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drinking water and tooth enamel have suggested a car-
ies-promoting potential for Mn [Adkins and Losee, 1970; 
Glass et al., 1973]. Though availability of trace elements 
rarely limits microbial growth, since they are required in 
such minute amounts, there may be certain conditions 
under which the concentration of a trace element dimin-
ishes or enhances virulence. A rat model study revealed 
that Mn added to drinking water resulted in a significant 
increase in caries levels [Beighton, 1982]. Previous stud-
ies examining the effects of trace metals on  S. mutans  
noted a requirement for Mn in some strains [Aranha et 
al., 1982] except under anaerobic conditions [Martin et 
al., 1984; Luengpailin, 2002; Paik et al., 2003]. Mn is es-
sential for detoxification of reactive oxygen species in 
most bacteria. Furthermore, an increasing body of data 
indicates a role for Mn in the pathogenesis and virulence 
of a number of bacterial species [Jakubovics and Jenkin-
son, 2001; Kehres and Maguire, 2003; Paik et al., 2003; 
Zaharik and Finlay, 2004; Papp-Wallace and Maguire, 
2006]. The objective of this study was to investigate how 
Mn affects biofilm formation and the growth of a panel 
of  S. mutans  serotype c strains, thereby defining the pa-
rameters appropriate for future investigations examin-
ing the effects of Mn on virulence gene expression.

  Materials and Methods

  Bacterial Strains and Media
   S. mutans  serotype c strains Ingbritt, LT11, 3209, UA130, 

UA159, ATCC 25175 and GS-5 were used in this study. Bacterial 
cultures were prepared in a modified chemically defined medium 
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  Abstract

   Streptococcus mutans , an agent of dental caries, was tested 
for growth in the presence or absence of manganese (Mn), 
since studies have linked Mn levels with cariogenic potential. 
Seven  S. mutans  serotype c strains were grown in chemically 
defined medium under different atmospheric conditions: 
5% CO 2 , O 2 -enriched 5% CO 2  (shaking) and anaerobic. There 
was significant strain variability with respect to Mn require-
ments under the various conditions tested. Both sucrose-de-
pendent and sucrose-independent biofilm growth by strain 
UA159 were affected by the absence of Mn.  S. mutans  strains 
show highly variable responses to both high and low Mn 
concentrations.   Copyright © 2007 S. Karger AG, Basel

  
  
   Streptococcus mutans , a Gram-positive facultative an-

aerobic coccus that is part of the normal flora of the 
mouth, has been consistently associated with human 
dental caries [Loesche, 1986]. Trace metals have been 
studied for their roles in cariogenesis [Curzon, 1983]. 
While some elements such as aluminum, selenium and 
strontium have been associated with a low incidence of 
caries [Little and Barrett, 1976a, b], high concentrations 
of copper, manganese (Mn) and cadmium have been 
linked to a higher prevalence of dental caries [Beighton, 
1982, 1983]. Furthermore, studies of trace metals in 
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(SCDM) [Arirachakaran et al., 2007]. The medium was treated 
with Chelex 100 (Sigma, St. Louis, Mo., USA), a metal-chelating 
resin, to reduce trace metal contamination. Three independent 
ICP analyses indicated an average residual Mn concentration of 
4 n M . Essential vitamins and minerals were added to complete the 

medium and, when desired, MnSO 4  was added at varying concen-
trations.

  Culture Conditions
  Inocula were prepared by 3 serial subcultures in Mn-depleted 

media to eliminate the possibility of nutritional carryover from 
enriched media. For planktonic cultures 200 ml freshly prepared 
growth medium were placed aseptically into Erlenmeyer flasks 
and inoculated with 1% of mid-exponential phase inoculum. Cul-
tures were incubated at 37   °   C in (1) 5% CO 2 ; (2) O 2 -enriched 5% 
CO 2  with shaking at 60 rpm for 10 s every hour, or (3) anaerobi-
cally (85% N 2 , 10% H 2  and 5% CO 2 ) (Forma Scientific, USA). 
Growth was monitored by measuring turbidity with a spectro-
photometer at wavelength 540 nm. Brain-heart infusion (BHI) 
broth was used as the control medium, SCDM as the test medium 
without Mn or with MnSO 4  added to a final concentration of 50, 
100, 200 or 300  �  M  for each growth condition. All growth curves 
were performed in triplicate.

  For biofilms, 70  � l of the inoculum preparation described 
above was added to 1.5 ml SCDM (4.7% inoculum),  8  5% sucrose 
and  8  50  �  M  Mn, in wells of a 2-well Lab-Tek Chamber slide 
 (Nalgene Nunc International). For sucrose-independent biofilms 
the wells were first coated with artificial saliva (pH = 6.7) [Russell 
and Coulter, 1975; Landa et al., 1997]. For both sucrose and non-
sucrose biofilms prewarmed medium, with or without Mn, was 
added along with the bacterial inocula. The biofilms were incu-
bated overnight anaerobically at 37   °   C on a slowly rotating plat-
form (approximately 5 rpm).

  Confocal Scanning Laser Microscopy and Image Processing
  For the study of both sucrose-dependent and sucrose-inde-

pendent  S. mutans  biofilms, 3 independent experiments were per-
formed by generating biofilms as described above. The mature 
biofilms were rinsed twice with PBS buffer. Live Baclight Bacte-
rial Gram Stain fluorescent dye mixture (5 m M  SYTO9, 7 m M  
hexidium iodide and 0.3% dimethyl sulfoxide in PBS buffer; Mo-
lecular Probes, Eugene, Oreg., USA) at a 1:   1000 dilution was add-
ed onto the biofilm and incubated for 1 h in the dark, followed by 
washing twice with PBS. Using confocal scanning laser micros-
copy (Carl Zeiss, LSM 510 META-NLO), at least 5 three-dimen-
sional biofilm image stacks of each sample were acquired from 
random positions. Images were acquired at 1.0- � m intervals 
through the entire thickness of the biofilm. Images were pro-
cessed by the COMSTAT program and analyzed in Matlab 5.3 
(MathWorks Inc., Natick, Mass., USA) [Heydorn et al., 2000].

  Statistical Analysis
  Biofilm characteristics in the presence or absence of Mn were 

compared using paired t tests performed in SPSS version 11.1. A 
p value of  ! 0.05 was considered significant.

  Results

   Figure 1  presents the growth data for each strain, with 
and without Mn, under each atmospheric condition. All 
strains except GS-5 grew in Mn-depleted media in a 5% 
CO 2  atmosphere. For this reason  S. mutans  GS-5 was not 
included in subsequent experiments. Growth yield was 
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  Fig. 1.  Growth curves of  S. mutans  in media with varying concen-
trations of Mn under aerobic and anaerobic atmospheres. Growth 
was measured in BHI broth as a control and in SCDM with 0–300 
 �  M  Mn (x-axis) and expressed as optical density at wavelength 
540 nm (y-axis).  a  Growth in a 5% CO 2  aerobic atmosphere.
 b  Growth in a 5% CO 2  aerobic atmosphere with shaking.  c  Growth 
under anaerobic conditions. 
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enhanced for all strains when supplemented with any 
concentration of Mn relative to Mn-depleted media, re-
gardless of the atmosphere used for incubation. Mn sup-
plementation began at a concentration of 50  �  M , since 
preliminary experiments with lower concentrations did 
not yield higher growth. All strains reached a maximal 
optical density in either 50 or 100  �  M  Mn. In none of the 
strains was the yield as high in Mn-SCDM as in BHI: 
most likely because of the more limited amounts of glu-
cose and carbon sources in the SCDM. 

  Strains LT11 and ATCC 25175 were most affected by 
Mn depletion, regardless of atmosphere, though an an-
aerobic environment somewhat moderated the effect. In 
an O 2 -enriched 5% CO 2  atmosphere growth of 3209, 
UA159 and Ingbritt was also highly repressed when Mn 
deprived. A trend towards lower growth yields was also 

observed at higher concentrations of Mn, particularly for 
strains 3209, Ingbritt and ATCC 25175 under aerobic at-
mospheres. Strain UA130 was the least susceptible to 
variations in Mn concentration.

  Strain UA159 was chosen to investigate the effects of 
Mn on biofilm formation, since this was one of the 
strains capable of growth in the absence of Mn and in 
anticipation of subsequent investigations that would 
take advantage of the fact that its genome sequence is 
known. Biofilms generated in the absence of Mn dis-
played differences from those grown in the presence of 
Mn, whether or not sucrose was present. Macroscopi-
cally the Mn-depleted biofilms showed formation of ex-
tensive clumps or aggregates of bacteria that could eas-
ily be washed away. Confocal microscopy indicated that 
Mn-depleted bacteria adhered to the substratum more 

5% sucrose biofilms 

Mn-supplemented (50 μM)Mn-depleteda

  Fig. 2.  Confocal microscopic images of 
fluorescently stained bacteria adherent to 
the substratum.  a  Biofilm at the substra-
tum after growth in SCDM plus 5% su-
crose and without Mn (left) or with 50  �  M  
Mn (right).  b  Biofilms grown in SCDM 
within saliva-coated wells without Mn 2+  
(left) or with 50  �  M  Mn (right). 

Non-sucrose biofilms formed over saliva coating 

Mn-supplemented (50 μM)Mn-depletedb
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evenly than Mn-supplemented bacteria ( fig. 2 ). Com-
puter analysis did not detect significant differences be-
tween Mn-supplemented and Mn-depleted biofilms 
when grown with sucrose ( table 1 ). The lone exception 
was the surface/biovolume ratio, which was higher for 
the Mn-depleted biofilm. In contrast, this ratio was the 
only parameter that was not significantly different when 
comparing biofilms generated in the absence of sucrose 
( table 1 ).

  Discussion

  Bacteria grown in an oxygenated environment use 
enzymes such as superoxide dismutases, catalases and 
peroxidases for protection against damage by reactive 
oxygen species such as superoxide radicals (O 2  

– ), H 2 O 2  
and hydroxyl radicals ( � OH). Mn is a cofactor for super-
oxide dismutase [Martin et al., 1986]. The very low pop-
ulation densities measured in most cultures grown in 
Mn-depleted media under aerobic conditions (except 
UA130) strongly support a role for Mn in enzymic activ-
ity against oxygen stress. We can only speculate on why 
strains such as UA130 could grow under aerobic condi-
tions in Mn-depleted media. It is probable that other en-
zymes, such as peroxidases and oxidases, can contribute 
to the capacity for aerobic growth [Thomas and Pera, 
1983; Higuchi, 1984] or that UA130 may be able to use 
iron to replace the Mn requirement as a co-factor for su-

peroxide dismutase [Martin et al., 1984; Martin et al., 
1986]. 

  Our study indicated that all strains showed maximal 
growth when supplemented with 50–100  �  M  Mn, where-
as some strains began to be inhibited at an Mn concentra-
tion of 200  �  M . Salivary Mn concentrations have most 
often been found to be between 1 n M  [Green, 1970] and 
4  �  M  [Duggal, 1991], though concentrations as high as 36 
 �  M  have been reported [Chicharro et al., 1999]. In pre-
liminary trials we measured salivary Mn concentrations 
in the range 0.01–0.42  �  M  (n = 44), but Mn concentra-
tions within dental plaque were significantly higher, av-
eraging 6.2 m M  (n = 16; data not shown). The concentra-
tion of dissolved Mn in natural waters can range from 
0.18 to 182  �  M ) [Howe et al., 2004]. Transient exposure to 
high levels of Mn may affect  S. mutans  physiology by 
analogy with the anti-cariogenic effect of fluoride added 
to drinking water. 

  The variations between strains in maximal Mn con-
centration for growth, and the growth inhibition for 
some strains at Mn concentrations  1 200  �  M , may reflect 
varying efficiencies in Mn transport. Another possible 
explanation is that excess Mn may interfere with uptake 
of other beneficial trace metals. Yet another possibility is 
that Mn affected the overall growth of the organism via 
an effect on gene expression. Several Mn-dependent 
genes have been identified in  Streptococcus pneumoniae  
[Johnston, 2006], and the SloR Fe 3+ -Mn 2+  metalloregula-
tor in  S. mutans  reportedly influences virulence gene ex-

  Table 1.  COMSTAT comparisons of quantitative differences in S. mutans UA159 biofilms formed in the pres-
ence and absence of Mn

 Mn-depleted  50 μ M  Mn p value 

 Sucrose biofilms 
 Biomass, μm 3 /μm 2   7.37 8 0.12  8.50 8 1.36 0.36 
 Substratum occupied, %  30.3 8 16.1  39.3 8 16.7 0.12 
 Average thickness, μm  14.1 8 2.4  14.2 8 1.0 0.98 
 Roughness coefficient  0.77 8 0.07  0.70 8 0.08 0.33 
 Surface/biovolume ratio, μm 2 /μm 3   1.79 8 0.04  1.34 8 0.12 0.004 

 Nonsucrose biofilms 
 Biomass, μm 3 /μm 2   0.73 8 0.68  2.62 8 1.55  <0.001 
 Substratum occupied, % 5.9 8 3.4  10.0 8 4.8 0.001 
 Average thickness, μm 1.8 8 2.1 9.9 8 7.2  <0.001 
 Roughness coefficient  1.75 8 0.16  1.21 8 0.31  <0.001 
 Surface/biovolume ratio, μm 2 /μm 3   2.56 8 0.49  2.77 8 0.48 0.13 

 Mean ± standard error of the mean (n = 3). Biomass: estimated value from total biovolume divided by the 
field area. Roughness coefficient is a unitless measure of the variation in biofilm thickness. 
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pression including genes that affect sucrose-dependent 
 (gtfB)  and sucrose-independent  (spaP)  biofilm formation 
[Rolerson, 2006]. The observation that  S. mutans  ATCC 
25175 and LT11 displayed poor growth in the absence of 
Mn even under anaerobic conditions strongly suggested 
another role for this trace metal beyond oxygen interme-
diate detoxification. 

  The effects of Mn on biofilm formation were interest-
ing and may indicate how  S. mutans  responds when nu-
trient-deprived. Anaerobic conditions were used so that 
differences in biofilm morphology could be attributed to 
the presence or lack of Mn independent of an effect on 
growth which if included would have likely resulted in 
even more profound differences. A lack of Mn-induced 
formation of easily removed clumps and a biofilm lacking 
bacterial organization ( fig. 2 ). Ordinarily, clumping or 
aggregation of  S. mutans  is associated with the synthesis 
of glucans from sucrose but in this instance macroscopic 
clumps were more pronounced in the absence of sucrose. 
Clumping was also reported for a  sloR  mutant [Rolerson, 
2006] but this effect occurred in the presence of adequate 
Mn. The clumping may be the result of removal of SloR 
repression leading to higher levels of SloC, which has 
been proposed to play a role in adhesion as well as trans-

port of Mn 2+  [Kitten et al., 2000; Spatafora et al., 2001]. 
Bacterial clumping may be a means whereby the bacteria 
pool their nutritional resources, perhaps by parasitizing 
some members of the aggregate. The larger surface/bio-
volume ratios of nonsucrose biofilms, and in Mn-deplet-
ed sucrose biofilm compared to the Mn-supplemented 
sucrose biofilm, might facilitate acquisition of trace min-
erals from the planktonic phase. At the same time the 
formation of large aggregates may preclude efficient bio-
film formation allowing the bacteria to more easily move 
to new sites that might be more nutritionally abundant. 

  Dental plaque is a complex community comprising 
many oral bacteria. The Mn concentrations in saliva and 
dental plaque can vary widely. The strain-specific re-
sponses documented in this study suggest that the rela-
tive availability of Mn may influence colonization of 
plaque by particular strains of  S. mutans . 
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