the starved group decreased up to б h

after inoculation (fig. ІА) but remained significantly higher (Pt < 0.001,
Student's t-test) than the cell numbers in the fed group (table 1).
Initial

growth and early

colonization.

The growth curves of A. visaosus

Nyl and S. mutans 12 are shown in fig. 1A,

IB and 1С for the starved (group 1), sucrose (group 2) or glucose groups
(group 3), respectively. S. mutans

grew rapidly on the first day after

inoculation with a doubling time (t ) of about 1.5 h between 2 to 12 h and
a t = 2.2 h between 12 to 24 h (table 2). In the starved group the rate of
increase in C.F.U. declined beyond 24 h, while in the sucrose or glucose
groups the rate of increase declined beyond 48 h (fig. ІА,1в,1С, table 2).
In the period between 2 - 24 h A. visaosus

attained a doubling time of

2.3 h in the starved group. Between 2 to 30 h doubling times of 2.7 or
2.5 h were observed in the sucrose or glucose group, respectively. The
growth of A. viscosus
found for S. mutans.

in the starved group declined beyond 24 h, as was
Beyond 30 h the growth of A. visaosus

declined sharply

in the glucose group. In the sucrose group, cell accumulation stopped 48 h
after inoculation. At 3 days after inoculation the populations of A.
aosus

vis

in the sucrose and glucose groups had reached a level that was about

10 times lower than the level attained in mono-associated gnotobiotic rats
(Beckers and Van der Hoeven, 1982a).
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Table 2
Doubling times of Л. visoosus

Nyl and

S. mutans

T2

in di-associated

gnotobiotic rats.

Microorganism

Group

Period of Increase
t. - t. (h.)
1 2

A.

visoosus

Nyl

Starved

6-24

+

+ S.E. С
—

2 . 3 + 0 . 2

24-36

Sucrose

Doubling time
t,
α

1

0

+

5

2-30

2.7 +

0.1

30 - 48

5.3 +

1.0

48-72
Glucose

S. mutans T2

Starved

Sucrose

2-30

2.5+0.1

30 - 48

22

+

15

48 - 72

40

+

50

2-12

1.6+0.2

12 - 24

2.4 +

24-36

1 6 + 8

2 - 1 2

1 . 5 + 0 . 2

12 - 24

2.2 +

0.3

24 - 48

5.5 +

0.7

48-72

Glucose

2 5 + 8

2 - 1 2

1.4 +_

0.2

12 - 24

2.2 +

0.3

24 - 48

5.5 +

0.7

48-72

+

t d = ( ( t 2 - t j J O . S O l O i / d o g N2 - l o g
where N
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0.2

2 3 + 9

Nj),

= mean number o f c e l l s a t t i m e

t_.

EstabHshinent at 10 and 24 days.
S. mutans T2 reached a stationary level in the sucrose and glucose groups
after about 3 days (fig. IB, 1С). At 24 days after inoculation there was no
significant difference between the sizes of the sucrose and glucose-grown
populations (fig. IB, 1С) . The populations of S. mutans

OMZ176 at 10 and

24 days after inoculation were not significantly different in the sucrose
and glucose groups (table 3).
In the presence of S. mutans T2 and sucrose, A. viscosus

Nyl attained a

stationary level at day 2. This level was about ten times lower compared to
that in mono-associated gnotobiotic rats (Beckers and Van der Hoeven,
1982a). In the presence of S. mutans
A. viscosus

T2 and glucose, the increase of

was already retarded at about 30 h after inoculation, and at

2 days the cell numbers of A. viscosus

were significantly lower compared to

the sucrose-grown population (P < 0.01 analysis of variance) (fig. IB, 1С).
However, at 24 days after inoculation the glucose-grown population of
A. viscosus

had reached a level of about 10 times higher than the sucrose-

grown population (fig. IB, 1С) (P < 0.1 analysis of variance).
In the presence of -S. mutans
A. viscosus

OMZ176 the glucose-grown population of

also reached a higher level at 24 days than the sucrose-grown

population, but the difference was not statistically significant (table 3).
Table 3:
Establishment of combinations of S. mutans OMZ176 and A. viscosus

Nyl at 10

and 24 days after inoculation. Mean and standard error for 6 rats per group.

Inoculated

Diet

Days after inoculation

strains

10

24

S. mutans OMZ176

sucrose
glucose

7+
4.0 + 2.4 10
7
4.2 + 1.3 10

7
2.5 +1.2 10
7
6.5 + 2.0 10

A. viscosus

sucrose
glucose

7
2.5 + 1.0 10
3.1 + 1.0 10 7

7
4.2 +.1.5 10
1.6+1.0 10 8

t

Nyl

Colony Forming Units (C.F.U.) per 3 molars +^ S.E.
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Fig. 1
Viable counts of A. visaosus

Nyl (o)

CFU
tf-

and S. mutans T2 ( ) on molar teeth
of di-associated gnotobiotic rats.
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DISCUSSION
In order to study the interspecific relationship between S. mutans
A. visaosus

and

during colonization of the tooth surface, the S. mutans strains

T2 or OMZ 176 were inoculated simultaneously with A. visaosus

Nyl into the

mouth of germfree rats.
S. nutans

T2 and A. visaosus

Nyl attained doubling times 1.5 and 2.5 h,

corresponding to growth rates of 0.5 h

or 0.3 h

, respectively. These

growth rates were approximately similar to the maximum growth rates earlier
measured in mono-infected gnotobiotic rats (0.6 h

or 0.25 h

, respec-

tively) (Beckers and Van der Hoeven, 1982a) indicating that there was no
mutual interaction during the period of exponential growth. This corroborates the observation of Lie (1977; 1978) that early plaque development
starts by spatially separated individual cells or small groups of cells,
which form micro-colonies.
The size of a microbial population in dental plaque is influenced by
several processes as there are cell division, loss of cells due to release
of cells or cell death, and continuous adherence of cells from saliva. The
measured doubling times reflect the net result of these processes. The
measured maximum growth rates are surprisingly short and indicate strongly
that release of cells and cell death are of little importance compared to
cell division in the early phase of plaque development.
After the period of rapid growth cell death and release of cells become
more and more important, resulting in high doubling times. When steady
state is reached, all processes involved are in equilibrium.
The growth kinetics of S. mutans

in the presence of A. visaosus

were

found to be comparable to the growth of the organisms previously determined
in mono-infected gnotobiotic rats, with respect to starting point of the
growth, slope of the line and cell numbers attained after 3 days of growth
(Beckers and Van der Hoeven, 1982a) . The data further demonstrate that the
initial growth of S. mutans was independent upon dietary glucose or sucrose.
That glucose or sucrose had no different effect on the maximum growth rate
in vivo is in accordance with the observation by Daneo-Moore et al.
that the growth kinetics of S. mutans

(1975)

in batch cultures were the same in

media containing sucrose or glucose.
In this study S. mutans

strains T2 and OMZ 176 attained the same level

with glucose as with sucrose diet. Earlier studies in man or rats have
clearly shown that S. mutans

numbers in dental plaque are higher in the
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presence of sucrose (Carlsson and Egelberg, 1965; Van Houte et al.,
than with glucose, and the same was observed for S. mutans

1976)

in mono-asso-

ciated rats (De Jong and Van der Hoeven, unpublished results) . The promoting effect of sucrose is most likely due to the production of extracellular glucans from sucrose by S. mutans.
5. mutans was associated with A. visaosus

In the present experiment

Nyl, an organism that synthesizes

substantial amounts of extracellular heteropolysaccharide (Van der Hoeven,
1974) independent upon the source of carbohydrate in the medium. In the
presence of A. visaosus,

S. mutans

might well benefit from the extra-

cellular -polysaccharide production by this organism, so that the specific
effect of sucrose became less important.
S. mutans

T2 had a negative effect on A. visaosus

Nyl as indicated by

the significantly lower level of Nyl at days 2 and 3 compared to the level
earlier measured in mono-associated gnotobiotic rats (Beckers and Van der
Hoeven, 1982a). This effect was more pronounced in the glucose group than
in the sucrose group of animals. This suppression of A. visaosus

seems to

be due to the production of bacteriocin by T2 (Rogers et al. , 1978) .
According to Rogers (1974) the bacteriocin activity of S. mutans T2 is less
in

the

presence

of

sucrose

suppression of A. visaosus

which might well

explain

the stronger

in the glucose group.

Despite its initial suppression in the glucose group A. visaosus

finally

reached a stationary level that was as high as in mono-associated rats
(Beckers and Van der Hoeven, 1982a). In the sucrose group this stationary
level was lower than in mono-associated rats. The low stationary level of
A. visaosus

was observed with S. mutans

T2 as well as with the non-

bacteriocinogenic strain OMZ 176 which seems to rule out bacteriocin as the
causative mechanism. Another factor involved in the interaction between
A. visaosus

and S. mutans

is the competition for substrates. Since both

organisms require carbohydrate as a source of energy, they will compete for
this substrate under carbohydrate limitation, a conditon that is likely to
occur

in dental plague

(Van der

Hoeven, 1976) . The outcome of the

competiton depends upon the affinities of the organisms for the substrate(s)
involved (Veldkamp and Jannasch, 1972).
S. mutans

is provided with a high-affinity sucrose phosphotransferase

system (PTS) (Slee and Tänzer, 1979; St. Martin and Wittenberger, 1979) and
is very fit to scavenge sucrose from the environment. Aatinomyaes

spp. seem

to have a sucrose degradation system with a lower affinity for sucrose than
the sucrose-PTS in S. mutans
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(Miller, 1974).

Carbohydrate limitation might as well explain the early decline of the
population increase in starved rats (fig. 1A). In starved gnotobiotic rats,
saliva seems to be the main source of nutrients for bacterial growth on the
tooth surfaces. Indeed, it has been found that saliva supported the growth
of A. viscosus

and S. mutans

in vitro,

and that carbohydrate was limiting

the growth of these organisms in saliva (Van der Hoeven et at. , 1984).
In starved rats, the number of initially adherent cells of S. mutans and
A. viscosus

was higher than in glucose- or sucrose-fed animals. This was in

accordance with earlier observations (Beckers and Van der Hoeven, 1982a)
and most likely reflects the mechanical removal of cells at food intake.
The number of initially adherent S. mutans cells was approximately the same
in glucose- and sucrose-fed rats. This indicated that glucan synthesis was

Table 4
Observed and calculated periods of exponential growth and times required to
approach the equilibrium state.

Micro-

Group

organism

Maximum
growth rate

Exponential
period
10/D+t Observ.

A. viscosus
Nyl

starved

0.30 h

-1
-1

Time (days) required to
approach equilibrium
20/D - 80/D

Observed

33 h

24 h

2.8 d - 11

38 h

30 h

3.2 d - 12.7 d

sucrose

0.26 h

glucose

0.28 h~

36 h

30 h

3

S. mutans

starved

0.43 h

23 h

24 h

T2

sucrose

0.46 h"

22 h

glucose

0.50 h"

20 h

d

N.D.
2 d

d

24 d

1.9 d - 7.7

d

N.D.

24 h

1.8 d - 7.3

d

>_ 3 d

24 h

1.7 d - 6.7

d

> 3 d

d - 12

t

Maximum growth rate measured (μ = ln2/t ; μ = D)
tt Theoretical values according Taylor and leb. Williams (1975)
+
Not Determined
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not essential for

the

vations of Clark et
of 5. mutans

attached

hydroxyapatite

adherence, which

corroborates

the obser

(1978) that a glucosyltransferase-defective mutant
equally

There

or

are

to

no

saliva-treated

that

different binding sites are involved in the adsorption of S. mutans

and

and S. mutans

strain.

rat-teeth

interact at initial adherence, suggesting

A.

parental

to

that

visaosus

its

well

indications

A.

as

initial

аЪ.

visaosus.

This conclusion is supported by the observations of Liljemark

and Schauer

(1977) , who found no competition between various oral strepto

cocci for binding sites on saliva-treated hydroxyapatite, suggesting that
the involved species adsorbed to distinctive sites.
It would be interesting to compare the growth kinetics of S. mutans
A.

visaosus

and

in rats with the theoretical treatment of the growth of mixed

cultures presented by Taylor and leB. Williams (1975). These authors argued
that rapid exponential growth with little interaction between the species
occurs initially. After this is halted, at a time of about t = 10/D

(D =

dilution rate) and substrate concentrations limit the growth, there is a
relative slow adjustment of the species concentration towards their equi
librium values. The time required to approach the equilibrium state varies
between about 20/D and 80/D, depending on the ratios in the inoculum. By
substituting the estimated initial growth rates for D, the length of the
period of exponential growth and the time required to attain the
librium state of the culture could be calculated
values

for S. mutans

in the

sucrose

or

glucose

equi

(table 4 ) . The observed
group

corroborate

theoretical model. The exponential growth periods of A. visaosus

the

in sucrose

or glucose agree moderately well with theoretical values. It can be seen
that the time required to attain equilibrium for A.

visaosus

deviates from

the theoretical value. As pointed out before this could be due to anta
gonistic action of 5.

mutans.
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SUMMARY
Several Streptococcus

mutans

strains were inoculated separately into the

mouth of conventional rats simultaneously with or several days later as
Actinomyces

visaosus.

The initial growth rates of the 5. mutans

were not affected by the presence of A. visaosus.
S. mutans

strains

The establishment of

OMZ176 (serotype d, non-bacteriocinogenic) was inhibited by the

presence of A. viscosas.
T2 or C67-1

However, the bacteriocinogenic S. mutans

(serotype c) established

absence of A. visaosus.

strains

equally well in the presence or

Only S. mutans C67-1 seemed to have an inhibitory

effect on the establishment of A. visaosus.

The processes likely involved

in the interactions between S. mutans and A. visaosus

are discussed.
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INTRODUCTION
Dental plaque is an open, dynamic ecosystem, harbouring a lot of different
microbial

species.

Interspecific

relationships

between

the different

members play a significant role in maintaining the balance of the ecosystem
(Alexander, 1971). Streptococcus

mutans

and Actinomyces

viscosus

are among

the dominant species in the plaque (Hardie and Bowden, 1975). Competition
for

substrates

and

antagonistic

activity

(e.g. bacteriocin activity)

possibly are involved in the interaction between S. mutans and A.

viscosus.

The effect of bacteriocin activity of S. mutans strains was demonstrated by
the inhibition of A. viscosus

in di-associated gnotobiotic rats and in

continuous culture (Rogers et al. , 197Θ; Van der Hoeven et al. , 1984a) .
Competition for substrates is presumably to occur among physiologically
related species such as streptococci and actinomyces. In dental plaque the
carbon and energy sources seem to limit the growth of these species. The
competition for carbon and energy sources may consequently be significant
and determine the proportion of streptococci and actinomyces in the plaque.
Preliminary experiments in the chemostat indicate that stable coexistence
of S. mutans

and A. viscosus

is possible if several carbon and energy

substrates are available (Van der Hoeven et al.,
S. mutans

and A. viscosus

1984b). The proportions of

in dental plaque may further depend on factors

such as acid production, synthesis of extracellular polysaccharide and a
whole set of unrecognized factors.
In studying the colonization of the dental plaque of rats by S,

mutans

strains two significant observations were made. It was found that the
presence of A. viscosus

and S. sanguis

in the indigenous microflora of rats

enhanced the colonization resistance against S. mutans
Rogers,

1979).

Further,

the

initial

doubling

(Van der Hoeven and

time

of S. mutans

in

conventional rats was considerably longer than in gnotobiotic rats (Beckers
and Van der Hoeven, 1982a and 19B2b) . Both observations suggested that the
establishment of S. mutans

in rats was dependent upon the indigenous

microbiota, and could perhaps be inhibited by this microflora. To further
investigate the role of A. viscosus

in inhibiting S. mutans

conventional rats were inoculated with A. viscosus,
several days later with S.
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mutans.

to colonize,

and simultaneously or

MATERIAL AND METHODS
Міо

оогдапгзтз.

The following strains of S. mutans were used: C67-1 (De Stoppelaar et
1971), T2 (Rogers, 1976) and OMZ176

(Guggenheim,

al.,

1968). The S. mutans

strains T2 and C67-1 were adapted to streptomycin (Gist-Brocades N.V.,
Leiden, The Netherlands) as was also A.
Hoeven, 1974). S. mutans

visaosus

strain Nyl

(Van der

OMZ176 was adapted to erithromycin (Laboratoire

ABBOT, France). All strains were kept lyophilized in stock.
S. mutans T2 and C67-1 are bacteriocinogenic against A. visaosus
1976; Rogers et al.,

1978). S. mutans

(Rogers,

0MZ176 does not produce a bacterio-

cine (Hamada and Ooshima, 1975a, b). The inocula were prepared as described
earlier (Beckers and Van der Hoeven, 1982b).
Viable counts of the inocula of the S. mutans strains were estimated on
Trypticase Soy Agar (B.B.L.) plates supplemented with 1 % (wt/vol) yeast
extract (TS-plates) and containing 100 ug streptomycin per ml (TS-S) or
TS-plates containing 100 мд erithromycin per ml
plates. Viable counts of A. viscosus

(TS-E) and blood agar

were estimated on actinomyces broth

agar plates containing 100 \iq streptomycin per ml, 5 ug colicine per ml and
250 yg NaF per ml (AB-SCF-plates), according to Beighton and Colman, 1976.

Table 1
Arrangement of treatments
.up

Number of

A. visaosus

Nyl

55

2

55

3

40

4

70

5

55

6

55

tt

OMZ176

-

+

OMZ176

3d

+

T2

Id

+

T2

7d

+

T2

Od

+

C67-1

Od

Days 5. mutans was inoculated after A.
+: A. visaosus

Interval

strain

rats
1

S. mutans

present; -: Л. visaosus

visaosus
absent
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Animals

and

Treatments.

Conventional Osborne-Mendel rats, about 40 days old, were distributed among
6 groups. The arrangement of treatments is shown in table 1.
The rats were individually inoculated with 100 μΐ of the bacterial
suspension. The experimental diet 516S (Beckers and Van der Hoeven, 1982b)
was administered to all groups 24 h before the first inoculation.
Bacteriological

Procedures.

After inoculation samples were taken at time intervals as indicated in
fig. 1A, IB, 2A, 2B, ЗА and 3B. The samples consisted of specimens of five
rats, except the 42 days samples of group 1 and 2, which contained 10 rats.
The rats were killed and the molar teeth of the left half of the lower jaw
were extracted with a dental probe. The method used for determination of
the colonization of the teeth by bacteria was described earlier (Beckers
and Van der Hoeven, 1982a).
The undiluted suspension and suitable dilutions were plated on TS-S,
TS-E or AB-SCF plates for the enumeration of the inoculated strains. In the
presence

of

S. mutans

OMZ176

the viable

counts

of

A. visoosus

were

estimated on TS-S plates. Total viable counts were estimated on blood agar
plates. The blood agar plates were incubated for 48 h, the TS-S, TS-E and
AB-SCF plates for 72 h in an atmosphere of 91 % N
To determine the growth rate of S. mutans
Forming Units) numbers, acquired when S. mutans

- 5 % CO

- 4 % H .

only those C.F.U. (Colony
was detected were taken

into account to calculate the mean number of C.F.U. To determine the
establishment of S. mutans

the overall mean number was calculated; this

means that detection level was substituted for C.F.U. number, in the cases
S. mutans was not detected.
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RESULTS
Growth of S. mutans in the presence of A. vis casus.
a: S. mutans 0MZ176.
S. mutans

OMZ176 was inoculated at a time A. viscosus

reached a stationary
OMZ176 was similar

had already

level (fig. 1A). The initial growth of S. mutans

to that in the absence

of A. viscosus

(table 2,

fig. 1A, IB).
The establishment of 5. mutans
A. viscosus.

OMZ176 was inhibited by the presence of

The ultimate establishment in the absence of A. viscosus

about 20 times higher in C.F.U. than in the presence of A. viscosus.

was
This

was also reflected in the frequency of infection (table 3).

Fig. 1: Growth curves of S. mutans
presence

(B) of A. viscosus

OMZ176 (С) in the absence

(A) or

Nyl (Δ) and viable counts of the resident

microflora. Symbols: «total cultivable flora, о S. bovis.

* other species.

• establishment of S. mutans OMZ176 (see bacteriological procedures) .
A

\ ..,,
12 3 4

,
7

4h-r-*
M «

В

s

12 3 4

•
7

—//—
IA UZ
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Table 2
Initial doubling times of S. mutans
presence and absence of A. visaosus

Nyl.

A. visaosus

Interval

OMZ176 in conventional rats in the

Nyl

A. visaosus

absent
t
5 + 4h

12 h - 24 h
24 h - 48 h
2d-

4d

doubling time t
t

Nyl

present
4.2 + 1.2 h

10 + 2 h

10

+5

h

11 + 5 h

12

+3

h

+ S.E.

= (t. - t ) 0.3010/(log N

- log N ), where Ν

= mean number of cells

at time t..

Table 3
Establishment of S. mutans OMZ176 in conventional rats in the presence and
absence of A. visaosus

Nyl.

C.F.U. + S.E., 42 days

Infection

after inoculation

frequency
10/10

A. visaosus

Nyl absent

6
6
3.5 10 + 2.3 10

A. visaosus

Nyl present

1.7 10 + 1.6 10

Number of rats infected/number of rats tested.
46

6/10

b: S. mutans T2.
S. mutans T2, inoculated one day (fig. 2A) or seven days (fig. 2B) after
A. visaosus

showed in both cases an initial growth with a doubling time of

5-6 h during the period of 1 to 3 days after its inoculation. This growth
rate is similar to that in conventional rats in the absence of A.

visoosus

(table 4; Beckers and Van der Hoeven, 1982b). The stationary levels of
7
about 3 10 C.F.U. attained by S. mutans beyond 14 days after inoculation
were also similar to that in conventional rats in the absence of

A.visoosus

(fig. 2A, 2B; Beckers and Van der Hoeven, 1982b).
S. mutans T2 showed, after simultaneously inoculation with A. visoosus
somewhat slower growth

(t^ = 8 h) than in the absence of A.
α

(table 4, fig. ЗА) . The stationary level of S. mutans

a

visoosus

or A. visoosus

was

not affected by each other presence.
Fig. 2: Growth curves of S. mutans T2 (α) inoculated one day (A) or seven
days

(B) after A. visoosus

Nyl

(Δ) and viable counts of the resident

microflora.
Symbols: · total cultivable microflora. О S. bovis.
A

* other species.

В
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о: S. mutans C67-1.
The Initial growth rate of 5. mutans
presence of A. viseosus

C67-1 was not affected by the

(table 4). The stationary level of S. mutans C67-1

was similar to that in conventional rats in the absence of A.

viseosus

(fig. 3B, table 4; Beckers and Van der Hoeven, 19 2Ь). The establishment of
A. viseosus

seemed slightly inhibited by the presence of S. mutans C67-1

(table 5, fig. 3B; Beckers and Van der Hoeven, 1982b).
The indigenous
The

mieroflora.

composition

of

Streptoeoaeus

bovis

additional

anaerobic

(50-95 % ) ,

of

antagonistic

the

against

microflora

a Veillonella

S. mutans

indigenous

effect

indigenous

gram-negative

presence of A. viseosus,
members

the

was

species

rod shaped

as

follows:

(1-40 %) and five

species

(5-20 % ) .

The

T2 or OMZ176 did not influence the

microflora.
S. bovis

S. mutans

C67-1 showed

(fig. 3B) as was found

an

earlier

(Beckers and Van der Hoeven, 1982b). No significant correlation could be
demonstrated between S. mutans C67-1 and other resident microorganisms than
S.

bovis.

Table 4
Initial doubling times and the establishment of S. mutans T2 or C67-1
in conventional rats in the presence or absence of A. viseosus

Nyl.

Inoculation

Doubling time

Establishment

S. mutans

t^ + s.E. (h)

c.F.u. + S.E.

α
C67-1 alone

—

—
8

4.5 + 1.0

2 10

+1

10 7

4.5+1.0

θ
1 1 0 + 1

7
10

5.0+1.1

3107 +9

10 6

8.1 +6.2

2 10

10

5.8 +1.0

7
2 10 + 2

5.0 + 1.0

7
7
3 10 + 1.2 10

C67-1 simultaneous with
A. viseosus

Nyl

T2 alone
T2 simultaneous with
A. viseosus

Nyl

+2

T2, one day after
A. viseosus
Nyl
T2, 7 days after
A.
гвеовив Nyl
48

6
10

Table 5
Establishment of A. viaaosus

Nyl in conventional

rats

after

simulta-

neous inoculation with S. mutans T2 or C67-1.
Inoculated

Time after inoculation

organisms

7d

A. vieaosus Nyl
S. mutans T2

1.3 IO8 + 2.6 IO7
6

2.0 IO + 2.0 IO

2.0 IO7 + 6.0 IO6

A. visaosus Nyl

2.2 IO7 + 2.1 IO7

1.3 IO8 + 1.0 IO8

5. mutans C67-1

4.2 IO7 + 2.0 IO7

1.0 IO8 + 1.0 IO7

14d

6

4.0 IO8 + 2.0 IO8

C.F.U. + S.E.
Fig. 3: Growth curves of S. mutans
A. visaosus

(ü) after simultaneously inoculation with

Nyl (Δ) and viable counts of the resident microflora.

A: S. mutans T2. В: S. mutans C67-1. Symbols: · total cultivable flora.
О 5. bovis.

* other species.
А

В
юю

CFU

IO9

10'

ю'
to6
5

ю

10'

γι

·

-'1—ο...

^ - ^ -

•

*

ί/

та310'

DAYS

12 3 4
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DISCUSSION
The establishment of S. mutans OMZ176 in the dental plaque of conventional
rats was depressed by the presence of A. visoosus

Nyl

(fig. 1A, IB;

table 3). On the other hand no effect was observed for the bacteriocinogenic S. mutans

strains T2 or C67-1. This result corroborates earlier data

(Van der Hoeven and Rogers, 1979), suggesting that the non-bacteriocin
producing S. mutans

strains establish less effectively in dental plaque of

rats than bacteriocin producing strains.
It seems likely that a competitive interaction occurs between A.
SUB and S. mutans.

visao-

In dental plaque the carbon and energy sources are

likely to be the limiting substrates for streptococci and actinomyces (Van
der Hoeven et al. ι 1984b). Since these species have overlapping specifities
for sugars and amino acids, simultaneous competition for these substrates
will determine the proportion of these organisms in the ecosystem. The
outcome of the competition between S. mutans

and A. visoosus

may further

depend on other parameters such as the production of S. mutans bacteriocin
or a whole set of still unrecognized parameters. The effect of bacteriocin
seems to be reflected by the establishment of the bacteriocin producing
S. mutans strains, which was independent of the presence of A.

visoosus.

In the presence of S. mutans C67-1 the steady state level of A.
tended to be lower. Compared to S. mutans

visoosus

T2 or 0MZ176, only S. mutans

C67-1 reached a sufficient C.F.U. number to be able to interact markedly
with A. visoosus.

Likely competition for substrates is the main process

involved in this interaction, as was also concluded from previous results
in di-associated gnotobiotic rats. Here the establishment of A.

visoosus

was below normal in the presence of a bacteriocin producing or a nonbacteriocin producing S. mutans strain (Beckers and Van der Hoeven, 1984) .
The initial doubling times of the S. mutans
by the presence of A. visoosus.

strains were not influenced

This is in agreement with the observations

by Beckers and Van der Hoeven (1984) in di-associated gnotobiotic rats.
However, the initial doubling time of S. mutans

in conventional rats is

significant longer compared to that in gnotobiotic rats (Beckers and Van
der Hoeven, 1982a, b). This has been explained by a competitive interaction
of S. mutans and the indigenous microflora in conventional rats.
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ESTIMATION OF STEADY STATE GROWTH RATE OF BACTERIA IN MATURE
DENTAL PLAQUE OF RATS BY MEANS OF AUTORADIOGRAPHIC TECHNIQUES
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SUMMARY

The aim of this study was to determine the steady state growth rates of
bacteria in dental plaque in

vivo.

Dental plaque of mono-associated rats

was incubated with the tritiated DNA precursor
rates can be calculated
labelled

from the rate

thymidine. The

growth

at which the fraction of the

cells decreased with time after

the

labelling

was

stopped.

Samples consisted of extracted rat molars which were processed for light(L.M.) and electron microscopy

(E.M.) of

the adherent dental plaque.

Samples were taken at different times after the stop of the labelling. By
means of L.M.

autoradiography

the numbers

of

silver

grains

per

100

bacterial cells (N) could be determined. The fraction of labelled cells
in the samples was then estimated from the relationship between N and the
fraction of labelled cells, that was measured by E.M. autoradiography.
Thus, E.M. autoradiography was only required for a small part of the
samples whereas the majority of the samples could be evaluated using only
L.M. autoradiographic analysis. The estimated steady state growth rate
for Aetinomyoes

visaosus

was ^ 0 . 1 1 h

corresponding to a doubling time

t^ < 6.3h.
d —

53

INTRODUCTION

The

final microbial assamblage

the climax

community. At

in a microbial

ecosystem

is known as

the climax stage the species composition is

maintained reasonably constant with the passage of time. The stability in
the composition of the community is the reflection of a highly dynamic
interaction in which cells are constantly dying only to be replaced by
new cells and new filaments

(Alexander, 1971). Mature dental plaque is

such a climax community with an equilibrium between living and non-living
components.
considered

In
as

terms
a

of

steady

population
state

dynamics

population

dental

(Brock,

plaque

1971),

can

be

where

an

equilibrium exists between the processes of cell division, settling of
cells from saliva and decaying of cells as a consequence of cell death or
loss of cells from the population. To measure the doubling time of the
bacteria in dental plaque requires other methods than
their

numbers

as

was

done

to

estimate

the

simply

doubling

time

exponentially growing population, such as early dental plaque

counting
of

an

(Beckers

and Van der Hoeven, 1982a).
Brock (1971) has described an autoradiographic method to measure the
growth

rate

of

bacterial

populations

in

natural

environments.

The

bacterial cells are labelled in their DNA by the tritiated DNA precursor
thymidine. As has been argued by Brock

(1971) , labelling of DNA is a

particularly valuable technique, because DNA is the only macromolecule
which does not turn over and because DNA synthesis does not occur in
non-growing cells. The autoradiographic method is based on the rate of
appearance of unlabelled cells. When the bacterial population is fully
labelled with tritiated thymidine the rate of appearance of unlabelled
cells can be measured. After the first cell division, all cells are still
labelled, but the fraction of labelled cells decreases by half after each
subsequent cell division. This results in a logarithmic decrease of the
fraction of labelled cells at a rate equivalent to the rate of

cell

division. By counting the labelled and unlabelled cells after various
periods of time, the doubling time of the population can be calculated.
This method can also but less accurately be applied to partially labelled
populations (Brock, 1971).
In the present work attempts have been made to measure the doubling
time of a bacterial population in mature dental plaque in ipono-associated

54

gnotobiotic rats by means of light- (L.M.) and electron microscopic
(E.M.) autoradiography. To this end dental plague on rat molars was
incubated with tritiated thymidine. This was done in the living animal in
vivo and on extracted rat molars in vitro.

The fraction of labelled cells

in sections of the plaque can be determined by E.M.- but not by L.M.
autoradiography. Because the L.M. technique is easier and less time
consuming, we have determined the relationship between L.M. and E.M.
observations.

Using

this

relationship

L.M.

could

be

applied

for

evaluation of the labelled plaque samples.

Fig. 1
Schematic representation of the sampling squares for counting bacteria
and silver grains in sections of dental plaque.
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MATERIALS AND METHODS
Mieroorganisma.
Suspensions for the inoculation with Actinomyees
der Hoeven, 1974) or Streptococcus

mutans

visoosus

strain Nyl (Van

strain T2 (Rogers, 1976) were

prepared from 16 h cultures as described earlier (Beckers and Van der
Hoeven, 1982a).
Animals and Treatments.
Germfree Osborne Mendel or Wistar rats, 4 0 + 5 days old, were inoculated
with 5. mutans

(group 1) or A. viscosus

(group 2). The radio-active

3

labelling of the dental plaque with (6- H)Thymidine (3H-Tdr), (The Radio
chemical Centre, Amersham, England) was performed three weeks after the
inoculation. The molars of the rats in group 1 were then extracted and
used in an in

vitro

labelling experiment. From the second group the

dental plaque was labelled in
In vitro

vivo.

labelling.

The dental plaque was labelled on the extracted molars. The method used
for labelling was a modification of that described by Newman and Wilson
(1975). Three weeks after the inoculation with bacteria, the rats were
killed and the M. and M. molars were extracted. The molars were imme
diately stored in Eppendorf vessels containing 1 ml of a solution of
,
-7
6
J
H-Tdr in rat saliva, in a concentration of 5 10 g/ml (1.85 10 Bq/ml =
6
6
50 uCi/ml) or 2.5 10 g/ml (9.25 10 Bq/ml). The specific activity of
,
9
^H-Tdr was 3.81 10 Bq/mg. The molars were incubated for 30', 60' and 90'
minutes at 37 C. After incubation the molars were washed in sterile
saline (0.85 %) till background activity (about 30 cpm per 50 μΐ) of the
washing water was registrated.
The molars were fixed in Karnovsky (1965) fixative (pH 7.2) for about
20 h, then washed and stored in cacodylate buffer at pH 7.2 (4 C) prior
to post-fixation in a solution of 1.33 % Oso. in collidine buffer, pH 7.2
for 2 h at 4 0 C .
Following dehydration in ethanol series, the molars were embedded in
Epon 812 (Luft, 1961) . After polymerisation of the Epon 812, the molars
were decalcified in a 10 % EDTA solution. Fissure and smooth surface
plaque
were then removed from the molars and stored in cacodylate buffer
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(pH 7.4) for at least 24 h and post-fixed with a solution of 1.33 % OsO.
in collidine buffer pH 7.2 for 2 h.
The plaque

samples were

embedded

in Epon 812 after dehydration in

ethanol series. Sections were cut at 1 μιη and 70 nm on a Reichert Om U_
(Austria) ultramicrotome. The 1 ym sections were mounted on microscopic
slides for light microscopy (L.M.) or on gelatin-coated glass slides for
L.M.

autoradiography. Autoradiographs were prepared by liquid

emulsion

techniques, using Ilford L4 emulsion. The specimen were developed for a
series

of

exposure-times

to

obtain

optimum

labelling

with

minimum

background. A suitable period was found to be an exposure of 1 week. The
70 nm

sections

were

processed

for

electron

microscopy

(E.M.)

autoradiography.
Control sections were included to verify the incorporation of labelled
precursors in DMA and to determine the presence or absence of positive or
negative chemography were also prepared. To this end molars were placed
in boiling water or fixed in Karnovsky

fixative prior

to

incubation.

These controls were further processed in a manner identical to that of
the test samples.
No negative or positive chemography was observed and the background in
the

L.M.

autoradiographs

was

low:

3 ^ 1

per

100 μιη .

The

L.M.

autoradiography counts were corrected for the background. The background
level in the E.M. autoradiographs

(less than 1 count per

25 μπι ) was

negligible.

In vivo

labelling.

Dental plaque was

labelled on the molars in living rats. Three weeks

after the inoculation with bacteria
Hypnorm

the rats were

anaesthetized

with

(Philips Duphar BV, The Netherlands), 0.1 mg/100 g body weight

(intramuscular), Valium (Roche, Switzerland) 0.1 mg/100 g and Atropine,
0.1 mg/100 g (intraperitoneal).
3

H-Tdr was dissolved

2.5 10

in methylcellulose

gel

in a concentration

of

g/ml. The gel was prepared with rat saliva. The diffusion rate

of thymidine in the gel was decreased about two-f old, compared

to the

diffusion rate in water. About 0.2-0.4 ml of the gel was distributed over
the molars of the lower and upper jaws. After 1.5 h another 0.4 ml of gel
was applied. The labelling was stopped after 3 h. The mouth was rinsed
with sterile water to remove the gel. At distinct times after the end of
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the

labelling

the rats were killed and the molars were extracted and

processed for autoradiography and L.M. microphotography according to the
procedure described above.
The composition of the methylcellulose gel was as follows: methylcellulose: 3 % wt/v, H O : 25 % v/v, rat saliva: 50 % v/v, 3H-Tdr solution
in rat saliva: 25 % v/v.
Pilocarpine

(0.75 mg/100 g body weight; subcutaneous) stimulated rat

saliva was collected

and centrifuged

for 15 min at 2500 χ g

(Sorvall

RC-2B, Sorvall, France).

Micros

copy.

For L.M. a Leitz Orthoplan microscope was used in combination with a
Leitz Orthomat photographic unit. The silver grains were examined with
dark-field

transmission

light

microscopy,

photographed

on

Kodak

Ektachrome positive film and printed on Kodak color paper. The bacterial
cells were photographed on Kodalith film using phase-contrast transmission
light microscopy, and printed on Agfa PE black and white photographic
paper. E.M. photographs were obtained with a Philips EM 300 electron
microscope.

Analysis

of

autoradiographs.

Bacteria and silver grains were counted on the L.M. phase-contrast or
dark-field

photographs,

respectively

(fig. 2a,

2b) .

The

ultimate

magnification on the photographs was 2240x. The numbers of silver grains
were expressed as the mean per 100 bacteria and were counted in layers of
10 ym thickness, parallel to the outer surface of the plaque. The silver
grains were counted in at least 10 squares. Each square represented an
area of 5.0 cm

on the photographs, equivalent to 100 μπι in the sections

(fig. 1 ) . In addition

the total

number of bacteria per square were

counted. This number turned out to be very constant for the separate
samples, due to the homogeneity of the plaque.
On the E.M. photographs (fig. 3a, 3b), the numbers of bacteria, silver
grains, and the labelled bacteria were counted in the same way as on the
L.M. photographs. The thickness of the layers here was 5 ym. The area of
the

squares on the photographs was 14.4 cm

(25 pm

in the sections)

(Fig. 1 ) . The ultimate magnification was 7700 x. Bacteria and silver
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grains were counted in at least 10 squares per layer. The mean numbers of
silver grains were expressed per layer as the mean number of silver
grains per 100 bacteria. The deposition of silver grains over the surface
of a bacterium indicated that it had taken up tritiated thymidine. The
labelled bacteria were counted, giving the proportion of labelled cells.
Since

L.M.

autoradiography

is

much

easier

to

perform

than

E.M. autoradiography, it would be an advantage if we could estimate the
proportion of labelled cells by means of L.M. autoradiography.
To this end the in

vitro

measurements were used to determine the

relationship between the number of silver grains per 100 bacteria, L.M.
measured, and the percentage of labelled cells, E.M. measured. The link
between the L.M. and E.M. techniques could be detected from both the L.M.
and E.M. in

vitro

measurements of the number of silver grains per 100

bacteria. The relationship between the number of silver grains per 100
bacteria and the proportion of labelled bacteria was determined by means
of E.M. autoradiography. So the total number of silver grains per 100
bacteria measured by L.M. autoradiography can be used to estimate the
percentage of labelled cells.

Table 1
Percentage of labelled cells in the top layer
measured by E.M. autoradiography, after in vitro

(5 um) of the plaque,
labelling.

—7
+
5 10 g/ml

—6
2.5 10
g/ml

30'

(32 + 3 ) % + +

(48 + 4) %

60'

(45 + 3) %

Incubation
time

90'
(25 + 2) %
Concentration of 3H-Tdr in culture fluid.

(33 + 5) %
(56 + 3) %

(labelled bacteria/total bacteria) χ 100 + S.E.
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RESULTS

Penetration of tvitiated

thymidine into rat dental •plaque.

the rat molars had been incubated in vitro,
in a solution of
-6
э
0.5 10
g/ml ^H-Tdr for 30 minutes, labelled cells were observed upto a

After

depth of about 50 μιη from the surface of the plaque. With a concentration
of 2.5 10

g/ml

3

H-Tdr / labelled cells were observed over the full range

of the plaque upto a depth of 90 um.
In

vivo,

cells were labelled upto 90 um, after 3 h of incubation with
-6
q

methylcellulose gel containing

2.5 10

3

g/ml H-Tdr. This represented the

maximum depth of labelling, the total thickness of the plaque

being

at

least 120 pm.

In vitro

labelled

Fissure

plaque

plaque.
was

used

for

autoradiographic

analysis, because

surface plaque was only incidently available. The percentage of
cells were determined by E.M. autoradiography

smooth

labelled

(table 1 ) . No statistically

significant differences could be demonstrated in the percentages between
the different concentration groups and time periods.

Fig. 2A, В
Bacteria (2A) and silver grains (2B) in the upper layer of dental plaque.
Incubation with a concentration of 2.5 10
The

bacteria

were

photographed

using

g/ml

3

H-Tdr for 3 h in

phase-contrast

illumination,

vivo.
the

silver grains were photographed by dark-field illimunation.
Fig. 2B is a direct black and white print from the color dia positive.
Magnification 2240x. Bar represents 10 μιη.

Fig. ЗА, В
Electroraicrographs
5 10~

g/ml

of

(ЗА) or

the

upper

2.5 10~

g/ml

plaque
3

H-Tdr

layer

after

incubation

(3B) for 30 minutes in

with
vitro.

Magnification 7700x. Bar represents 5 um. b bacterial cell; S silver grain.

plaque-saliva interface.
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Fig. 4
Relationship between the number of silver grains per 100 bacteria

(N)

determined by E.M. and L.M. autoradiography.
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Fig. 5
Relationship between the number of silver grains per 100 bacteria (N) and
the percentage of labelled cells, both measured by E.M. autoradiography.
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The

number

of silver

grains per 100 bacteria

(Ν) , measured in the top

layers of the plaque by L.M. and E.M. autoradiography are shown in table 2.
No statistically

significant difference could be demonstrated between the

L.M. and E.M. values. The calculated relationship between the L.M.- and
E.M. numbers is shown in fig. 4 (N_„ = 0.94N -2.1) (r = 0.7581, ρ < 0.1).
БМ
LM

In vivo labelled

plaque.

Autoradiographic

analysis

was performed

on

smooth

surface plaque. The

numbers of silver grains per 100 bacteria were measured by means of L.M.
autoradiography

(table 3 ) . At 5 h after the labelling the highest number

of silver grains was observed. At 24 h after labelling no labelled cells
were present anymore. The decrease of the fraction of labelled cells to
indétectable level was completed within 19 h.

Table 2
Number of silver grains per 100 bacteria in the top layer of the plaque
after in vitro

labelling and measured by L.M.- and E.M. autoradiography.
-6
2 . 5 10" g / m l

B I O " 7 g/ml

Incubation
time

L.M.

+1

L.M.

42 + 5

98+11

78 + 6

E.M.§§

30'

61

60'

70 + 4

79 + 5

7 4 + 5

48+8

90'

35 + 3

34+3

8 6 + 6

104 + 5

±

5

E.M.5§

Concentration of 3H-Tdr in culture fluid.
Number of silver grains per 100 bacteria +^ standard error.
§
top layer of 10 ym
SS
top layer of 5 pm
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Estimation

of in vivo grauth

rate.

The experimental relationship between the number of silver grains per 100
bacteria (N) and the percentage of labelled cells (*) , both measured by
E.M.

autoradiography, was found

to be: % = 6.7 /N-13.

(r = 0.9977)

(fig. 5). All the values, measured for the three upper layers of squares
in the different groups, were used to calculate the line, except the
following

points: point

^N = 6.8,

23 % is an outlier, Ρ = 0.001;

16P < 0.016. The two points below і47 = 2.5 are out of range. Assuming
that the numbers of silver grains per 100 bacteria measured by L.M.
autoradiography, are equal to the E.M. measured numbers (see "In
labelled

plaque"),

vitro

the relationship % = 6.7 ^-ІЗ could be used to

determine the percentage of labelled cells by means of extrapolation from
the number of silver grains per 100 bacteria measured by the L.M.
autoradiography. Thus, 40 % of the cells was labelled at 5 h after stop
of the labelling (table 3) . At 24 h after labelling no labelled cells
could be detected, so in 19 h the percentage of labelled cells decreased
from 40 % to almost zero. Assuming a log decrease of the number of
labelled cells, this meant that at least 3 divisions were completed
within

19 h, suggesting

>_ 0.11 h

that

the growth rate of the bacteria was

, corresponding with a doubling time t

<_ 6.3 h.

Table 3
Number of silver grains per 100 bacteria (N) in the top layer (10 um) of
the plaque after in vivo

labelling, measured by L.M.-autoradiography and

extrapolation of N to the percentage of labelled cells.
Time after

N + S.E.

labelling

Extrapolation to % labelled
cells + S.E.

O h

23+4

(20 + 10) %

2.5 h

48+9

(33 + 16) %

5

h

6 1 + 5

(40 + 10) %

24

h
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0

DISCUSSION

In pilot studies we have found that in
with

3

H-Tdr resulted

in labelling

of

vivo

incubation of dental plaque

cells in the top layer of dental

plaque whereas cells beyond 60 ym from the plaque-saliva interface rarely
became labelled. Only occasionally the plaque was labelled over its full
range (about 200-250 μιη) .
With in
in

vitro

which

labelling we found that the thickness of the cell layers

incorporation

concentration
period of

3

of

of

3

H-Tdr

occurred

was

dependent

upon

the

H-Tdr in the incubation mixture. During an incubation
-7
q
and using a concentration of 5 10
g/ml ^H-Tdr

30 minutes

cells were labelled upto a depth of 50 vim, and at a
—6
2.5 10
g/ml a depth of 90 pm was reached.

concentration of

This suggested that the absence of cell labelling in deeper layers of
3

3

the plaque was due to lack of H-Tdr. Shortage of H-Tdr in deeper layers
3

of the plaque could be due to rapid uptake of H-Tdr by the cells in the
upper layers of the plaque, non-specific adsorption in the upper layers
or

to

diffusion

limitation.

possibilities. No

In the

experimental

data

following we will deal with
on

the

diffusion

of

these

thymidine

in

dental plaque are available. However, diffusion constants (D) of several
compounds

including

heat-killed

volatile

fatty acids, sugars and

(Dibdin, 1981b) or glutaraldehyde-fixed

ionic

species

in

(McNee, 1980b) dental

plaque have been reported. The D values in dental plaque were generally
1/4

to

1/5

of

those

in

free

aqueous

solution

(Dibdin,

1981b, McNee,

1980a,b). The retardation of the diffusion in plaque was mainly due

to

the packing density of the bacterial cells and further depended to some
extent on

the molecular

size, but very

little upon

the

charge of

the

compounds
(Dibdin et al. , 1983). In heat-killed plaque the
-6
?
diffusion constant D for sucrose was 1.5 10
cm /sec and in live plaque
diffusing

about half that value
to have
D-sucrose
a

valid

(Dibdin, 1981a). The thymidine molecule is likely

about

the same size as the sucrose molecule. Substitution of
-6
7
(1.5 10
cm /sec) in plaque for D-thymidine might therefore be

approach. Using

this approach,

the

diffusion

of

thymidine

in

dental plaque can be calculated with the formula Χ=2νΌΤ, where X is the
penetration distance in cm, D is the diffusion constant
Τ

in

cm 2 /sec

and

is the time in seconds. The concentration gradient over the distance X

follows from: C/Co=l-erf(X/2/DT).

Co,

the

concentration

at

the

plaque
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surface

is equivalent

to

3

the concentration of

H-Tdr in the incubation

mixture and С is the concentration at distance X. Substituting D-sucrose
for

D-thymidine

yields

a

concentration

gradient

distance of 1000 \¡m within 20 minutes. Even with

of
a

C/Co=0.1

D,

over

4 times

a

smaller

than D-sucrose, the same concentration gradient would be reached over a
distance of 500 um within 20 minutes. Thus,
diffusion

is

not

a

limiting

factor

for

it

seems

that the
3

the penetration of

rate of
H-Tdr

in

dental plaque.
As mentioned before, dental plaque occasionally
depth

of

However,

200-250 um
this

effect

using
was

3

a

H-Tdr

obtained

was

concentration

by

using

a

in

vitro

concentration
These

about
of

9 10

findings

plaque-saliva

the

same

g/ml

suggest

interface

must conclude that

3

3

labelling

H-Tdr and

that

the

distance

an

cells

still can divide

and

g/cm3.

2.5 10

post-incubation

thousand-fold concentration of cold thymidine. Newman
found

labelled upto a

of

with

and Wilson
for

incubation
beyond

3

H-Tdr

period

100 um

incoporate

3

(1975)
with

of

a

72h.

from

H-Tdr.

a

the

So

we

H-Tdr does not penetrate deep enough into the dental

plaque likely because of uptake of thymidine by the cells in the upper
layers. Non-specific adsorption of

3

H-Tdr to cells or matrix polymers in

the plaque would also limit the penetration of 3 H-Tdr.
In the early phase of plaque development, when the layer of attached
bacteria
nutrients

is very

thin

(< 50 um) , all

and be able

cells

to grow and multiply

will

be

fully

at the maximum

exposed

to

exponential

rate. However, when the cells form a thick confluent film of biomass, the
growth will be limited by the diffusion of substrate into the film. Pirt
(1967) showed that the maximum tickness (hmax) of the active biomass layer
is

described

constant

for

substrate at
consumed/cm
where

by:
the

hmax

=

»^DCo/q,

substrate,

the surface

and

where

Co(g/cm3)
q

D
is

(cm2/sec)
the

is the metabolic quotient

of biomass/sec). The maximum value

umax(sec

) is the maximum

is the diffusion

concentration

of

the

(g substrate

is given by q = umax/Y

specific growth rate of the organisms

and Y (cm3 biomass formed/g. substrate) is the yield. The minimum value
of q is the maintenance requirement. The thickness of the active biomass
layer for different substrate concentrations can be estimated as follows.
The

glucose

D-glucose

in

plaque

drwt/g glucose for A.
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taken
2 10 - g/cm3
or 2 10~ g/cm 3 ,
-6
о
2.4 10
cmVsec
(Dibdin, 1981b), Y = 0.36 g

concentration
is

visoosus

is

or Y = 0,22 g drwt/g glucose for S.

mutans

(Van der

et

Hoeven

at. ,

1984). Assuming a population density in dental
3

3

plaque equivalent to 0.1 g drwt organism/cm , the yield is 3.6 cm /g or
3

2.2 cm /g glucose, respectively. The estimated doubling time t, = 6 h or
-5
-1
μ = 3.2 10
sec . At the low glucose concentration hg = 10.4 pm for
A.

visoosus

and Θ.1 μιη for S. mutans.

At the high concentration 1040 \im or

810 μιη, respectively. These values are in accordance with the observations
of

Saxton

(1975)

who

found

that, with

3

a

H-glucose

concentration

of

2 10
g/cm, the labelled cells were confined at the plaque-saliva
-2
3ч
interface while with a concentration of 2 10
g/cm
cells in the deeper
plaque layers had incorporated tritiated glucose.
Thymidine is not likely to be a growth limiting substrate, in dental
plaque as glucose
seems

to

glucose

be

taken

would

for S. mutans

is
up

seem

by

the cells

interesting.

maximum penetration

depths

A.

or

visaosus.

efficiently

Assuming

a

However,
and

yield

a

thymidine

comparison

for

with

thymidine,

the

at different thymidine concentrations can be

calculated. The Y-thymidine might be approached as follows. DNA accounts
for approximately

20 mg per g drwt of cells. Assuming that DNA contains

20 % of thymidine, Y-thymidine is about 250 g/g thymidine or 2500 cm

—6

plaque/g thymidine. Using a thymidine concentration of 2.5 10
assuming a growth rate of 3.2 10

sec

, the maximum

g/cm

thickness

active layer is 242 μιη. At a thymidine concentration of 5 10

of

g/cm

the
the

maximum thickness is 108 μιη. The ratio between the penetration depths
vitro

of
and

in

measured is about 1.8. This agrees with the ratio of the calculated

values: /2.5 1θ" 6 /5 I O - 7 = 2.2.
The difference
caused

by

number

the

of

between

the measured

efficiency

(number

disintegrations

of

within

and

calculated

integrations

the

depths likely is

measured

biological

per

material)

total

of

the

autoradiographic technique. The efficiency is about 20 % for bacteria, as
mentioned by Cleaver
thymidine

or

discrepancy.
measured

and

non-specific
However,

3

adsorption

there

calculated

incorporation of
could

(1967). In addition, the affinity of the cells for

is

a

values,

may

contribute

reasonable
indicating

to

the

observed

accordance

between

the

that

uptake

and

the

H-Tdr by the cells in the upper layers of the plaque

be the main

cause

for

the absence of

labelled

cells

in

deeper

layers of the plaque.
Radioactive labelling of bacteria as a method to determine their growth
rate in natural environments was described by Brock (1971). The method is
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based on the rate of appearance of unlabelled cells in a fully labelled
population. In the present in

vivo

experiments it was not realizable to

obtain a completely labelled population, because of the limited labelling
3

time and the low penetration of H-Tdr. Brock (1971) assumed that in the
cells

the

two

DNA

strands

became

conservative DNA replication, after

labelled
the

and,

according

first division

to

semi-

all cells would

still be labelled. However, there are indications that this only can be
expected for fast growing cells
and Skarstad et
EsoherLohia

al.

ooti

(t

< 1 h) . Kubitschek and Newman

(197Θ)

(19Θ3) have shown that the replication time of DNA in

changed with the doubling time. The replication time can

be extrapolated from their results. For t
about 1/5 (Skarstad et

al.,

= 6 h, the replication time is

1983) or 1/2 (Kubitschek and Newman, 197Θ) of

the doubling time. In addition, theoretical models for slow growing cells
(t, > 1 h) predict a maximum of two replication forks, i.e.
α
chromosome(s)

per

cell

(Cooper

and Helmstetter,

1968).

one

to two

Skarstad et

al.

(1983) observed that slow growing cells in a steady state chemostat culture
contained mainly one chromosome per cell. Even with a labelling time (3 h)
that is longer than the replication time (1-2.5 h) the fraction of cells
with

two

labelled

DNA

strands

can

be

neglected.

Therefore,

in

our

experiments the fraction of labelled cells can be expected to decrease by
half

after

the

first

cell

division

and

each

subsequent division. The

estimated growth rate was calculated by assuming that at least 3 divisions
must

have occurred in the period between 5 to 24 h

(from 40 % labelled

cells to 5 % labelled cells, the detection level being approximately 3 %
labelled cells).
Other sources of error include the differences in the resolution

(the

radius of a circle, centered on the developed silver grain, within which
there

is a

high probability

(say 90 %) of

finding

the

source

of

the

radiation) of L.M.- and E.M. autoradiography (0.3 ym versus 0.1 ym) as well
as the difference
caused

by

the

radiography
developed

in sensitivity

difference

in

of the

thickness

emulsions
used

in

(E.M.:0.3;

E.M.-

and

L.M.:1.4)

L.M.

auto

(Cleaver, 1967). The sensitivity is defined as the number of

silver grains produced per θ particle. Because of the lack of

measurements between

5 h

to

24 h

after

stop

labelling,

the

estimated

doubling time must be regarded as a maximum value. Loss of cells from the
population, by mechanical removal likely did not influence the measured
doubling time because it does not affect the proportion of labelled cells.
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In the present method the relationship between the number of silver grains
per

100 bacteria

measured

by

E.M.-

or

L.M.

autoradiography

has

been

determined (Fig. 4) . This relationship is used to determine the fraction of
labelled cells from the

number

of

silver

grains per

100 bacteria. The

advantage is that only a small part of the samples must be evaluated by the
laborious E.M. procedures while the bulk of the samples can be elaborated
using L.M. autoradiography.
The maximum doubling time for A. viseoaus

in vivo

was about 3 h (Beckers

and Van der Hoeven, 1982a, b) . The estimated steady state doubling time of
the cells at the plaque-saliva interface is only two times higher, б h,
indicating a fairly high metabolic activity of the cells in that layer.
Data on the
extremely

growth rate of bacteria

rare. Based

(1964) has approached
plaque. The

bacteria

on

in dental plaque

appear

to be

the dispersion of bacteria in saliva. Gibbons

the overall doubling

time of bacteria

in dental

in saliva are. mainly derived by release from oral

surfaces. Using this indirect method Gibbons suggested doubling times of
8-12 h for bacteria in dental plaque. Regarding the completely different
approach

these

data

fit

in

reasonably

well

with

the

results

of

our

experimentation.
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VII

SUMMARY
Streptoaoaaus

mutans and Aatinomyaes

visaosus

are important members of the

oral microflora. The growth rates of these organisms were measured in the
dental plaque of rats. The growth rates were measured in gnotobiotic rats
in developing dental plaque and in conventional rats during the early
colonization of dental plaque by a new species. This growth rate is called
the initial growth rate. The steady state growth rate was measured in
mature dental plaque.
In developing dental plaque the number of the inoculated bacteria
increased exponentially. From this increase the growth rate of the popu
lation can be calculated. In mono-associated gnotobiotic rats in the phase
of early plaque development growth rates of 0.63
t, = 1.1 h)
α
A. visaosus,

h

(doubling time

(t. = 2.9 h) were measured for S. mutans or
α
respectively. These doubling times seem to reflect the real

or

0.24 h

division time, because during the exponential phase the processes of
settling of cells from saliva, decaying of cells or loss of cells from the
population likely are negligible compared to the dividing process.
In conventional rats A. visaosus
rate

as

in

mono-associated

showed about the same initial growth

gnotobiotic

rats:

0.22 h

suggesting a neutralistic relationship of A. visaosus
microflora. However, the initial growth of S. mutans
was

retarded

0.63 h

compared

to

that

in

gnotobiotic

(t^, = 3.1 h) ,
d

with the resident
in conventional rats

rats:

0.14 h

versus

. The retardation was likely caused by competition for substrates

with S. bovis.

S. bovis

is similar to S. mutans

in many aspects and is a

dominant species of the indigenous microflora of the rats.
No interaction between S. mutans

and A. visaosus

could be detected in

developing dental plaque or during colonization of dental plaque. However,
at later stages the establishment of A. visaosus

was retarded by S.

mutans.

Antagonism due to the production of bacteriocin, as well as competition for
substrates likely played a role in this interaction. A non-bacteriocinogenic 5. mutans strain retarded the establishment of A. visaosus

suggesting

that competition for substrates was also involved.
The host diet, containing sucrose or glucose, had no influence on the
initital growth rates of S. mutans

or

Л. visaosus.

The

growth rates

measured in fed and starved rats were the same. These results suggested
that saliva is the main source of nutrients for

supragingival dental
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plaque.

In

decline

sooner

starved
than

rats
in

the
fed

accumulation

of

rats, suggesting

microorganisms
that

the

growth

tended
was

to

then

limited by a shortage of nutrients.
In mature dental plaque, a steady state has been reached and the compo
sition and size of the population are constant within certain limits. This
means that the processes of settling, decaying and shedding of cells and
cell division are in equilibrium. Thus, the growth rate cannot be deter
mined by measurement of the total viable counts. The steady state growth
rate was measured by means of autoradiographic techniques. By these tech
niques

a discrimination

can be made

between

radio-active

unlabelled cells. The bacteria were radio-active

labelled

and

labelled with tritiated

thymidine. Thymidine is incorporated in DNA and only dividing cells are
capable to incorporate. Bacteria exhibit a semi-conservative replication of
DNA. In bacterial cells, which grow at a doubling time of more than 1 h,
one DNA strand will become labelled because there will be only one repli
cation fork present in the dividing cell. After stop of the labelling, the
fraction of labelled cells will be halved by each subsequent division. This
results in a logarithmic decrease of the fraction of labelled cells at a
rate equivalent to the rate of cell division. The measurements in a steady
state population

of A.

visoosus

showed

a

decrease

of

the

fraction

of

labelled cells from 40 % to 5 % within 19 h. This means that at least 3
divisions have occurred during that period. So the steady state growth rate
of A.

viscosus

was > 0.11 h~
—

(t^ < 6.3 h ) .
α —

To measure the steady state growth rate presents

experimental diffi

culties. However, these preliminary results in this thesis show that the
method used can be applied

succesfully

rates in mature dental plaque.
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to

estimate

steady

state

growth

Vili

SAMENVATTING

Streptoeoccus

mutans

en Actinomyces

visoosus

zijn twee belangrijke compo-

nenten van de mondflora. De groexsnelheden van deze micro-organismen zijn
gemeten m

tandplak van ratten. Kiemvrije en conventionele ratten zijn bij

dit onderzoek gebruikt. Kiemvrlje ratten zijn ratten zonder microflora. Als
deze ratten worden beent met een of meer bekende micro-organismen worden ze
gnotobiotische

ratten genoemd. Conventionele

ratten hebben een complexe

microflora.
Er zijn metingen verricht tijdens de vroege fase van plakontwikkeling in
gnotobiotische ratten en tijdens de eerste fase van kolonisatie van bestaande tandplak in conventionele ratten. De gemeten groeisnelheden noemen
we begingroeisnelheden. In rijpe tandplak/ dat is tandplak na enige weken
ongestoorde groei, is eveneens de groeisnelheid gemeten. Hier is sprake van
een evenwichtssituatie waarin de groeisnelheid kompenseert voor het verdwijnen en afsterven van bacteriën.
Gedurende de vroege fase van plakontwikkeling of bij kolonisatie
reeds bestaande

van

tandplak door een nieuwe soort neemt het aantal van de

geënte bactenesoort in de populatie exponentieel toe. Uit deze toename kan
de

groeisnelheid

van

de

populatie

berekend

worden.

In

gnotobiotische

ratten, beent met een enkele bactenesoort, zijn de volgende begingroeisnelheden gemeten: 0,63 verdubbelingen per uur (verdubbelingstijd t
uur) voor S.
A.

visoosus.

TTtutans en 0,24 verdubbelingen per uur

= 1,1

(t. = 2,9 uur) voor
d

Deze groeisnelheden zijn een goede afspiegeling van de werke-

lijke delingstijden want tijdens deze snelle groei op het
zijn veranderingen

tandoppervlak

in het aantal bacteriën door processen als het aan-

hechten van cellen uit het

speeksel, het

afsterven van cellen

en

het

verdwijnen van cellen uit de populatie verwaarloosbaar ten opzichte van de
toename door celdeling.
De begingroeisnelheid

van A. viscosus

tijdens de kolonisatie van be-

staande tandplak was van gelijke grootte als die in gnotobiotische ratten,
beent met alleen A.
uur. Voor S.

mutans

viscosus,

0,22 ten opzichte van 0,24 verdubbelingen per

ligt dat anders. De beginsnelheid van S. mutans

werd

duidelijk vertraagd vergeleken bij die in gnotobiotische ratten, 0,14 ten
opzichte van 0,63 verdubbelingen per uur, hetgeen vier keer langzamer is.
De

vertraging

is waarschijnlijk

bijvoorbeeld S, bovis.

S. bovis

een gevolg van

substraatcompetitie

lijkt in vele aspekten op 5. mutans

met

en is

een dominante soort in de tandplak van ratten.
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De

interaktie

tussen

5. mutans

en Л. visaosus

biotische en conventionele ratten. Tussen S. mutans
interaktie

gevonden

gedurende

de

vroege

fase

is bestudeerd

in gnoto-

en A. visaosus

is geen

van

plakontwikkeling

of

kolonisatie van tandplak. In een later stadium echter werd de vestiging van
A.

visaosus

vertraagd

door

5. mutans.

Waarschijnlijk

spelen

hier

zowel

antagonisme (door bacteriocine-aktiviteit) als substraatcompetitie een rol.
Een aanwijzing dat competitie een rol speelt, volgt uit het feit dat een
5. mutans

A. visaosus

stam,

die

geen

bacteriocine

produceert,

de

vestiging

van

remt.

Het dieet van de gastheer, met sucrose of glucose erin, had geen invloed
op

de

begingroeisnelheden

van S. mutans

en A.

visaosus.

In gevoede

en

nuchtere ratten zijn dezelfde snelheden gemeten. Deze resultaten suggereren
dat speeksel de belangrijkste bron van voedingsstoffen is voor tandplak. In
nuchtere

ratten vertoonde

de

ophoping

van

micro-organismen

sneller

de

neiging af te buigen dan in gevoede ratten, suggererend dat de groei dan
beperkt wordt door een tekort aan nutriënten.
In rijpe tandplak is een evenwichtssituatie bereikt en zijn de omvang en
de

samenstelling

van de populatie

nagenoeg

constant. Dit houdt

in dat

processen als vestigen, afsterven en verdwijnen van cellen en celdeling met
elkaar in evenwicht zijn. De groeisnelheid kan dan niet bepaald worden door
het tellen van absolute aantallen bacteriën. In de evenwichtssituatie is de
groeisnelheid gemeten met behulp van

autoradiografische

technieken. Met

deze technieken is het mogelijk radio-aktief gemerkte bacteriën te onderscheiden van niet gemerkte

bacteriën. De bacteriën

werden

gemerkt

met

tritium-thymidine. Thymidine wordt ingebouwd in het DNA en alleen delende
cellen

zijn in

staat

tot deze

inbouw.

De

DNA-replicatie

in

bacteriën

verloopt volgens het semi-conservatieve mechanisme wat betekent dat het DNA
van de dochtercellen is opgebouwd uit een oude en een nieuw aangemaakte
DNA-streng. In bacteriën die groeien met een verdubbellngstijd van meer dan
1 uur, zal één DNA-streng gemerkt worden, aangezien in het algemeen slechts
een replicatievork in een delende cel aanwezig is. Na beëindiging van het
radio-aktief merken zal

de

fraktie gemerkte

cellen

bij

iedere

volgende

celdeling gehalveerd worden. Dit resulteert in een logaritmische afname van
de fraktie gemerkte cellen met een snelheid die gelijk is aan de delingssnelheid. Uit de afnamesnelheid van de fraktie gemerkte cellen kan zo de
groeisnelheid berekend worden. Uit de metingen aan een evenwichtspopulatie
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van A. viseosus

bleek dat de fraktie gemerkte cellen afnam van 40 % tot 5 %

in een periode van 19 uur. Dit betekent dat in die periode tenminste 3
delingen plaatsvonden, en dat de groeisnelheid van A. viseosus
wichtssituatie >_ 0,11 h

in even-

(t. <_ 6,3 h) was. De meting van de groeisnelheid

in de evenwichtssituatie levert experimentele moeilijkheden op. De voorlopige gegevens in dit proefschrift wijzen er niettemin op, dat de gevolgde
methodiek met succes zou kunnen worden toegepast om groeisnelheden in rijpe
tandplak te bepalen.
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STELLINGEN

1. De begingroeisnelheid,

die orale microorganismen

hebben vlak

na

hun

introductie in de mond, is verrassend hoog en kan mede daardoor nauwkeurig gemeten worden.

Dít proefschrift

(il, i n )

2. Gezien de groeisnelheid van bakteriën in tandplak is eenmaal poetsen per
dag ruim voldoende voor een effektieve verwijdering van tandplak.

Dit proefschrift

(III, Vi)

3. De mondvloeistof is een volledig voedingsmedium voor de belangrijkste
facultatief-anaerobe microorganisnen, maar is koolhydraat beperkt.

4. In vergelijking
microorganismen

met

de aandacht

is er

te weinig

voor

specifieke hechting

aandacht besteed

aan

van orale

substraten

en

substraatbeperking als ecologische determinanten voor de samenstelling
van tandplak.

5. Omdat het gebruik

van

orthodontische

apparatuur

gepaard

gaat met de

vorming van predilektieplaatsen voor de vestiging van tandplakbakteriën,
waaronder de cariogene soort Streptococcus

mutans,

verdient het aanbe-

veling orthodontische behandelingen te combineren met een antibakteriële
therapie, b.v. een maandelijkse chloorhexidine-gel applicatie.

6. Personen met een verhoogd canesrisico kunnen opgespoord worden met een
speekseltest voor Streptoeooous

mutans.

Deze speekseltest zou, uit het

oogpunt van preventie en kostenbesparing een waardevolle uitbreiding
zijn van het ziekenfondspakket.

7. Oplossingen voor het werkloosheidsprobleem kunnen beter gezocht worden
in een vorm van arbeidstijdverkorting dan m

een wettelijke regeling van

werk met behoud van uitkering.

Θ. Het samenstellen van een proefschrift is voor veel promovendi werk met
behoud van uitkering.

9. Ook uit het oogpunt van fietsgenot dient de "Ooij" in de huidige staat
behouden te blijven.

10. 300 Jaar nadat experimenteel is bewezen dat er in elke mond meer hakte
n e n leven dan mensen in Nederland en dat jenever haktenen niet doodt ,
is dit »"ond de Nederlandse borreltafel nog steeds niet bekend.
t A. van Leeuwenhoekj

brief

aan The Royal Soatety

of

17 september

Huub Beckers, 26 april 1984.
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