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Chapter 4 

 

 

Stability and resilience of oral 
microcosms toward acidification 

and Candida outgrowth by arginine 
supplementation 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

This chapter has been published as: Koopman JE, Röling WFM, Buijs MJ, Sissons CH, 
ten Cate JM, Keijser BJF, Crielaard W, Zaura E. (2015) Stability and Resilience of Oral 

Microcosms Toward Acidification and Candida Outgrowth by Arginine 
Supplementation. Microbial Ecology, 69(2), 422-433. 
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Dysbiosis induced by low pH in the oral ecosystem can lead to caries, a prevalent bacterial 

disease in humans. The amino acid arginine is one of the pH elevating agents in the oral cavity. 

To obtain insights into the effect of arginine on oral microbial ecology, a multi-plaque ‘artificial 

mouth’ (MAM) biofilm model was inoculated with saliva from a healthy volunteer and 

microcosms were grown for 4 weeks with 1.6% (w/v) arginine supplement (Arginine) or 

without (Control), samples were taken at several time-points. A cariogenic environment was 

mimicked by sucrose pulsing.   

The bacterial composition was determined by 16S rRNA gene amplicon sequencing, the 

presence and amount of Candida and arginine deiminase system genes arcA and sagP by qPCR. 

Additionally, ammonium and short chain fatty acid concentrations were determined.  

The Arginine microcosms were dominated by Streptococcus, Veillonella and Neisseria and remained 

stable in time, while the composition of the Control microcosms diverged significantly in time, 

partially due to the presence of Megasphaera. The percentage of Candida increased 100-fold in the 

Control microcosms compared to the Arginine microcosms. The pH-raising effect of arginine 

was confirmed by the pH and ammonium results. The abundances of sagP and arcA were highest 

in the Arginine microcosms, while the concentration of butyrate was higher in the Control 

microcosms.  

We demonstrate that supplementation with arginine serves a health-promoting function; it 

enhances microcosm resilience toward acidification and suppresses outgrowth of the 

opportunistic pathogen Candida. Arginine facilitates stability of oral microbial communities and 

prevents them from becoming cariogenic. 

 

 

Introduction 

Dysbiosis of the oral ecosystem can lead to caries, still one of the most prevalent bacterial 

diseases in humans1, 2. Frequent low pH episodes, caused by the microbial production of short 

chain fatty acids through sucrose metabolism, introduce ecological and functional shifts in the 

oral ecosystem toward aciduric and acidogenic microflora3.  

The amino acid arginine is recognized as one of the main pH-elevating agents in the oral cavity. 

It is a constituent of saliva4, concentrated in a diversity of foods such as watermelon, seafood 

and nuts5 and recently it has been added to oral care products6. The bacterial arginine deiminase 

system (ADS) is predominantly responsible for the breakdown of arginine in the oral cavity7. 

The protonation of ammonia, produced by the ADS, into ammonium leads to a rise in pH. 

Alkali production serves as a protection mechanism for ADS-positive bacteria (e.g. Streptococcus 

sanguinis, Streptococcus gordonii, and Streptococcus parasanguis) which are often not aciduric8. 

Incidentally, by protecting themselves, the bacteria create a less cariogenic environment9, 10. 

Conversely, Ghosh et al.11 demonstrated that arginine supplementation stimulates hyphal growth 

of the opportunistic fungal pathogen Candida albicans. The switch from yeast to hyphal form is a 
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critical virulence factor of C. albicans12. Hence, the effect of arginine on the oral microbial 

community and its functions is not yet fully understood. 

Nevertheless, oral bacteria are the most studied human microbiota. Different approaches have 

been used to study the human oral ecosystem, from in vivo experiments to growing in vitro 

biofilms. Although the human oral cavity is easily accessible for sampling, its complexity and 

ethical dilemmas accompanying in vivo studies have led to the development of a range of 

laboratory models, mimicking the oral cavity, to grow biofilms13. Simplified biofilm models such 

as the high-throughput active attachment model14 or the Zürich biofilm model15 are relatively 

easy to handle and thus create the opportunity to test different conditions in multiple replicates 

in a fairly short amount of time. A drawback of these systems is the static environment 

(continuous presence of sucrose, lack of metabolite clearance) and the relatively small amount of 

biomass that can be obtained, making it less suitable for a multidisciplinary approach. However, 

the system described by Edlund et al.16 is able to preserve up to 80% of the original taxa in the 

inoculum, making it especially suitable to investigate the yet uncultured species. A complex oral 

biofilm model such as the multi-plaque ‘artificial mouth’ (MAM) system17, 18 is laborious to 

maintain and the number of replicas in one experiment is limited. Yet, the system is highly 

controllable; artificial saliva is added at a constant flow, while sucrose can be supplied in pulses, 

mimicking metabolite clearance in the oral cavity. The large amount of biomass that can be 

obtained facilitates the multidisciplinary experimental approach.              

Although oral microbiota are well studied, the understanding of the oral ecosystem, particularly 

the driving forces behind microbial stability, is limited. 

 The purpose of our study was to assess the possibly beneficial effects of arginine on the ecology 

of human oral microbial communities under simulated cariogenic growth conditions. For this, 

the MAM biofilm model and a multidisciplinary approach was used, comprising four weeks of 

oral microcosm growth with frequent sucrose challenges and assessing microbial community 

structure and functioning by 16S rRNA gene amplicon sequencing, qPCR analysis of Candida 

and specific ADS genes and determining the concentrations of short chain fatty acids and 

ammonium. 

 

 

Materials & Methods 

Artificial mouth system and inoculum 

Biofilms were grown in the eight-station MAM biofilm model (Fig. S1 and Fig. S2) designed and 

developed by dr. Christopher Sissons and dr. Lisa Wong17, 19 and kindly donated to the 

Academic Center for Dentistry Amsterdam (ACTA), the Netherlands. 

Stimulated saliva was obtained from a healthy 32-year-old female donor who refrained from oral 

hygiene 12 h prior to collection. Immediately after collection, the saliva was vortexed thoroughly 

for 30 s. Subsequently, eight 25 mm diameter Thermanox coverslips (Nunc Inc., Naperville, IL, 

USA) were inoculated with 1 ml saliva each. These were incubated aerobically at 35˚C for 1 h, 

prior to placement in the MAM.  

 

 



The effect of arginine on oral microcosms 

74 

 

Growth conditions and sampling 

Of the eight microcosm stations, four received a constant supply (0.06 ml/min) of defined 

mucin medium (DMM)20, the remaining four received DMM to which additional 1.6% (w/v) L-

arginine (Sigma-Aldrich, St. Louis, MO, USA) was added (DMMA). The two different 

treatments will be referred to as Control and Arginine, respectively. The pH of the medium was 

set at 6.8 using NaOH.  

The medium was supplied through a 0.25 mm bore Marprene Manifold pump tube (Watson-

Marlow Limited, Falmouth, England) lead through a 205CA 16-channel pump head connected 

to a 505DU pump (Watson-Marlow). To simulate cariogenic episodes with low pH, all 

microcosm stations received eight 6-min 10% (w/v) sucrose (Merck KGaA, Darmstadt, 

Germany) pulses at 2 h intervals daily. The pulses (0.5 ml/min) were supplied automatically 

through a 1.3 mm bore pump tube (Ismatec, Wertheim, Germany) using a 503U pump with 

308MC pump head (Watson-Marlow), controlled by LabView version 7.0 (National Instruments 

Corporation, Austin, TX, USA). The first sucrose pulse commenced at 1700 hours and the last 

pulse at 0700 hours. In the remaining 10 h (0706 to 1700 hours) sucrose was omitted to sustain 

a resting phase simulating an in vivo night period.  

The biofilms were grown for 29 days. Resting-phase biofilm samples were harvested on days 7, 

10, 14, 17, 22, 24, 27 and 29 between 1200 and 1400 hours. On days 9, 17, 22 and 29, sucrose 

was added to the resting-phase biofilms by manual operation of the pump and samples were 

harvested immediately after the 6-min sucrose pulse. 

Parts of the microcosms were harvested using a pipette with a sterile 1 ml filtertip (Biosphere, 

Sarstedt, Nümbrecht, Germany) or a disposable inoculation loop (Greiner Bio-One, 

Mosonmagyaróvár, Hungary), depending on the consistency of the microcosm. Care was taken 

to obtain biomass throughout the whole depth of the biofilm. The samples for DNA isolation 

were suspended in RNAprotect (Qiagen GmbH, Hilden, Germany), while the samples used for 

organic acid and ammonium analysis were suspended in MilliQ water (Millipore, Billerica, MA, 

USA). All samples were placed on ice immediately after harvest and subsequently stored 

at -80°C. The four biological replicas per treatment were used for the subsequent analysis of the 

samples, with the exception of the in situ pH measurements.  

 

Genomic DNA extraction 

The cells were lysed mechanically by beadbeating three times for 2 min, using a MiniBeadBeater 

and 0.1 mm diameter glass beads (BioSpec Products, Inc., Bartlesville, OK, USA). Between the 

beadbeating steps, the cells were kept on ice for 5 min. Subsequently, the samples were spun 10 

min at 14000 x g. Genomic DNA was isolated from the supernatant using the GeneJet Genomic 

DNA purification kit (Thermo Fisher Scientific, Waltham, MA, USA); concentration and purity 

were measured using the NanoDrop ND-1000 (NanoDrop Products, Wilmington, DE, USA).   

 

Quantitative Real-Time PCR of Candida ITS, 16S rRNA, arcA and sagP genes 

Bacterial abundance (16S rRNA gene) and the abundance of Candida (ITS gene) were quantified 

as described previously by Kraneveld et al.21. Candida load was calculated as a percentage of the 

16S rRNA gene. The abundance of ADS genes arcA (S.  gordonii) and sagP (S.  sanguinis) was 
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determined by qPCR using the specific primers9. The data were normalized as a percentage of 

the 16S rRNA gene.  

 

16S rRNA gene amplicon sequencing 

An amplicon library, constructed from inoculum and samples taken on days 7, 17 and 27 at rest, 

based on the partial 16S rRNA gene was prepared using degenerate primers annealing to 

variable regions V5-V721. Sequencing was performed at Macrogen Inc. (Seoul, Republic of 

Korea) using 454 GS-FLX+ Titanium chemistry (Roche, Branford, CT, USA). The sequence 

data have been submitted to the GenBank database under accession number 571212. 

 

Sequencing data analysis 

Quantitative Insights Into Microbial Ecology (QIIME) version 1.5.022 was used to analyze the 

sequence data. For downstream analyses, barcodes and primer sequences were trimmed and low 

quality reads (N > 0, > 1 error in the forward and > 2 errors in the reverse primer > 1 error in 

the barcode, > 6 nt homopolymer sequence, average quality score < 30, or a length < 200 bp or 

> 1000 bp) were removed. Further read processing and clustering into OTUs was done 

according to Kraneveld et al.21. To identify the OTUs on species level (Table S1), they were 

manually aligned against the Nucleotide collection (nr/nt) using Megablast23, 24. 

 

In situ pH measurements 

The in situ microcosm pH profiles were measured as described previously by Wong et al.18. The 

pH was recorded at two stations simultaneously during the resting phase and subsequently 

overnight during the automated sucrose supply. Both, the resting pH and the minimum pH 

reached after the first sucrose pulse from four time-points (days 7, 8, 22, and 28) and two 

stations (one Control and one Arginine) were averaged and used for statistical analyses. 

 

Organic Acid Analysis 

The concentrations of the short chain fatty acids butyrate, acetate, lactate, formate, succinate, 

and propionate were determined using capillary ion electrophoresis as described by Gerardu et 

al.25. An internal standard, 1 mM oxalic acid, was included. The data were normalized against the 

protein concentration in the samples, measured according to Bradford26. 

 

Enzymatic ammonium assay 

The concentration of ammonium produced was measured using an enzymatic assay, described 

by Hoogenkamp and ten Cate27. 

 

Statistical analyses  

To allow between-sample comparisons, OTU data were randomly subsampled at 1400 reads per 

sample. Station 2 (Control), sampled at day 27, yielded only 15 reads and was excluded from 

further analysis. The Shannon Diversity Index was calculated on the subsampled OTU table. 

General Linear Model Repeated Measures (GLM RM) was used to assess the differences in 
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Shannon Diversity Index per group in time. The independent samples t-test was used to 

determine the difference in diversity between the groups per time-point. 

Non-metric multidimensional scaling (nmMDS) plots were based on the Bray-Curtis similarity 

index to visualize similarity between samples. Stress < 0.2 (Kruskal’s stress formula 1) was used 

as an acceptable threshold28. The difference in Bray-Curtis coefficient between the groups at all 

time-points was assessed using the Kruskal-Wallis test. One-way permutational multivariate 

analysis of variance (PERMANOVA) was used to test the difference between the two 

treatments in time and between the treatments and the inoculum. Similarity percentage 

(SIMPER) was used to identify the OTUs with the highest contribution to dissimilarity between 

the treatments at three different time-points. All calculations were performed using PAST 

version 3.029.  

The Mann-Whitney test was used to determine if there was a statistically significant difference in 

pH, ammonium production, ADS gene abundance, Candida load, and abundance of organic 

acids between the different treatments (Control, Arginine) and per phase (rest, sucrose). The 

Friedman test was used to assess the differences in organic acid concentrations in time. The tests 

were performed using SPSS version 21 (IBM Corp, Armonk, NY, USA). 

Canonical correspondence analysis (CCA) enabled visualizing the relation of community 

composition with environmental variables. This analysis results in an ordination diagram that 

displays variation in community composition explained by environmental variables and 

visualizes the distribution of OTUs in regard to these environmental variables30. The CCA was 

performed in PAST, using organic acids (excluding succinate), ammonium, Candida load, and the 

ADS genes as ‘environmental’ factors. The significance of the variance of each of the CCA axes 

was calculated by permuting the data 999 times. Environmental variables were correlated with 

each individual OTU using Spearman’s rho. The p-values were corrected for multiple 

comparisons using Bonferroni correction.  

 

 

Results 

Effects of arginine on bacterial community composition 

Diversity (Shannon Index) of the Control microcosms increased significantly from day 7 to day 

17 (p = 0.023; GLM RM test) in contrast to the diversity of the Arginine microcosms (Fig. S3). 

There was no significant difference in diversity between the two groups per time-point, although 

their compositions differed (Fig. 1). When days 7, 17, and 27 were averaged, the top three of the 

five most abundant genera were the same for both treatments, namely: Streptococcus (Control; 

36%, Arginine; 42%), Veillonella (Control; 21%, Arginine; 27%), and Actinomyces (Control; 8%, 

Arginine; 7%). They were followed by Megasphaera (11%) and Johnsonella (7%) in the Control 

group and Peptostreptococcus (8%) and Neisseria (7%) in the Arginine group. 

The microcosms of both groups had undergone large compositional changes compared to the 

inoculum which was dominated by the genera Prevotella (30%), Veillonella (24%), Streptococcus 

(11%), Haemophilus (8%), Actinomyces (8%), and Leptotrichia (6%) (Fig. 1, inoculum).  
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Figure 1: The relative abundance of the microbial genera in the inoculum (plaque-enriched human saliva) 
and in microcosms averaged per time-point and treatment group: Control or Arginine. The data used to 
construct the pie charts was subsampled at 1400 reads per sample.  
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a) 

 
b) 

 
c) 

 
Figure 2: Non-metric multidimensional scaling plots based on the three-dimensional 
Bray-Curtis similarity index. (a) The Control and Arginine microcosm similarities with 

respect to the inoculum, stress = 0.1, one-way PERMANOVA: p = 0.0001, F = 5.83. 
(b) The microcosm similarities between treatments at all time-points, stress = 0.1, one-

way PERMANOVA: p = 0.0001, F = 5.74. The numbers indicate the MAM station 
number. (c) The Bray-Curtis similarity between the different time-point-pairs per 
treatment. The connectors indicate statistically significant differences between the 
groups (General Linear Model Repeated Measures test). 

 

The inoculum clustered separate from the microcosms (Fig. 2a, p = 0.0001, F = 5.83). A 

treatment-specific clustering became evident when the inoculum was not considered in the data 

analysis (Fig. 2b). The Arginine group samples clustered together, regardless of time and showed 

a significantly higher similarity (p < 0.0001) compared to the highly dispersed Control samples 

(average Bray-Curtis similarity 0.69 and 0.55, respectively). With time, the similarity among the 
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Control group microcosms decreased, while it remained high in the Arginine group throughout 

the 4-week experimental period (Fig. 2c). In addition, one-way PERMANOVA indicated that the 

difference in OTUs between the two treatments was significant, both at day 17 and day 27 (p = 

0.03, F = 3.10 and p = 0.03, F = 4.84, respectively), while initially, at day 7, there was no 

significant difference between the two treatments (p = 0.06, F = 2.24). 

 

Effects of arginine on microcosm pH stability and formation of organic acids and ammonium 

The in situ pH profiles confirmed impact of arginine supplementation on pH during the 

fermenting phase, where the microcosms received eight 6-min sucrose pulses, every 2 h, and the 

recovery phase where microcosms received only artificial saliva for the remaining 10 h (Fig. 3, 

showing the example of the fermenting phase in two 7-day old microcosms). Technical 

problems with the pH equipment, however, precluded obtaining the reliable pH data from all 

stations. Hence, pH profile data at four time-points from two stations (one Control and one 

Arginine) were included in the pH analyses. During the resting phase, the pH in the Arginine 

microcosms (median 7.7, range 7.3-8.1) was significantly higher (p = 0.03) than in the Control 

microcosms (median 6.5, range 6.0-6.8). Minimum pH reached after the first sucrose pulse was 

lower, though not significantly (p = 0.08), in the Control microcosms (median 4.3, range 3.8-5.0) 

compared to the Arginine group (median 5.8, range 4.8-6.3).  

 

 
Figure 3: The example of the in situ pH profiles during the fermenting phase in two 7-day 
old microcosms from the Control (dashed line) and Arginine (solid line) groups, 
respectively. The time of the day is indicated on the x-axis. Eight 6-min sucrose pulses 
were supplied 2-hourly, starting at 1700 and ending at 0706 hours.  

 

The observed trends in pH were in line with differences in ammonium concentrations; a 

significantly (p < 0.0001) higher concentration of ammonium was measured in the Arginine 

microcosms compared to the Control microcosms irrespective of sampling phase (Fig. 4a). In 

time, the concentration of ammonium in the microcosms showed a trend (p > 0.05) in decrease 

(Fig. 4b).  
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a) 

 

b) 

 

 

Figure 4: The ammonium concentration in microcosm samples per treatment depending on the 
metabolic state (Resting or Post-Sucrose) of the microcosms during sampling (a) and in time (b) All 
sampling time-points were included in a. Only the samples that correspond to the resting phase samples 
that were also microbiologically assessed on day 7, 17 and 27 were included in b. The median and 
interquartile range is indicated by the box, the extreme values are represented by the whiskers. The 
connectors indicate statistically significant differences (Mann-Whitney test). 

 

a) 

 

b) 

 

 

Figure 5: Percentage of the Streptococcus gordonii acrA gene (a) and the Streptococcus sanguinis sagP gene (b) in the 
inoculum and in microcosms in time and per treatment. The percentage of the respective gene was 
calculated as the ratio of the CP values from the respective gene-specific qPCR over the CP values from the 
16S rRNA gene in each sample. The median and interquartile range are indicated by the box, the extreme 
values are represented by the whiskers. The connectors indicate statistically significant differences (Mann-
Whitney test). 

 

The relative abundances of the S. gordonii acrA and the S. sanguinis sagP genes, components of the 

ADS, were measured over the overall 16S rRNA gene load. While the average percentages of the 

arcA gene were low (Fig. 5a), the percentage of the arcA gene was significantly higher in the 

Arginine group compared to the Control group at day 17 (p = 0.02).  
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Likewise, the relative abundance of the sagP gene was higher in the Arginine group compared to 

the Control group, significantly at day 17 (p = 0.02), both groups however, showed a decline in 

the relative abundance of the sagP gene with time. The relative abundance of the sagP gene was 

in fact highest in the inoculum (Fig. 5b). 

Furthermore, concentrations of organic acids were affected by the arginine treatment as well 

(Fig. S4). The concentration of butyrate was significantly lower in the Arginine microcosms 

when compared to the Control microcosms both at rest (p < 0.0001) and post-sucrose (p = 

0.0002) (Fig. S4a). Additionally, in the Arginine group, the concentration of this fatty acid was 

significantly higher (p = 0.03) in the resting phase compared to the post-sucrose phase. At rest, 

the concentration of acetate was significantly lower (p = 0.004) in the Arginine group compared 

to the Control group (Fig. S4b). On the other hand, the lactate concentrations had elevated 

significantly post-sucrose compared to the resting phase in both groups (p = 0.002 and p < 

0.0001, respectively) (Fig. S4c). Additionally, the concentration of formate in the Control group 

was significantly higher (p = 0.04) in the resting phase than in the post-sucrose phase (Fig. S4d). 

No significant differences in concentrations between the treatments or phases could be 

observed for succinate or propionate (Fig. S4e-f).  

Butyrate (Fig. 6a) and acetate (Fig. 6b) concentrations at rest increased in time in the Control 

group. For butyrate, this increase was statistically significant (p = 0.04).  

 
a)  

 

b)  

 

 

Figure 6: Amount of butyrate (a) and acetate (b) normalized per protein in microcosm samples in time 
and per treatment. Only the samples that correspond to the resting phase samples that were also 
microbiologically assessed on day 7, 17 and 27 were included. The median and interquartile range are 
indicated by the box, the extreme values are represented by the whiskers. The data were obtained from 
three time-points when the microcosms were at resting phase. 

 

Effect of arginine on Candida outgrowth 

Candida was present in both Control and Arginine group samples at low proportions during the 

first 10 days of growth and showed an increase on day 14 (Fig. 7). In the Control samples, 

Candida load was up to 100-fold higher at the end of the experiment (day 29) than at the start, 

while Candida load in the Arginine microcosms remained stable (Fig. 7). The percentage of 
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Candida was significantly higher, when all Control group samples were compared to the Arginine 

samples (p = 0.004). 

 

 
Figure 7: Candida load per treatment (Control, Arginine) in time. The percentage of Candida was 
determined by dividing the Candida ITS gene CFU/ml equivalent values by CFU/ml equivalent values of 
the 16S rRNA gene of the respective microcosm sample. All time-points at rest, were included in this 
plot. The median and interquartile range are indicated by the box, the extreme values are represented by 
the whiskers. 

 

Relation of bacterial community composition with the environmental and functional variables 

To visualize the relation between community composition and environmental variables (organic 

acids, ammonium, Candida load, and the proportion of ADS genes), an ordination diagram using 

CCA was constructed (Fig. 8). Axes 1 and 2 explained 48.4% (p = 0.001) and 25.9% (p = 0.009) 

variability, respectively.  

SIMPER was used to determine which OTUs contributed the most to the compositional 

differences between the groups at days 7, 17, and 27. Over half of the dissimilarity at day 7 

(54.5%) was associated with OTU43 (Peptostreptococcus), OTU53 (Streptococcus), OTU60 

(Johnsonella), all at a higher abundance in the Control microcosms, and OTU16 (Neisseria) which 

was higher in the Arginine microcosms. At day 17, more than half of the dissimilarity (58.5%) 

was due to OTU18 (Megasphaera) and OTU53 (Streptococcus), which were more abundant in the  
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Control group, and OTU61 (Streptococcus) and OTU73 (Veillonella), which were more abundant in 

the Arginine group. Finally, at day 27, OTU18 (Megasphaera), which was most abundant in the 

Control group, OTU43 (Peptostreptococcus), OTU53 (Streptococcus), and OTU61 (Streptococcus), more 

abundant in the Arginine group, accounted for 52.8% dissimilarity between the two treatments.  

 

 

The OTU18 (Megasphaera) was associated with the Control group at two time-points through 

SIMPER and this relation was confirmed in the CCA (Fig. 8). Furthermore, OTU18 

(Megasphaera) showed a relation to Candida, butyrate and acetate (Fig. 8). The OTU16 (Neisseria) 

was associated with the Arginine group (Fig. 8), in accordance to the SIMPER analysis of day 7 

data. The OTU53 (Streptococcus), SIMPER associated with the Control group at the first two 

time-points and with the Arginine group at the last time-point, did not show a strong relation to 

either one of the groups in the CCA (Fig. 8). On the other hand, OTU43 (Peptostreptococcus), 

 
Figure 8: Canonical correspondence analysis (CCA) ordination biplot visualizing variation between 
microcosm samples explained by the environmental variables (organic acids, Candida load, ammonium, and 
proportion of arginine deiminase system (ADS) genes arcA and sagP), and the distribution of OTUs in 
regard to these environmental variables. The variability in the samples was explained on axis 1 with 48.37% 
(p = 0.001) and on axis 2 with 25.94% (p = 0.009). The vectors represent the environmental variables, the 
OTUs (OTU numbers between brackets) are represented by a dot and the microcosm samples are 

represented as: Control:  day 7,  day 17,  day 27; Arginine:  day 7,  day 17,  day 27. The 
numbers depicted within the symbols signify the MAM stations. 
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SIMPER-associated with the Control group on day 7 and with the Arginine group on day 27, 

appeared to be stronger related to the Arginine group in the CCA. The OTU61 (Streptococcus) 

contributed to the difference in SIMPER between the two groups at two time-points; hence it 

showed a relation to the Arginine samples in the CCA as well. Both OTU60 (Johnsonella) and 

OTU73 (Veillonella) came up in the SIMPER analysis once and did not appear to have a strong 

relation to either one of the two treatment groups or environmental factors according to the 

CCA. 

The community composition in the Control microcosms showed the highest correlation with 

the Candida load and the amount of butyrate and acetate in the samples, while the community 

composition in the Arginine microcosms related stronger to the ammonium concentration and 

the arcA gene proportion in the samples (Fig. 8).  

Candida load, acetate, propionate, ammonium, and sagP gene proportion in the samples did not 

correlate significantly with any of the individual OTUs (p > 0.05). Butyrate correlated 

significantly with OTU18 (Megasphaera) (p = 0.007, R = 0.70), while the resting phase lactate 

concentration in the biofilms correlated negatively with OTU9 (Haemophilus) (p = 0.01, R = -

0.69). Formate correlated positively with OTU61 (Streptococcus) (p = 0.03, R = 0.83) in Arginine 

group samples only. The arcA gene correlated positively with OTU0 (Streptococcus) in the 

Arginine group, although this correlation lost statistical significance after correction for multiple 

comparisons (p >0.05, R = 0.76).  

 

 

Discussion 

With this study we demonstrate that arginine supplementation enhanced microcosm resilience 

toward acidification and led to the conditions that prevented outgrowth of the opportunistic 

pathogen Candida. Arginine enhanced the stability of oral microbial communities, allowing 

microcosm community composition to remain stable for four experimental weeks. 

The 4-week-old microcosms relate to natural plaque stagnation sites (e.g. approximal sites, 

fissures) or plaque stagnation sites created after the placement of fixed orthodontic appliances in 

vivo, which can harbor mature biofilms and predispose these sites to dental caries31. In this 

experimental set up, a cariogenic environment was created by administering eight 2-hourly 

sucrose pulses interspersed with a 10-hour rest period. Acids formed by bacterial sucrose 

metabolism lower the pH and while cariogenic circumstances (frequent low pH episodes) were 

observed in both treatment groups, the resting pH was significantly lower in the Control group. 

Similar pH patterns were observed by Huang et al.32. This low pH, however, did not lead to a 

collapse of the community as was demonstrated in oral biofilm models with continuous 

presence of sucrose33. The bacterial diversity of our microcosms even showed an increase from 

day 7 to day 17, while the compositions of the four replicas for each treatment remained similar. 

In addition, all the bacteria in the microcosms were detected in the saliva as well, excluding 

contamination. This confirms the value of the artificial mouth model in oral microbial ecology 

studies17. 
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The composition of the microcosms diverged from the inoculum, mostly through the loss of the 

genus Prevotella (Fig. 1 and Fig. 2a). These obligate anaerobes34 might not have survived the 

inoculation procedure, where saliva was exposed to aerobic conditions for 1 h. In contrast, 

members of the anaerobic genus Veillonella did survive. It has been reported that growth 

medium composition plays a role in the selective growth of microcosms16, 35, 36.  

Commonly, members of the genera Streptococcus, Neisseria, and Actinomyces are regarded as early 

biofilms colonizers37. Throughout this experiment, the composition of the Arginine group 

remained relatively stable and was dominated by the genera Streptococcus, Veillonella, Actinomyces, 

Peptostreptococcus, and Neisseria. The genus Streptococcus diminished in the Control group, while 

Megasphaera and Atopobium increased (Fig. 1). The latter two genera have been found in elevated 

levels in dentin lesions38, 39 and have also been associated with periodontal disease40. 

The main factor assisting in the stability of the Arginine microcosms is likely to be the relatively 

high pH7. Although a high pH has been linked to periodontal disease3, periodontal pathogens 

were not highly abundant in the Arginine microcosms. The ammonia produced through the 

ADS and protonated to ammonium is one of the main pH-raising factors of the healthy oral 

ecosystem7. A major function of this system is thought to be the protection of acid-sensitive 

bacteria against acidification8. The ammonium concentration in the Arginine microcosms 

remained similar during rest and after the addition of sucrose, suggesting that the ADS is 

induced constantly under these experimental conditions and functions stably and independently 

from the response to acidification. Ammonium was produced in the Control microcosms due to 

physiological levels of arginine and urea, another precursor of ammonium41, 42, present in the 

artificial saliva. In contrast to the Arginine microcosms, the concentration of ammonium in the 

Control microcosms dropped significantly after sucrose supply (Fig. 4a). The ADS is very acid 

tolerant and capable of arginolysis, although 90% reduced, at pH values as low as, e.g. 2.1 

(Streptococcus rattus FA-1) and 4.1 (S. sanguis NCTC 10904)8. The pH of the Control microcosms 

might have dropped below the critical pH of the most abundant ADS-positive bacteria in this 

group, temporarily repressing the system8, 9, 43. 

The abundance of the ADS genes arcA (S. gordonii) and sagP (S. sanguinis) was higher in the 

Arginine group compared to the Control group (Fig. 5). Moreover, OTU0, identified as S. 

gordonii (Table S1), was associated with the Arginine microcosms and the arcA gene (Fig. 8). 

Although we can only claim the presence of these specific genes and not their transcription, it is 

interesting to notice that arcA was hardly detectable in the inoculum, and increased in abundance 

at day 7, while sagP was quite abundant in the inoculum. Yet the abundance of both genes 

decreased with time. Assuming that the ADS activity remained intact, based on the ammonium 

concentration of the Arginine group throughout time, this indicates functional redundancy of 

the ecosystem while the composition changed. Indeed, many ADS-positive bacteria remain to be 

discovered7, 9, 10. 

The opportunistic pathogen Candida, present in the oral cavity of 15%-75% of the healthy 

population44, was detected in our in vitro model in both treatment groups. The Candida load in 

both groups elevated after 10 days (Fig. 7). In the oral cavity, a Candida load of > 0.1% on the 

total oral microflora is considered high21. It is the host’s immune system that plays an important 

role in keeping the fungal community from becoming pathogenic. This becomes apparent in 
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immunocompromised patients such as those infected with HIV45-47. The absence of human host 

factors in our model possibly explains the increased abundance of Candida in time. 

Numerous studies investigated the interactions between Candida (mostly C. albicans) and bacterial 

species48, 49. One of these studies indicated a synergistic relation between C. albicans and S.  

gordonii in a dual species biofilm50. Interestingly, OTU0 (S. gordonii), did not show affinity for 

Candida in our biofilms (Fig. 8, Table S1). A likely explanation could be that the synergy between 

C. albicans and S. gordonii is very different in a multispecies biofilm compared to a dual species 

biofilm.  

Interestingly, the two groups showed different Candida load patterns in time. Candida load in the 

Control group had increased 100-fold within the experimental timespan, while it remained stable 

in the Arginine group. A possible explanation for this difference between the groups could be 

the resting pH, which was lower in the Control group compared to the Arginine group. 

Although Candida species are able to cope with a wide pH range, an alkaline pH can be stressful 

for these fungi51, 52. Consequently, the basic pH of the Arginine group might have rendered 

Candida species less competitive in relation to the bacteria. Albeit no significant correlations 

between Candida and individual OTUs were uncovered, antagonism between certain bacteria and 

Candida in the Arginine group cannot be excluded. 

Overall, the concentration of various short chain fatty acids was higher in the Control group. 

The increase of lactate after the addition of sucrose (Fig. S4c) was expected, lactate is a common 

metabolite of sugar fermentation by, e.g. Streptococci53, 54, and confirmed the simulation of a 

cariogenic environment. The role of most short chain fatty acids as a bacterial metabolite in the 

oral cavity is not fully understood yet, although they are likely to be involved in bacterial cross-

feeding54, 55, they deserve further investigation.  

Butyrate was significantly higher in the Control group, both in rest and after the 

supplementation of sucrose (Fig. S4a). Butyrate in the oral cavity is suggested to play a role in 

the development of periodontal disease56, 57. Members of the genus Megasphaera are known to 

produce butyrate58, 59. In our study, the relative abundance of OTU18 (Megasphaera) correlated 

with the concentration of butyrate, while OTU16 (Neisseria) appeared to be negatively related to 

butyrate (Fig. 8). Interestingly, other studies have reported a similar negative relation between 

Megasphaera and Neisseria. Dang et al.60 observed the presence of Neisseria and the absence of 

Megasphaera in HIV- controls and the opposite in HIV+ patients who received antiretroviral 

therapy. In addition, Takeshita et al.61, investigating oral malodor, found Megasphaera to be higher 

in persons where methyl mercaptan was the cause of the malodor, compared to a hydrogen 

sulfide group where the abundance of Neisseria was significantly higher. 

The supplementation with arginine clearly affected the behavior and composition of the oral 

microbiome. While the primary response to sucrose addition remained similar, recovery from a 

sucrose ‘attack’, the resting pH, as well as the concentration of the formed acids, ammonium 

and Candida load differed between the two treatments. Additionally, certain bacterial genera 

clearly preferred one condition to the other. From this, we conclude that arginine 

supplementation strengthens the resilience of the oral microbial community toward the effects 

of acidification and prevents outgrowth of the opportunistic pathogen Candida in the artificial 

mouth model.   
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The oral cavity is one of many ecosystems of the human body, and, while arginine creates a less 

cariogenic, and thus healthier milieu in this case, the effect of arginine supplementation in the 

oral cavity on other human ecosystems deserves further investigation. 

 

Acknowledgements  

We are grateful to dr. Lisa Wong for her advice on operating the MAM. We like to thank 

dr. Bernd Brandt for his advice on bioinformatics, Elly van Deutekom-Mulder, Joyce van der 

Horst, and Marta ter Haar for technical support. We are very grateful to our saliva donor. 

 

 

References 

1. Wade WG. (2013) The oral microbiome in health and disease. Pharmacol Res.69(1):137-43. doi: 
10.1016/j.phrs.2012.11.006. 

2. WHO. (2012) World Health Organization: Oral Health Fact sheet N°318. In: Centre M, editor. 
3. Marsh PD. (1994) Microbial ecology of dental plaque and its significance in health and disease. 

Advances in dental research.8(2):263-71. 
4. Van Wuyckhuyse BC, Perinpanayagam HE, Bevacqua D, Raubertas RF, Billings RJ, Bowen WH, 

Tabak LA. (1995) Association of free arginine and lysine concentrations in human parotid saliva 
with caries experience. Journal of dental research.74(2):686-90. 

5. Wu G, Bazer FW, Davis TA, Kim SW, Li P, Marc Rhoads J, Carey Satterfield M, Smith SB, 
Spencer TE, Yin Y. (2009) Arginine metabolism and nutrition in growth, health and disease. 
Amino Acids.37(1):153-68. doi: 10.1007/s00726-008-0210-y. 

6. Sharif MO, Iram S, Brunton PA. (2013) Effectiveness of arginine-containing toothpastes in 
treating dentine hypersensitivity: A systematic review. Journal of Dentistry.41(6):483-492. doi: 
http://dx.doi.org/10.1016/j.jdent.2013.01.009. 

7. Burne RA, Zeng L, Ahn SJ, Palmer SR, Liu Y, Lefebure T, Stanhope MJ, Nascimento MM. (2012) 
Progress dissecting the oral microbiome in caries and health. Advances in dental research.24(2):77-
80. doi: 10.1177/0022034512449462. 

8. Casiano-Colon A, Marquis RE. (1988) Role of the arginine deiminase system in protecting oral 
bacteria and an enzymatic basis for acid tolerance. Appl Environ Microbiol.54(6):1318-24. 

9. Nascimento MM, Gordan VV, Garvan CW, Browngardt CM, Burne RA. (2009) Correlations of 
oral bacterial arginine and urea catabolism with caries experience. Oral Microbiol 
Immunol.24(2):89-95. doi: 10.1111/j.1399-302X.2008.00477.x. 

10. Nascimento MM, Liu Y, Kalra R, Perry S, Adewumi A, Xu X, Primosch RE, Burne RA. (2013) 
Oral arginine metabolism may decrease the risk for dental caries in children. Journal of dental 
research.92(7):604-8. doi: 10.1177/0022034513487907. 

11. Ghosh S, Navarathna DH, Roberts DD, Cooper JT, Atkin AL, Petro TM, Nickerson KW. (2009) 
Arginine-induced germ tube formation in Candida albicans is essential for escape from murine 
macrophage line RAW 264.7. Infect Immun.77(4):1596-605. doi: 10.1128/IAI.01452-08. 

12. Saville SP, Lazzell AL, Monteagudo C, Lopez-Ribot JL. (2003) Engineered control of cell 
morphology in vivo reveals distinct roles for yeast and filamentous forms of Candida albicans 
during infection. Eukaryot Cell.2(5):1053-60. 

13. Tang G, Yip HK, Cutress TW, Samaranayake LP. (2003) Artificial mouth model systems and their 
contribution to caries research: a review. J Dent.31(3):161-71. 

14. Exterkate RA, Crielaard W, Ten Cate JM. (2010) Different response to amine fluoride by 
Streptococcus mutans and polymicrobial biofilms in a novel high-throughput active attachment 
model. Caries research.44(4):372-9. doi: 10.1159/000316541. 

http://dx.doi.org/10.1016/j.jdent.2013.01.009


The effect of arginine on oral microcosms 

88 

 

15. Guggenheim B, Guggenheim M, Gmur R, Giertsen E, Thurnheer T. (2004) Application of the 
Zurich biofilm model to problems of cariology. Caries research.38(3):212-22. doi: 
10.1159/000077757. 

16. Edlund A, Yang Y, Hall AP, Guo L, Lux R, He X, Nelson KE, Nealson KH, Yooseph S, Shi W, 
McLean JS. (2013) An in vitro biofilm model system maintaining a highly reproducible species and 
metabolic diversity approaching that of the human oral microbiome. Microbiome.1(1):25. doi: 
10.1186/2049-2618-1-25. 

17. Sissons CH, Cutress TW, Hoffman MP, Wakefield JS. (1991) A multi-station dental plaque 
microcosm (artificial mouth) for the study of plaque growth, metabolism, pH, and mineralization. 
Journal of dental research.70(11):1409-16. 

18. Wong L, Sissons CH, Cutress TW. (1994) Control of a Multiple Dental Plaque Culture System and 
Long-Term, Continuous, Plaque Ph Measurement Using Labview(R). Binary-Comput 
Microb.6(5):173-180. 

19. Sissons CH, Cutress TW, Faulds G, Wong L. (1992) pH responses to sucrose and the formation of 
pH gradients in thick 'artificial mouth' microcosm plaques. Archives of oral biology.37(11):913-22. 

20. Wong L, Sissons C. (2001) A comparison of human dental plaque microcosm biofilms grown in an 
undefined medium and a chemically defined artificial saliva. Archives of oral biology.46(6):477-86. 

21. Kraneveld EA, Buijs MJ, Bonder MJ, Visser M, Keijser BJ, Crielaard W, Zaura E. (2012) The 
relation between oral Candida load and bacterial microbiome profiles in Dutch older adults. PloS 
one.7(8):e42770. doi: 10.1371/journal.pone.0042770. 

22. Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, Fierer N, Pena 
AG, Goodrich JK, Gordon JI, Huttley GA, Kelley ST, Knights D, Koenig JE, Ley RE, Lozupone 
CA, McDonald D, Muegge BD, Pirrung M, Reeder J, Sevinsky JR, Turnbaugh PJ, Walters WA, 
Widmann J, Yatsunenko T, Zaneveld J, Knight R. (2010) QIIME allows analysis of high-
throughput community sequencing data. Nature methods.7(5):335-6. doi: 10.1038/nmeth.f.303. 

23. Zhang Z, Schwartz S, Wagner L, Miller W. (2000) A greedy algorithm for aligning DNA 
sequences. J Comput Biol.7(1-2):203-14. doi: 10.1089/10665270050081478. 

24. Morgulis A, Coulouris G, Raytselis Y, Madden TL, Agarwala R, Schaffer AA. (2008) Database 
indexing for production MegaBLAST searches. Bioinformatics.24(16):1757-64. doi: 
10.1093/bioinformatics/btn322. 

25. Gerardu VA, Buijs MJ, ten Cate JM, van Loveren C. (2003) The effect of a single application of 
40% chlorhexidine varnish on the numbers of salivary mutans streptococci and acidogenicity of 
dental plaque. Caries research.37(5):369-73. doi: 72170. 

26. Bradford MM. (1976) A rapid and sensitive method for the quantitation of microgram quantities of 
protein utilizing the principle of protein-dye binding. Anal Biochem.72:248-54. 

27. Hoogenkamp MA, ten Cate JM. (2014) Determination of arginine catabolism by salivary pellet. 
MethodsX.1(0):1-5. doi: http://dx.doi.org/10.1016/j.mex.2014.01.001. 

28. Clarke KR. (1993) Non-parametric multivariate analyses of changes in community structure. 
Australian Journal of Ecology.18(1):117-143. doi: 10.1111/j.1442-9993.1993.tb00438.x. 

29. Hammer Ø, Harper DAT, Ryan PD. (2001) PAST: Paleontological statistics software package for 
education and data analysis. Palaeontologia Electronica.4(1):9. 

30. ter Braak CJF. (1986) Canonical Correspondence Analysis: A New Eigenvector Technique for 
Multivariate Direct Gradient Analysis. Ecology.67(5):1167-1179. doi: 10.2307/1938672. 

31. Boersma JG, van der Veen MH, Lagerweij MD, Bokhout B, Prahl-Andersen B. (2005) Caries 
prevalence measured with QLF after treatment with fixed orthodontic appliances: influencing 
factors. Caries research.39(1):41-7. doi: 10.1159/000081655. 

32. Huang X, Exterkate RA, ten Cate JM. (2012) Factors associated with alkali production from 
arginine in dental biofilms. Journal of dental research.91(12):1130-4. doi: 
10.1177/0022034512461652. 

33. Pham LC, van Spanning RJ, Roling WF, Prosperi AC, Terefework Z, Ten Cate JM, Crielaard W, 
Zaura E. (2009) Effects of probiotic Lactobacillus salivarius W24 on the compositional stability of 
oral microbial communities. Archives of oral biology.54(2):132-7. doi: 
10.1016/j.archoralbio.2008.09.007. 

http://dx.doi.org/10.1016/j.mex.2014.01.001


Chapter 4 

89 

 

34. Shah HN, Collins DM. (1990) Prevotella, a new genus to include Bacteroides melaninogenicus and 
related species formerly classified in the genus Bacteroides. International journal of systematic 
bacteriology.40(2):205-8. 

35. Tian Y, He X, Torralba M, Yooseph S, Nelson KE, Lux R, McLean JS, Yu G, Shi W. (2010) Using 
DGGE profiling to develop a novel culture medium suitable for oral microbial communities. Mol 
Oral Microbiol.25(5):357-67. doi: 10.1111/j.2041-1014.2010.00585.x. 

36. Sissons CH, Anderson SA, Wong L, Coleman MJ, White DC. (2007) Microbiota of plaque 
microcosm biofilms: effect of three times daily sucrose pulses in different simulated oral 
environments. Caries research.41(5):413-22. doi: 10.1159/000104801. 

37. Marsh PD, Moter A, Devine DA. (2011) Dental plaque biofilms: communities, conflict and 
control. Periodontology 2000.55(1):16-35. doi: 10.1111/j.1600-0757.2009.00339.x. 

38. Jiang W, Ling Z, Lin X, Chen Y, Zhang J, Yu J, Xiang C, Chen H. (2014) Pyrosequencing analysis 
of oral microbiota shifting in various caries states in childhood. Microb Ecol.67(4):962-9. doi: 
10.1007/s00248-014-0372-y. 

39. Kianoush N, Adler CJ, Nguyen KA, Browne GV, Simonian M, Hunter N. (2014) Bacterial profile 
of dentine caries and the impact of pH on bacterial population diversity. PloS one.9(3):e92940. doi: 
10.1371/journal.pone.0092940. 

40. Kumar PS, Griffen AL, Moeschberger ML, Leys EJ. (2005) Identification of candidate periodontal 
pathogens and beneficial species by quantitative 16S clonal analysis. Journal of clinical 
microbiology.43(8):3944-55. doi: 10.1128/JCM.43.8.3944-3955.2005. 

41. Sissons CH, Cutress TW. (1988) pH changes during simultaneous metabolism of urea and 
carbohydrate by human salivary bacteria in vitro. Archives of oral biology.33(8):579-87. 

42. Kleinberg I. (1967) Effect of urea concentration on human plaque pH levels in situ. Archives of 
oral biology.12(12):1475-84. 

43. Curran TM, Lieou J, Marquis RE. (1995) Arginine deiminase system and acid adaptation of oral 
streptococci. Appl Environ Microbiol.61(12):4494-6. 

44. ten Cate JM, Klis FM, Pereira-Cenci T, Crielaard W, de Groot PW. (2009) Molecular and cellular 
mechanisms that lead to Candida biofilm formation. Journal of dental research.88(2):105-15. doi: 
10.1177/0022034508329273. 

45. Torres SR, Garzino-Demo A, Meiller TF, Meeks V, Jabra-Rizk MA. (2009) Salivary histatin-5 and 
oral fungal colonisation in HIV+ individuals. Mycoses.52(1):11-5. doi: 10.1111/j.1439-
0507.2008.01602.x. 

46. Naglik JR, Moyes DL, Wachtler B, Hube B. (2011) Candida albicans interactions with epithelial 
cells and mucosal immunity. Microbes Infect.13(12-13):963-76. doi: 10.1016/j.micinf.2011.06.009. 

47. Khan SA, Fidel PL, Jr., Thunayyan AA, Varlotta S, Meiller TF, Jabra-Rizk MA. (2013) Impaired 
Histatin-5 Levels and Salivary Antimicrobial Activity against in HIV Infected Individuals. J AIDS 
Clin Res.4(193). doi: 10.4172/2155-6113.1000193. 

48. Shirtliff ME, Peters BM, Jabra-Rizk MA. (2009) Cross-kingdom interactions: Candida albicans and 
bacteria. FEMS Microbiol Lett.299(1):1-8. doi: 10.1111/j.1574-6968.2009.01668.x. 

49. Thein ZM, Seneviratne CJ, Samaranayake YH, Samaranayake LP. (2009) Community lifestyle of 
Candida in mixed biofilms: a mini review. Mycoses.52(6):467-75. doi: 10.1111/j.1439-
0507.2009.01719.x. 

50. Bamford CV, d'Mello A, Nobbs AH, Dutton LC, Vickerman MM, Jenkinson HF. (2009) 
Streptococcus gordonii modulates Candida albicans biofilm formation through intergeneric 
communication. Infect Immun.77(9):3696-704. doi: 10.1128/IAI.00438-09. 

51. Davis DA. (2009) How human pathogenic fungi sense and adapt to pH: the link to virulence. 
Current opinion in microbiology.12(4):365-70. doi: 10.1016/j.mib.2009.05.006. 

52. Vylkova S, Carman AJ, Danhof HA, Collette JR, Zhou H, Lorenz MC. (2011) The fungal pathogen 
Candida albicans autoinduces hyphal morphogenesis by raising extracellular pH. MBio.2(3):e00055-
11. doi: 10.1128/mBio.00055-11. 

53. Jakubovics NS, Kolenbrander PE. (2010) The road to ruin: the formation of disease-associated 
oral biofilms. Oral Dis.16(8):729-39. doi: 10.1111/j.1601-0825.2010.01701.x. 



The effect of arginine on oral microcosms 

90 

 

54. Peterson SN, Snesrud E, Schork NJ, Bretz WA. (2011) Dental caries pathogenicity: a genomic and 
metagenomic perspective. International dental journal.61 Suppl 1:11-22. doi: 10.1111/j.1875-
595X.2011.00025.x. 

55. Huang CB, Alimova Y, Myers TM, Ebersole JL. (2011) Short- and medium-chain fatty acids 
exhibit antimicrobial activity for oral microorganisms. Archives of oral biology.56(7):650-4. doi: 
10.1016/j.archoralbio.2011.01.011. 

56. Tsuda H, Ochiai K, Suzuki N, Otsuka K. (2010) Butyrate, a bacterial metabolite, induces apoptosis 
and autophagic cell death in gingival epithelial cells. Journal of periodontal research.45(5):626-34. 
doi: 10.1111/j.1600-0765.2010.01277.x. 

57. Chang MC, Tsai YL, Chen YW, Chan CP, Huang CF, Lan WC, Lin CC, Lan WH, Jeng JH. (2013) 
Butyrate induces reactive oxygen species production and affects cell cycle progression in human 
gingival fibroblasts. Journal of periodontal research.48(1):66-73. doi: 10.1111/j.1600-
0765.2012.01504.x. 

58. Counotte GH, Prins RA, Janssen RH, Debie MJ. (1981) Role of Megasphaera elsdenii in the 
Fermentation of dl-[2-C]lactate in the Rumen of Dairy Cattle. Appl Environ Microbiol.42(4):649-
55. 

59. Shetty SA, Marathe NP, Lanjekar V, Ranade D, Shouche YS. (2013) Comparative genome analysis 
of Megasphaera sp. reveals niche specialization and its potential role in the human gut. PloS 
one.8(11):e79353. doi: 10.1371/journal.pone.0079353. 

60. Dang AT, Cotton S, Sankaran-Walters S, Li CS, Lee CY, Dandekar S, Paster BJ, George MD. 
(2012) Evidence of an increased pathogenic footprint in the lingual microbiome of untreated HIV 
infected patients. BMC Microbiol.12:153. doi: 10.1186/1471-2180-12-153. 

61. Takeshita T, Suzuki N, Nakano Y, Yasui M, Yoneda M, Shimazaki Y, Hirofuji T, Yamashita Y. 
(2012) Discrimination of the oral microbiota associated with high hydrogen sulfide and methyl 
mercaptan production. Sci Rep.2:215. doi: 10.1038/srep00215. 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 

91 

 

Supplementary material 

Table S1 

OTU Description E-value Accession 

0 
Streptococcus gordonii str. Challis substr. CH1 strain Challis 16S ribosomal RNA, 
complete sequence 

0 NR_074516.1 

1 
Campylobacter concisus strain ATCC 33237 16S ribosomal RNA gene, partial 
sequence 

0 NR_118512.1 

3 
Treponema sp. canine oral taxon 087 clone OE007 16S ribosomal RNA gene, 
partial sequence 

0 JN713250.1 

4 Solobacterium moorei strain F0204 16S ribosomal RNA gene, partial sequence 0 GU470893.1 

6 Rhodopseudomonas palustris DX-1, complete genome 0 CP002418.1 

7 
Porphyromonas catoniae strain ATCC 51270 16S ribosomal RNA gene, partial 
sequence 

0 NR_026230.1 

8 Streptococcus mutans UA159 strain UA159 16S ribosomal RNA, complete sequence 0 NR_074983.1 

9 
Haemophilus parainfluenzae strain HK 2149 16S ribosomal RNA gene, partial 
sequence 

0 JF506652.1 

10 Anaerococcus prevotii DSM 20548, complete genome 0 CP001708.1 

11 Eubacterium sp. oral strain A35MT 16S ribosomal RNA gene, partial sequence 0 AF287761.1 

12 Leptotrichia sp. 'Oral Taxon 847' 16S ribosomal RNA gene, partial sequence 0 FJ577250.2 

13 Catonella morbi clone _Z012 16S ribosomal RNA gene, partial sequence 0 GU407023.1 

14 Alloscardovia omnicolens partial 16S rRNA gene, strain CCUG 18650 0 AM419459.1 

15 Prevotella nanceiensis strain SEQ219 16S ribosomal RNA gene, partial sequence 0 JN867294.1 

16 Neisseria sp. 1740b 16S ribosomal RNA gene, partial sequence 0 KC178532.1 

18 
Megasphaera micronuciformis strain AIP 49.01 16S ribosomal RNA gene, partial 
sequence 

0 AF473833.1 

19 
Prevotella sp. canine oral taxon 298 clone ZY032 16S ribosomal RNA gene, partial 
sequence 

5E-155 JN713465.1 

20 Corynebacterium durum isolate 99-0047 16S ribosomal RNA gene, partial sequence 0 AF537593.1 

21 Prevotella oris strain JCM 12252 16S ribosomal RNA gene, partial sequence 0 NR_113118.1 

22 Gemella sanguinis gene for 16S rRNA, partial sequence, strain: NTUH_8428 0 AB775575.1 

23 Mogibacterium sp. CM96 16S ribosomal RNA gene, partial sequence 0 HQ610197.1 

27 
Prevotella sp. canine oral taxon 298 clone ZY032 16S ribosomal RNA gene, partial 
sequence 

6E-150 JN713465.1 

28 
Bergeyella sp. AF14 16S ribosomal RNA gene, partial sequence; 16S-23S 
ribosomal RNA intergenic spacer, complete sequence; and 23S ribosomal RNA 
gene, partial sequence 

0 DQ241813.1 

31 
Atopobium parvulum strain DSM 20469 16S ribosomal RNA gene, complete 
sequence 

0 NR_102936.1 

32 Prevotella sp. ICM55 16S ribosomal RNA gene, partial sequence 0 HQ616399.1 

34 
Selenomonas sputigena strain ATCC 35185 16S ribosomal RNA gene, complete 
sequence 

0 NR_074905.1 

35 Rothia aeria strain B473-478 16S ribosomal RNA gene, partial sequence 0 KF691779.1 

36 Peptoniphilus sp. S9 AA1-1 16S ribosomal RNA gene, partial sequence 0 KF007161.1 

37 
Clostridiales bacterium canine oral taxon 259 clone ZO039 16S ribosomal RNA 
gene, partial sequence 

4E-151 JN713424.1 

38 
Cryptobacterium curtum strain DSM 15641 16S ribosomal RNA gene, complete 
sequence 

0 NR_074425.1 

39 Actinomyces naeslundii strain M166 16S ribosomal RNA gene, partial sequence 0 JF803528.1 

40 
TM7 phylum sp. canine oral taxon 363 clone 2A026 16S ribosomal RNA gene, 
partial sequence 

8E-128 JN713533.1 

41 
TM7 phylum sp. canine oral taxon 322 clone 1C049 16S ribosomal RNA gene, 
partial sequence 

1E-166 JN713492.1 

43 Peptostreptococcus sp. S9 B-1b 16S ribosomal RNA gene, partial sequence 0 KF007182.1 

44 Actinomyces sp. A3 16S ribosomal RNA gene, partial sequence 0 KM225735.1 

46 Streptococcus suis 6407, complete genome 4E-156 CP008921.1 
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49 Veillonella denticariosi strain RBV81 16S ribosomal RNA gene, partial sequence 2E-178 EF185168.1 

50 Actinomyces graevenitzii gene for 16S ribosomal RNA, partial sequence 0 AB691580.1 

51 Prevotella pallens strain JCM 11140 16S ribosomal RNA gene, partial sequence 0 NR_113121.1 

52 Selenomonas sp. ST6 16S ribosomal RNA gene, partial sequence 0 GU561410.1 

53 
Streptococcus thermophilus strain KDLLJ4-1 16S ribosomal RNA gene, partial 
sequence 

0 KJ890358.1 

54 
Capnocytophaga ochracea strain DSM 7271 16S ribosomal RNA gene, complete 
sequence 

0 NR_074505.1 

55 Bacterium NLAE-zl-P883 16S ribosomal RNA gene, partial sequence 5E-155 JQ607719.1 

56 
Actinomyces sp. oral taxon 448 strain F0400 16S ribosomal RNA gene, partial 
sequence 

0 HM596273.1 

58 
Fusobacterium nucleatum strain YWH7407 16S ribosomal RNA gene, partial 
sequence 

0 KF444263.1 

59 Burkholderia sp. M325 16S ribosomal RNA gene, partial sequence 0 KJ944086.1 

60 
Lachnoanaerobaculum saburreum strain DNF00896 16S ribosomal RNA gene, partial 
sequence 

0 KJ082046.1 

61 Streptococcus sanguinis strain M634 16S ribosomal RNA gene, partial sequence 0 KC817294.1 

63 
Leptotrichia sp. oral taxon 225 strain FEA2 16S ribosomal RNA gene, partial 
sequence 

8E-173 GQ422731.1 

64 Actinobaculum sp. BM#101342 16S ribosomal RNA gene, partial sequence 0 AY282578.1 

65 Leptotrichia genomosp. C1 16S ribosomal RNA gene, partial sequence 0 AY278621.1 

66 Prevotella histicola strain JCM 15637 16S ribosomal RNA gene, partial sequence 0 NR_113105.1 

67 Prevotella oulorum strain C08KA 16S ribosomal RNA gene, partial sequence 0 GQ422734.1 

68 Rothia mucilaginosa DY-18 strain DY-18 16S ribosomal RNA, complete sequence 0 NR_074690.1 

70 
Oribacterium asaccharolyticum strain ACB7 16S ribosomal RNA gene, partial 
sequence 

0 NR_125571.1 

71 Lachnoanaerobaculum sp. MSX33 16S ribosomal RNA gene, partial sequence 4E-119 HQ616384.1 

72 
Stomatobaculum longum strain ACC2 16S ribosomal RNA gene, partial sequence 0 NR_117792.1 

Lachnospiraceae genomosp. C1 16S ribosomal RNA gene, partial sequence 0 AY278618.1 

73 Veillonella parvula DSM 2008, complete genome 0 CP001820.1 

74 
Aggregatibacter segnis strain D19 16S ribosomal RNA gene, partial sequence 0 KF261348.1 

Haemophilus sp. Smarlab 3302188 16S ribosomal RNA gene, partial sequence 0 AY538693.1 

75 Lautropia mirabilis strain SSI AB 2188 16S ribosomal RNA gene, partial sequence 0 NR_104897.1 

76 
Leptotrichia goodfellowii strain JCM 16774 16S ribosomal RNA gene, partial 
sequence 

0 NR_113160.1 

77 
Bifidobacterium pseudocatenulatum gene for 16S ribosomal RNA, partial sequence, 
isolate: 4-1-6 

0 AB932550.1 

The BLAST results were retrieved on 8 October 2014. Sequences were aligned against the Nucleotide collection (nr/nt) 
using Megablast. Uncultured or environmental samples were excluded from the search results. 
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Figure S1: Schematic overall configuration of MAM (a) and a schematic cross-section of a 
microcosm growth station (b). Adapted from Wong L (2001) Mineralisation in dental plaque 
model systems. PhD Thesis, University of Otago, Dunedin, New Zealand. 
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Figure S2: Photograph of the operational MAM. 

 

 
Figure S3: Shannon diversity index per time-point and treatment. The 
whiskers indicate the standard deviation. Samples from the Control group 

increased significantly in diversity from day 7 to day 17 (p = 0.023; General 

Linear Model Repeated Measures test). 
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c) 

 

d) 

 

 

e) 

 

f) 

 

 

Figure S4: Comparison of the fatty acid concentrations butyrate (a), acetate (b), lactate (c), formate (d), 
succinate (e) and propionate (f) in the microcosms between the two treatments (Control, Arginine) and 
between the two phases (Rest, Post-Sucrose). The median and the interquartile range of the acid 

concentrations are depicted in the above figures. Statistical significance (p < 0.05) was determined using the 
Mann-Whitney test. 


