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Comparison of the modulatory 
effects of three structurally similar 
potential prebiotic substrates 
on an in vitro multi‑species oral 
biofilm
Tim Verspecht1,2, Wannes Van Holm1,2, Nico Boon2, Kristel Bernaerts3, Carlo A. Daep4, 
Naiera Zayed1,2,5, Marc Quirynen1,6 & Wim Teughels1,6*

Previous research identified potential prebiotic substrates for oral health like the structural analogues 
N‑acetyl‑d‑mannosamine (NADM) and N‑acetyl‑d‑glucosamine (NADG). The main hypothesis of the 
current study was twofold. Firstly, it was hypothesized that the modulatory effects of NADM are not 
limited to changes in multi‑species oral biofilm composition, but also include effects on metabolism, 
virulence, and inflammatory potential. Secondly, the presence and orientation of their N‑acetyl 
group could play a role. Therefore, a comparison was made between the effects of NADM, NADG and 
d‑(+)‑mannose on multi‑species oral biofilms. Besides a beneficial compositional shift, NADM‑treated 
biofilms also showed an altered metabolism, a reduced virulence and a decreased inflammatory 
potential. At a substrate concentration of 1 M, these effects were pronounced for all biofilm aspects, 
whereas at ~ 0.05 M (1%(w/v)) only the effects on virulence were pronounced. When comparing between 
substrates, both the presence and orientation of the N‑acetyl group played a role. However, this 
was generally only at 1 M and dependent on the biofilm aspect. Overall, NADM was found to have 
different effects at two concentrations that beneficially modulate in vitro multi‑species oral biofilm 
composition, metabolism, virulence and inflammatory potential. The presence and orientation of the 
N‑acetyl group influenced these effects.

Oral diseases such as periodontitis or caries result from complex interplays and feedback loops between patho-
genic and commensal microbial species, the host and environmental  factors1–8. The development of these oral 
pathologies is characterised by complex, polymicrobial processes originating from a both synergistic and dys-
biotic microbiota of which the individual members fulfil well-defined roles that, when combined, give rise to 
 disease9. However, in health there is a homeostatic balance between the microbiota, the host and environmental 
 factors1,3,7. Preventive and therapeutic strategies in oral healthcare should therefore focus on maintaining and/or 
restoring the balances between the oral microbiota and the host and within the commensal oral  microbiota1,7,10. 
Such approaches could provide valuable alternatives for existing strategies, which often use antimicrobials such 
as antiseptics or antibiotics. Antimicrobial strategies often result in the a-specific and uncontrolled killing of 
both commensal and pathogenic bacteria. Furthermore, they could lead to the development of adaptation and 
resistance to antimicrobial agents, a global healthcare problem that oral healthcare could also be more and more 
frequently confronted  with11–14.

In the search for new pro-microbial treatment options, the so-called ‘probiotic approach’, in which live micro-
organisms are administered in such amounts that they provide a health benefit for the  host15, gained a lot of 
interest. Given their broadly shown clinical and microbiological benefits, probiotics for oral health have been used 
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for many years  now16,17. More recently, the so-called ‘prebiotic approach’, in which substrates that are selectively 
utilized by host microorganisms are administered and in turn confer a health  benefit18, was introduced. Even 
though several in vitro and in vivo studies have explored the use of prebiotics for oral health and reported promis-
ing  results19–24, further in vitro and in vivo research is needed to apply the prebiotic approach in oral healthcare.

In the past few years, potential prebiotic substrates have been identified that modulate in vitro multi-spe-
cies oral biofilms by stimulation of beneficial/commensal bacteria, resulting in more host-compatible biofilms 
that carried fewer pathogens, showed reduced virulence gene expression and had less inflammatory potential. 
N-acetyl-d-mannosamine (NADM) was one of the first identified potential prebiotic substrates that could induce 
a beneficial compositional shift in an in vitro multi-species oral  biofilm22. Recently, four other potential prebiotic 
substrates were shown to modulate in vitro multi-species oral biofilms towards a more host-compatible  state24. 
More specifically, they induced a shift towards a more health-associated microbiological composition, an altered 
metabolic profile and an often decreased virulence gene expression and inflammatory potential. One of those 
substrates, N-acetyl-d-glucosamine (NADG), shows high functional and structural similarity with NADM. They 
both are essential precursors of N-acetyl-neuraminic acid, which constitutes an important component of bacterial 
cell walls, and have a similar uptake, transport and  metabolism25,26. Both amino sugars are structural analogues 
and share the same basic d-(+)-mannose-like sugar structure, but differ in the orientation of their N-acetyl group.

The main hypothesis and aim of this study were twofold. Firstly, it was hypothesized that NADM could also 
have beneficial effects on other aspects of in vitro multi-species oral biofilms. Here, the aim was to investigate 
whether NADM, apart from its beneficial effect on microbiological composition, also exhibits effects on the 
metabolic profile, virulence gene expression and inflammatory potential of in vitro multi-species oral biofilms. 
Secondly, it was hypothesized that the common features of NADM and NADG might play an important role in 
their observed effects. Here, the aim was to make a comparison between NADM, NADG and d-(+)-mannose 
to investigate the influence of the presence/absence of the N-acetyl group (NADM/NADG vs. d-(+)-mannose) 
and the orientation of the N-acetyl group (NADM vs. NADG) on in vitro multi-species oral biofilm composi-
tion, metabolic profile, virulence gene expression and inflammatory potential. All substrates were tested at a 
higher concentration of 1 M to allow for comparison with the two before-mentioned studies where NADM and 
NADG were identified as potential prebiotic  substrates22,24, and at a lower, clinically more relevant concentra-
tion of ~ 0.05 M (1%(w/v)).

Results
Comparison of the effects on multi‑species biofilm composition. The effects of NADM, NADG 
and d-(+)-mannose on multi-species biofilm composition were analysed to assess the influence of the orien-
tation (NADG vs. NADM) and presence/absence (NADG/NADM vs. d-(+)-mannose) of the N-acetyl group. 
Significant differences between two substrate conditions were only considered relevant if they were each also 
significantly different from the control condition. In terms of absolute numbers (expressed as the log value of 
the genome equivalents per millilitre; log(Geq/mL)) and at a substrate concentration of 1 M (Fig. 1a, Supple-
mentary Table S1), NADM resulted in a significant decrease (− 1.2 log(Geq/mL)) in S. mutans numbers and a 
significant increase (+ 2.5 log(Geq/mL)) in S. oralis numbers compared to the control. NADG resulted in signifi-
cant decreases in A. actinomycetemcomitans, F. nucleatum, P. gingivalis, P. intermedia and S. sobrinus numbers 
(− 1.5 to − 2.5 log(Geq/mL)), and significantly increased S. oralis numbers (+ 1.0 log(Geq/mL)). d-(+)-mannose 
yielded significantly reduced A. actinomycetemcomitans, F. nucleatum, P. gingivalis, A. naeslundii and A. viscosus 
numbers (-1.2 to -3.7 log(Geq/mL)). When comparing the numbers of pathogens between the different substrate 
conditions, only for P. gingivalis a significant difference was observed, with d-(+)-mannose resulting in lower 
amounts compared to NADG (− 1.25 log(Geq/mL)). For the beneficials/commensals, a significant difference 
was only obtained for S. oralis, with NADM yielding higher numbers compared to NADG (+ 1.5 log(Geq/mL)).

In terms of relative biofilm composition (expressed as %(Geq/mL)), the control condition resulted in a bio-
film harbouring 86.39 ± 0.33% beneficials/commensals, 10.68 ± 1.75% periodontal pathogens and 2.93 ± 1.84% 
cariogenic pathogens (Fig. 1b). Compared to this, significantly increased abundances of beneficials/commensals 
were observed following treatment with each of the substrates (97.61 ± 0.28% for NADM, 97.52 ± 0.82% for 
NADG and 96.83 ± 0.62% for d-(+)-mannose). The periodontal pathogens were significantly decreased for the 
NADM (2.34 ± 0.31%), NADG (0.13 ± 0.10%) and d-(+)-mannose (0.77 ± 0.82%) conditions, whereas the cari-
ogenic pathogens remained unaffected. For the periodontal pathogens, there was also a significantly decreased 
abundance compared to NADM for the NADG (0.13 ± 0.10% vs. 2.34 ± 0.31%) and d-(+)-mannose (0.77 ± 0.82% 
vs. 2.34 ± 0.31%) conditions.

At a substrate concentration of ~ 0.05 M (1%(w/v)) (Fig. 2a, Supplementary Table S2), only F. nucleatum and 
S. mutans showed a significant difference with the control, with a − 1.1 log(Geq/mL) and − 0.5 log(Geq/mL) 
decrease for d-(+)-mannose and NADM, respectively. No relevant significant differences were observed between 
substrate conditions.

In terms of relative biofilm composition (Fig. 2b), the control condition yielded a biofilm consisting of 
59.22 ± 1.17% beneficials/commensals, 40.63 ± 1.13% periodontal pathogens and 0.16 ± 0.06% cariogenic patho-
gens. Compared to this, d-(+)-mannose resulted in a significantly increased abundance of beneficials/com-
mensals (84.18 ± 2.04%) and a significantly decreased abundance of periodontal pathogens (15.61 ± 2.00%). 
Furthermore, NADG yielded a significantly increased abundance of cariogenic pathogens (0.66 ± 0.27%). No 
relevant significant differences between substrate conditions were observed.

Comparison of the effects on multi‑species biofilm organic acid balances. To examine the effect 
of NADM and the influence of the orientation and absence/presence of the N-acetyl group on organic acid 
production and consumption, supernatant samples from substrate-treated or untreated multi-species biofilms 
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were analysed. Significant differences between two substrate conditions were only considered relevant if they 
were each also significantly different from the control condition. At a substrate concentration of 1 M (Fig. 3, 
Supplementary Table S3) and when compared to the control, lactate production was unaffected whereas formate 
production was significantly increased for NADM (791.9 ± 138.27 vs. 384.42 ± 19.24 mg/L). Acetate production 
was significantly decreased for NADM and d-(+)-mannose (3084 ± 174 and 1934 ± 56 mg/L, respectively, vs. 
3779 ± 305 mg/L). Significantly increased propionate production was observed for NADG and d-(+)-mannose 
(2750 ± 40 and 2821 ± 127  mg/L, respectively, vs. 2094 ± 132  mg/L). Finally, butyrate production was signifi-
cantly decreased for NADM, NADG and d-(+)-mannose (541 ± 52, 1255 ± 51 and 85 ± 15 mg/L, respectively, vs. 
1870 ± 93 mg/L). In terms of relevant significant differences between substrate conditions, an increase in acetate 
production was observed for NADM compared to d-(+)-mannose (3084 ± 174 vs. 1934 ± 56 mg/L). Butyrate 
production was significantly lower for NADM and d-(+)-mannose compared to NADG (541 ± 52 and 85 ± 15 vs. 
1255 ± 51  mg/L), with in addition d-(+)-mannose yielding lower butyrate production in comparison with 
NADM (541 ± 52 vs. 85 ± 15 mg/L).

No significant differences could be observed for a substrate concentration of ~ 0.05 M (1%(w/v)), both versus 
the control and when comparing between substrates (Fig. 3, Supplementary Table S3).

Comparison of the effects on multi‑species biofilm virulence gene expression. The expression 
of 33 virulence genes (for an overview of the associated functions of the corresponding virulence factors: see 
Supplementary Table S4) from 4 periodontal pathogens was analysed to evaluate the relative virulence of the 
substrate-treated biofilms. For all three substrates, virulence gene expression was determined relative to the 
control, and these values were also compared between substrates when this was relevant (Tables  1, 2, 3, 4). 
Significantly different gene expressions in the substrate-treated biofilms relative to the untreated biofilms were 
considered to be biologically relevant if their value was more than 2-fold downregulated  (2−ΔΔCt < 0.5) or more 
than 1.5-fold upregulated  (2−ΔΔCt > 1.5). Only these results were considered. Furthermore, significant differences 

Figure 1.  Comparison of the effects of repeated rinsing with NADM, NADG or d-(+)-mannose at 1 M on 
multi-species biofilm composition. (Panel a) Absolute abundances of pathogenic oral species (upper graph) 
and beneficial/commensal oral species (lower graph) are shown as mean ± SD (n = 3) logarithmic values of 
the genome equivalents per millilitre (log(Geq/mL)). (Panel b) Relative abundances of the different groups 
(beneficial/commensals, periodontal pathogens, cariogenic pathogens) of bacterial species are shown as 
mean ± SD (n = 3) percentage of the genome equivalents per millilitre (%(Geq/mL)). All substrates were 
dissolved in PBS at a concentration of 1 M. Statistically significantly different values when compared to the 
control (PBS) are marked with ‘*’ (P < 0.05 ANOVA + Dunnett’s correction for simultaneous hypothesis 
testing), statistically significantly different values between two treatment conditions (NADM = condition 1, 
NADG = condition 2, d-(+)-mannose = condition 3), which were only considered to be relevant if each condition 
was also significantly different from the control condition, are marked with ‘#’ (P < 0.05, ANOVA + Tukey’s 
correction for simultaneous hypothesis testing for comparisons between 3 substrates, unpaired two-tailed t-test 
for comparisons between 2 substrates). Aa: A. actinomycetemcomitans; Fn: F. nucleatum; Pg: P. gingivalis; Pi: P. 
intermedia; An: A. naeslundii; Av: A. viscosus; S. gord.: S. gordonii; S. sal.: S. salivarius; S. sang.: S. sanguinis; Vp: V. 
parvula; LOD: limit of detection (= 2.65 log(Geq/mL)); NADM: N-acetyl-d-mannosamine; NADG: N-acetyl-d-
glucosamine. 
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between two substrate conditions were only considered relevant if they were each also significantly different 
from the control condition.

At a substrate concentration of 1 M, A. actinomycetemcomitans and P. gingivalis virulence gene expression 
was generally significantly downregulated relative to the control for all three substrates (2- to 100-fold for A. 
actinomycetemcomitans and 2.3- to 14.3-fold for P. gingivalis) (Tables 1, 2). Noteworthy was the significantly 
upregulated A. actinomycetemcomitans expression of flp for the NADG condition (2.4-fold) and pgA for all 3 
substrate conditions (3.5- to 11.6-fold). In contrast with all this, F. nucleatum virulence gene expression was 
significantly upregulated for all 3 substrates for the ABC transporter permease gene and the hemin receptor 
gene (2.5- to 3.8 fold), for NADG and d-(+)-mannose for the hemolysin gene (1.9- and 2.1-fold) and for d-(+)-
mannose for the butyrate acetoacetate CoA transferase gene (2.3-fold) (Table 3). For P. intermedia, a more 
diverse effect on virulence gene expression was observed, with in general significant decreases for NADM and 
d-(+)-mannose (2.5- to 33.3-fold) and increases for NADG (2- to 20.3-fold) (Table 4). When only considering 
relevant significant differences between substrates, NADM usually yielded higher A. actinomycetemcomitans gene 
expressions compared to NADG (Table 1). The opposite was observed for flp and pgA. d-(+)-mannose resulted 
in higher omp100 expression compared to NADM and NADG, whereas the opposite was observed for orf859. 
cdtB expression was higher for d-(+)-mannose compared to NADG, whereas for pgA this was the opposite. For 
P. gingivalis, differences were limited, with NADG resulting in lower kgp expression compared to d-(+)-mannose, 
and d-(+)-mannose resulting in lower rgpA expression compared to NADM and NADG (Table 2). For F. nuclea-
tum, no relevant significant differences between substrate conditions were observed (Table 3). For P. intermedia, 
the expression of most genes was significantly higher for NADG when compared to NADM and d-(+)-mannose. 
clpB, dnaJ and phg expression was lower for d-(+)-mannose in comparison with NADM (Table 4).

Figure 2.  Comparison of the effects of repeated rinsing with NADM, NADG or d-(+)-mannose at ~ 0.05 M 
(1%(w/v)) on multi-species biofilm composition. (Panel a) Absolute abundances of pathogenic oral species 
(upper graph) and beneficial/commensal oral species (lower graph) are shown as mean ± SD (n = 3) logarithmic 
values of the genome equivalents per millilitre (log(Geq/mL)). (Panel b) Relative abundances of the different 
groups (beneficial/commensals, periodontal pathogens, cariogenic pathogens) of bacterial species are shown 
as mean ± SD (n = 3) percentage of the genome equivalents per millilitre (%(Geq/mL)). All substrates were 
dissolved in PBS at a concentration of ~ 0.05 M (1%(w/v)) (corresponding molar concentrations: 0.045 M (NADM 
and NADG) and 0.056 M (d-(+)-mannose)). Statistically significantly different values when compared to 
the control (PBS) are marked with ‘*’ (P < 0.05 ANOVA + Dunnett’s correction for simultaneous hypothesis 
testing), statistically significantly different values between two treatment conditions (NADM = condition 1, 
NADG = condition 2, d-(+)-mannose = condition 3), which were only considered to be relevant if each condition 
was also significantly different from the control conditon, are marked with ‘#’ (P < 0.05, ANOVA + Tukey’s 
correction for simultaneous hypothesis testing for comparisons between 3 substrates, unpaired two-tailed t-test 
for comparisons between 2 substrates). Aa: A. actinomycetemcomitans; Fn: F. nucleatum; Pg: P. gingivalis; Pi: P. 
intermedia; An: A. naeslundii; Av: A. viscosus; S. gord.: S. gordonii; S. sal.: S. salivarius; S. sang.: S. sanguinis; Vp: V. 
parvula; LOD: limit of detection (= 2.65 log(Geq/mL)); NADM: N-acetyl-d-mannosamine; NADG: N-acetyl-d-
glucosamine. 
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At a substrate concentration of ~ 0.05 M (1%(w/v)), A. actinomycetemcomitans gene expression was signifi-
cantly decreased relative to the control for NADM in the case of flp, emaA and omp100 (2.4- to 2.9-fold), for 
d-(+)-mannose in the case of cdtB, emaA, ltxA, omp100 and vapA (2.4- to 5.9-fold), whereas for NADG it was 
increased in the case of aae and orf859 (1.5- and twofold) and decreased in the case of vppA (3.6-fold) (Table 1). 
For P. gingivalis and F. nucleatum, the observed pattern of significant differences in gene expression relative to 
the control was generally opposed to the one observed for a substrate concentration of 1 M (Tables 2, 1). When 
significantly affected, F. nucleatum gene expression was decreased (2.6- to 10-fold) and P. gingivalis gene expres-
sion increased (1.8- to 3.5-fold), except for partC expression, which was decreased (2.8-fold) for NADG. Relative 
P. intermedia virulence gene expression was generally downregulated for NADM (2.5- to 7.7-fold), unaffected 
for NADG and downregulated for d-(+)-mannose for 3 genes (2- to 2.7-fold) (Table 4). When considering only 
relevant significant differences between substrates, no differences were observed for A. actinomycetemcomitans, 
P. gingivalis and F. nucleatum (Tables 1, 2, 3). For P. intermedia, phg expression was lower for NADM compared 
to d-(+)-mannose (Table 4).

Comparison of the effects on multi‑species biofilm inflammatory potential. The expression 
of five inflammatory mediator genes in human oral keratinocytes (HOKs) exposed to substrate-treated or 
untreated biofilms was analysed to evaluate the relative inflammatory potential of substrate-treated biofilms. In 

Figure 3.  Comparison of the effects of repeated rinsing with NADM, NADG or d-(+)-mannose on multi-
species biofilm organic acid production/consumption. Organic acid levels detected in the supernatants of 
substrate-treated multi-species biofilms are shown as mean ± SD (n = 3) values (mg/L). Values > 0 mg/L represent 
a net organic acid production, values < 0 mg/L represent a net organic acid consumption. Substrates were 
dissolved in PBS at a concentration of 1 M (panel a) or ~ 0.05 M (1%(w/v)) (panel b) (corresponding molar 
concentrations: 0.045 M (NADM and NADG) and 0.056 M (d-(+)-mannose)). Statistically significantly different 
values when compared to the control (PBS) are marked with ‘*’ (P < 0.05, ANOVA + Dunnett’s correction for 
simultaneous hypothesis testing), statistically significantly different values between two treatment conditions, 
which were only considered to be relevant if each condition was also significantly different from the control 
condition, are marked with ‘#’ (P < 0.05, ANOVA + Tukey’s correction for simultaneous hypothesis testing for 
comparisons between 3 substrates, unpaired two-tailed t-test for comparisons between 2 substrates). OA: 
organic acid; NADM: N-acetyl-d-mannosamine; NADG: N-acetyl-d-glucosamine.
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addition, these values were also compared between substrates when this was relevant. Significantly different gene 
expressions relative to HOKs exposed to untreated biofilms were considered biologically relevant if their value 
was more than 2-fold downregulated  (2−ΔΔCt < 0.5) or more than 1.5-fold upregulated  (2−ΔΔCt > 1.5) and only 
these results were considered. Furthermore, significant differences between two substrate conditions were only 
considered relevant if they were each also significantly different from the control condition. Finally, absolute IL-8 
levels in the cellular supernatant were determined as well.

Exposure of HOKs to substrate-treated biofilms (substrate concentration of 1 M) resulted in a decreased IL-8 
gene expression (7.1-fold to 10-fold) relative to HOKs exposed to untreated biofilms (Supplementary Table S5). 
The relative expression of the other genes was generally unaffected, except for the MMP-8 gene, for which it 
was increased for the NADM condition (1.7-fold). When comparing between substrates, no relevant significant 
differences were observed. Absolute IL-8 levels were significantly decreased (36-fold to 357-fold) for all three 
substrate conditions compared to the control (Fig. 4, Supplementary Table S6). No relevant significant differences 
in IL-8 levels were observed when comparing between substrates.

Exposure of HOKs to substrate-treated biofilms (substrate concentration of ~ 0.05 M (1%(w/v))) did generally 
not yield significant differences in gene expression relative to HOKs exposed to untreated biofilms, except for a 
decreased MMP-8 gene expression for the d-(+)-mannose condition (2.5-fold) (Supplementary Table S5). No 
relevant significant differences were observed when comparing between substrates. This was also the case for IL-8 
levels when compared to the control condition or between substrates, except for the NADM condition, which 
showed reduced IL-8 levels compared to the control (2.4-fold) (Fig. 4, Supplementary Table S6).

Discussion
Over the past years, research groups have started to focus on the modulation of the commensal oral microbiota 
as a potential strategy for the prevention and treatment of oral  diseases19–22,24,27. In this study, two important 
hypotheses that emerged from previous research were investigated. Firstly, this study shows that a previously 
identified potential prebiotic substrate, NADM, does not only modulate in vitro multi-species oral biofilms so 
that they become more host-compatible in terms of microbiological composition, as previously  shown22, but 
also modulates other important biofilm aspects. Biofilms repeatedly rinsed with NADM showed an altered 

Table 1.  Comparison of the effects of repeated multi-species biofilm rinsing with NADM, NADG or d-(+)-
mannose on A. actinomycetemcomitans virulence gene expression. Fold changes in virulence gene expression 
were determined relative to the control condition through the  2−ΔΔCt method and are shown as the geometric 
mean (C.I.) (n = 3) of the  2−ΔΔCt values. All substrates were dissolved in PBS at 1 M (upper part) or ~ 0.05 M 
(1%(w/v)) (lower part) (0.045 M (NADM and NADG) and 0.056 M (d-(+)-mannose)). Values between 0 and 
1 represent relative downregulation, values > 1 relative upregulation. Statistically significantly values relative 
to the control (PBS) that are < 0.5 (> twofold downregulated) or > 1.5 (> 1.5-fold upregulated) are considered 
biologically relevant and shown in bold and marked with ‘*’ (P < 0.05, ANOVA + Dunnett’s correction for 
simultaneous hypothesis testing). For such values, statistically significant differences between two treatment 
conditions are marked with ‘#1’ (vs. NADM), ‘#2’ (vs. NADG), ‘#3’ (vs. d-(+)-mannose) and shown in bold 
(P < 0.05, ANOVA + Tukey’s correction for simultaneous hypothesis testing for comparisons between 3 
substrates, unpaired two-tailed t-test for comparisons between 2 substrates). Statistically significantly different 
values between treatment conditions were only considered relevant if each condition was also significantly 
different from the control condition and only such differences are indicated. Color code: magnitude of the 
fold change in gene expression relative to the control. NADM: N-acetyl-d-mannosamine; NADG: N-acetyl-d-
glucosamine; C.I.: 95% confidence interval.
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Table 2.  Comparison of the effects of repeated multi-species biofilm rinsing with NADM, NADG or d-(+)-
mannose on P. gingivalis virulence gene expression. Fold changes in virulence gene expression were determined 
relative to the control condition through the  2−ΔΔCt method and are shown as the geometric mean (C.I.) (n = 3) 
of the  2−ΔΔCt values. All substrates were dissolved in PBS at 1 M (upper part) or ~ 0.05 M (1%(w/v)) (lower part) 
(0.045 M (NADM and NADG) and 0.056 M (d-(+)-mannose)). Values between 0 and 1 represent relative 
downregulation, values > 1 represent relative upregulation. Statistically significantly different fold changes 
relative to the control (PBS) that are < 0.5 (> twofold downregulated) or > 1.5 (> 1.5-fold upregulated) are 
considered biologically relevant and are shown in bold and marked with ‘*’ (P < 0.05, ANOVA + Dunnett’s 
correction for simultaneous hypothesis testing). For such values, statistically significant differences between two 
treatment conditions are marked with ‘#1’ (vs. NADM), ‘#2’ (vs. NADG), ‘#3’ (vs. d-(+)-mannose) and shown 
in bold (P < 0.05, ANOVA + Tukey’s correction for simultaneous hypothesis testing for comparisons between 3 
substrates, unpaired two-tailed t-test for comparisons between 2 substrates). Statistically significantly different 
values between treatment conditions were only considered relevant if each condition was also significantly 
different from the control condition and only such differences are indicated. Color code: magnitude of the 
fold change in gene expression relative to the control. NADM: N-acetyl-d-mannosamine; NADG: N-acetyl-d-
glucosamine; C.I.: 95% confidence interval.

Table 3.  Comparison of the effects of repeated multi-species biofilm rinsing with NADM, NADG or 
d-(+)-mannose on F. nucleatum virulence gene expression. Fold changes in virulence gene expression were 
determined relative to the control condition through the  2−ΔΔCt method and are shown as the geometric mean 
(C.I.) (n = 3) of the  2−ΔΔCt values. All substrates were dissolved in PBS at 1 M (upper part) or ~ 0.05 M (1%(w/v)) 
(lower part) (0.045 M (NADM and NADG) and 0.056 M (d-(+)-mannose)). Values between 0 and 1 represent 
relative downregulation, values > 1 represent relative upregulation. Statistically significantly different fold 
changes relative to the control (PBS) that are < 0.5 (> twofold downregulated) or > 1.5 (> 1.5-fold upregulated) 
are considered biologically relevant and are shown in bold and marked with ‘*’ (P < 0.05, ANOVA + Dunnett’s 
correction for simultaneous hypothesis testing). For such values, statistically significant differences between two 
treatment conditions are marked with ‘#1’ (vs. NADM), ‘#2’ (vs. NADG), ‘#3’ (vs. d-(+)-mannose) and shown 
in bold (P < 0.05, ANOVA + Tukey’s correction for simultaneous hypothesis testing for comparisons between 3 
substrates, unpaired two-tailed t-test for comparisons between 2 substrates). Statistically significantly different 
values between treatment conditions were only considered relevant if each condition was also significantly 
different from the control condition and only such differences are indicated. Color code: magnitude of the 
fold change in gene expression relative to the control. NADM: N-acetyl-d-mannosamine; NADG: N-acetyl-d-
glucosamine; C.I.: 95% confidence interval; but.-coA transf.: butyrate-acetoacetate CoA transferase; ABC transp. 
perm.: ABC transporter permease.
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metabolic activity, a downregulated expression of a selection of virulence genes and a decreased inflammatory 
potential towards human oral keratinocytes. At a concentration of 1 M, NADM had pronounced effects on all 
four biofilm aspects, whereas at a concentration of ~ 0.05 M (1%(w/v)), NADM mainly had pronounced effects on 
virulence gene expression. This study thus further strengthened the candidacy of NADM as a potential prebi-
otic for oral health. Secondly, a comparison was made between the two previously identified potential prebiotic 
substrates NADM and  NADG22,24, and d-(+)-mannose, to investigate the effects of the presence/absence and 
the orientation of the N-acetyl group on the four above-mentioned biofilm aspects. Both the presence/absence 
and the orientation were sometimes found to play a role when considering compositional, metabolic and viru-
lence changes. However, this was generally only at a substrate concentration of 1 M and often dependent on the 
biofilm aspect under consideration. Since d-(+)-mannose also had beneficial effects, it can be stated that the 
N-acetyl group is not essential or required to achieve certain biofilm modulatory effects. However, to achieve 
certain other effects, both the presence and orientation of the N-acetyl group played a role. Altogether, the novelty 
of this study is twofold. Firstly, it broadens the range of modulatory effects the previously identified potential 
prebiotic substrate NADM has on in vitro 14-species oral biofilms. Secondly, it identifies differences between the 
modulatory effects of NADM and NADG, two previously identified potential prebiotic substrates, on in vitro 
multi-species oral biofilms.

Evaluation of the substrates at two distinct concentrations, a low one (~ 0.05 M (1%(w/v))) and a high one 
(1 M), was an important experimental factor that allowed for comparison with the two studies preceding this 
 work22,24. Like it is the case for many therapeutic or prophylactic formulations, prebiotics are characterized by a 
dose-dependency of their effects, which only become noticeable above a certain threshold  concentration22,28–30. 
In the previous in vitro study by Slomka and co-workers where NADM was shown to have potential prebiotic 
effects on multi-species oral biofilm composition, the effects were most pronounced for concentrations near the 
1 M concentration used in the current study. In the study by Verspecht et al. where NADG was identified as a 
potential prebiotic substrate, the effects were also most pronounced for a concentration of 1 M. Such a high con-
centration can be useful to provide a certain in vitro proof-of-concept, but commercial oral healthcare products 
would eventually require much lower concentrations of the compounds in their formulation. Therefore, the more 
realistic concentration of ~ 0.05 M (1%(w/v)) was included as well.

Table 4.  Comparison of the effects of repeated multi-species biofilm rinsing with NADM, NADG or 
d-(+)-mannose on P. intermedia virulence gene expression. Fold changes in virulence gene expression were 
determined relative to the control condition through the  2−ΔΔCt method and are shown as the geometric mean 
(C.I.) (n = 3) of the  2−ΔΔCt values. All substrates were dissolved in PBS at 1 M (upper part) or ~ 0.05 M (1%(w/v)) 
(lower part) (0.045 M (NADM and NADG) and 0.056 M (d-(+)-mannose)). Values between 0 and 1 represent 
relative downregulation, values > 1 represent relative upregulation. Statistically significantly different fold 
changes relative to the control (PBS) that are < 0.5 (> twofold downregulated) or > 1.5 (> 1.5-fold upregulated) 
are considered biologically relevant and are shown in bold and marked with ‘*’ (P < 0.05, ANOVA + Dunnett’s 
correction for simultaneous hypothesis testing). For such values, statistically significant differences between two 
treatment conditions are marked with ‘#1’ (vs. NADM), ‘#2’ (vs. NADG), ‘#3’ (vs. d-(+)-mannose) and shown 
in bold (P < 0.05, ANOVA + Tukey’s correction for simultaneous hypothesis testing for comparisons between 3 
substrates, unpaired two-tailed t-test for comparisons between 2 substrates). Statistically significantly different 
values between treatment conditions were only considered relevant if each condition was also significantly 
different from the control condition and only such differences are indicated. Color code: magnitude of the 
fold change in gene expression relative to the control. NADM: N-acetyl-d-mannosamine; NADG: N-acetyl-d-
glucosamine; C.I.: 95% confidence interval.
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One of the ultimate goals of microbiota modulation-based interventions is to restore or maintain the homeo-
static balance between beneficial/commensal and potentially pathogenic microbial species. In this study, repeated 
rinsing of the biofilms with NADM at 1 M caused a clear shift in biofilm composition towards a more health-
associated  one31–33, with decreased proportions of periodontal and cariogenic pathogens and increased propor-
tions of beneficial/commensal species. This corresponds with what was previously reported for NADM by Slomka 
and co-workers, who showed that repeated exposure of an in vitro multi-species oral biofilm to NADM resulted 
in a biofilm composition of > 96% beneficial/commensal  species22. However, such pronounced compositional 
changes were lacking at a substrate concentration of ~ 0.05 M (1%(w/v)). Most likely, this is due to the concentration 
dependency of (potential) prebiotic substrates, something which has also been reported  before22,29,34. In addi-
tion, this could also be because of the relatively short treatment period used in this study. Further investigation 
is required to obtain conclusive results regarding this specific matter.

Because of the well-known association between metabolic activity and microbiological composition and 
 interactions35–38, this study also evaluated the effects of NADM on the organic acid balances in the biofilm 
supernatant. Given the diversity in species of the biofilm model used in this study, a complex interplay between 
the different metabolic networks of the species is to be expected. The most common metabolic pathways in oral 
bacteria and the resulting metabolites have been previously described by Takahashi and  coworkers35,38. Being an 
amino sugar, NADM is primarily metabolized through saccharolytic pathways, providing a nitrogen and carbon 
 source39–41. Rinsing the biofilms with NADM at 1 M induced changes in organic acid balances that could be 
explained by some of the compositional changes. A possible explanation for the lactate depletion, one of the main 

Figure 4.  Comparison of the effects of repeated rinsing with NADM, NADG or d-(+)-mannose on multi-
species biofilm inflammatory potential. IL-8 levels detected in the supernatants of human oral keratinocytes 
(HOK-18A) cultures exposed to substrate-treated multi-species biofilms are shown as mean ± SD (n = 3) values 
(pg/mL). Substrates were dissolved in PBS at a concentration of 1 M (panel a) or ~ 0.05 M (1%(w/v)) (panel 
b) (corresponding molar concentrations: 0.045 M (NADM and NADG) and 0.056 M (d-(+)-mannose)). 
Statistically significantly different values when compared to the control (PBS) are marked with ‘*’ (P < 0.05, 
ANOVA + Dunnett’s correction for simultaneous hypothesis testing), statistically significantly different values 
between two treatment conditions, which were only considered to be relevant if each condition was also 
significantly different from the control condition, are marked with ‘#’ (P < 0.05, ANOVA + Tukey’s correction 
for simultaneous hypothesis testing for comparisons between 3 substrates, unpaired two-tailed t-test for 
comparisons between 2 substrates). NADM: N-acetyl-d-mannosamine; NADG: N-acetyl-d-glucosamine.
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metabolites of a saccharolytic streptococcal metabolism, and increased formate levels might be the tendency of 
increased Veillonella parvula numbers. Veillonella species are usually highly abundant in oral biofilms and utilize 
lactate as an energy source by for instance metabolizing it into formate, acetate and  propionate31,33,38. Another 
remarkable observation was the decrease in butyrate levels, which can be attributed to the generally decreased 
abundances of the periodontal pathogens. Especially this last metabolic change can be considered as a favourable 
health-associated change since butyrate produced by periodontal pathogens is associated with inflammatory 
processes that take place during periodontal  diseases42,43. Similar to what was observed at the compositional 
level, no detectable changes in organic acid balances occurred when NADM was tested at ~ 0.05 M (1%(w/v)), 
which is perhaps not surprising given the strong association between compositional and metabolic changes.

Inflammation caused by a virulent, dysbiotic microbiota is one of the main hallmarks of oral  diseases44–48. 
Therefore, the expression of a selection of well-known virulence genes from the periodontal pathogens incor-
porated in the biofilm model was evaluated. In most cases, virulence gene expression was often strongly (2- 
up to 100-fold) downregulated in biofilms repeatedly rinsed with NADM, and this for both concentrations 
tested. These genes encode a wide range of virulence factors involved in a variety of disease-associated processes 
such as immune evasion, host tissue degradation, cytotoxicity and cell adhesion and invasion (Supplemen-
tary Table S4)49–54. Numerous in vitro and in vivo studies investigating dysbiotic oral biofilms have reported 
upregulated expression of these or similar virulence  genes44,46,55,56. Consequently, one can conclude that NADM 
theoretically also exhibits a beneficial, health-associated modulatory effect on the virulence properties of multi-
species oral biofilms. Worth highlighting is the fact that an altered virulence gene expression was also observed 
for the ~ 0.05 M (1%(w/v)) condition, despite the lack of compositional or metabolic changes for this substrate 
concentration. This has also been described for subinhibitory concentrations of certain antimicrobials, which 
were unable to affect bacterial growth but still caused pronounced changes in virulence gene  expression57–59. 
Overall, NADM treatment showed to have beneficial effects on virulence gene expression, which were highly 
dependent on the substrate concentration, the bacterial species and the genes under consideration.

As mentioned before, inflammation plays a key role in the initiation and progression of periodontal  diseases48. 
Biofilms treated with NADM at 1 M showed a pronounced reduction of their inflammatory potential towards 
biofilm-exposed human oral keratinocytes in terms of IL-8 gene expression levels and absolute IL-8 levels. In 
addition, keratinocytes exposed to biofilms treated with NADM at ~ 0.05 M (1%(w/v)) also showed a decrease in 
absolute IL-8 levels. These keratinocytes are known to produce high levels of IL-8 during the onset and progres-
sion of periodontal disease, with IL-8 subsequently acting as a strong attractant and activator of  neutrophils55,60,61. 
The reduced IL-8 levels can thus be considered as favourable, as this could breach the self-sustaining feedback 
loop between dysbiosis and inflammation by which periodontal disease is characterized. Finally, there could 
also still be a more indirect effect on the inflammatory response, for instance through the before-mentioned 
changes in virulence gene expression.

Altogether, the data support the hypothesis that the biofilm modulatory effects of NADM are not limited to 
compositional changes, but also include changes in microbial function (i.e. metabolic activity and virulence) 
and in interaction with the host (i.e. inflammatory potential). A similar general conclusion was previously 
drawn for  NADG24. NADM and NADG both are essential precursors of N-acetylneuraminic acid, an impor-
tant component in bacterial cell walls (peptidoglycan) and bacterial capsules (polysialic acid), and share their 
main uptake and transport mechanisms and metabolization  processes25,26,62,63. Both amino sugars share the 
same basic d-(+)-mannose-like sugar structure, but differ in the orientation of their N-acetyl group. This study 
attempted to investigate whether the presence/absence and the orientation of the N-acetyl group plays a role 
in the observed biofilm modulatory effects. In some cases, differences between NADM, NADG and d-(+)-
mannose were observed, indicating that both the presence and the orientation might have an influence. The data 
show that all three substrates have certain beneficial modulatory effects on in vitro multi-species oral biofilms. 
Sometimes these effects are only observed for one or two substrate(s), or sometimes certain effects are less or 
more pronounced. When there seemed to be an influence of the absence/presence or orientation of the N-acetyl 
group, this was highly dependent on the specific biofilm aspect under investigation. This is well-illustrated by 
the differences in effects on virulence gene expression, which were highly dependent on the bacterial species, 
virulence gene and substrate concentration. There are numerous examples in nature of bioactive molecules that 
have similar molecular structures but differ in their biological effects, ranging from subtle, unharmful differ-
ences to completely opposed  effects64–66. The overall beneficial effects achieved for all three substrates raise the 
question whether combining two or three substrates could result in synergistic effects. Although this was not 
investigated in the current study, it is unlikely this would be the case. A study on the transport of NADM and 
NADG in Escherichia coli reported strong inhibition of NADM and NADG uptake by mannose and both amino 
sugars also strongly affected each other’s  uptake26.

The differences and limitations of this type of in vitro research in comparison with the real-life situation have 
already been broadly discussed and addressed in the previous study by Verspecht et al.24. The experimental set-up 
of this study was designed to deal with several of these limitations and differences. For instance, biofilms were 
grown on hydroxyapatite disks to simulate the tooth surface, whereas the rinsing protocol simulated repeated 
exposure to the substrates as would be the case when using mouth rinses or brushing the teeth. Future research 
should address other aspects that were left untouched in the current study, like the inclusion of other inflam-
matory models or looking into actual levels of virulence factors. In vivo studies will eventually be required to 
determine the clinical potential of these potential prebiotic substrates.

In conclusion, this study showed that the previously identified potential prebiotic substrate NADM has 
distinct effects at two different concentrations that modulate in vitro multi-species oral biofilms in such a way 
that they become more host-compatible. These effects are not only limited to compositional changes but also 
include effects on metabolism, virulence and inflammatory potential. Repeatedly rinsing established biofilms 
with NADM at the highest concentration tested (1 M) caused pronounced compositional, metabolic, virulence 
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and inflammatory changes, whereas at the lowest concentration tested (~ 0.05 M (1%(w/v))) mainly changes in 
virulence gene expression were observed. Furthermore, this study investigated whether the presence/absence 
and orientation of the N-acetyl group present in both previously identified potential prebiotic substrates NADM 
and NADG influence the biofilm modulatory effects. Sometimes both the presence and orientation influenced 
these effects, but this was highly dependent on the biofilm aspect under investigation. Altogether, this study 
further strengthens the candidacy of NADM as a potential prebiotic for oral health. However, when compar-
ing between the effects of the three substrates, the conclusions were less straightforward. Since d-(+)-mannose 
also had beneficial effects, it can be stated that the N-acetyl group is not essential or required to achieve certain 
biofilm modulatory effects. However, to achieve certain other effects, both the presence and orientation of the 
N-acetyl group played a role.

Materials and methods
Bacterial strains, media and culture conditions. Following bacterial strains were used as representa-
tive oral pathogens: Aggregatibacter actinomycetemcomitans ATCC 43718, Fusobacterium nucleatum ATCC 
10953, Porphyromonas gingivalis ATCC 33277, Prevotella intermedia ATCC 25611, Streptococcus mutans ATCC 
25175 and Streptococcus sobrinus ATCC 33478. Actinomyces naeslundii ATCC 51655, Actinomyces viscosus 
ATCC 15987, Streptococcus gordonii ATCC 49818, Streptococcus mitis DSM 12643, Streptococcus oralis DSM 
20627, Streptococcus salivarius TOVE-R, Streptococcus sanguinis LMG 14657 and Veillonella parvula DSM 2008 
were used as representative commensal/beneficial oral bacterial strains. Bacteria were maintained on blood agar 
plates consisting of Blood agar Base I (Oxoid Ltd, Basingstoke, UK) supplemented with 1 mg/mL menadione 
(Calbiochem-Novabiochem, La Jolla, USA), 5 mg/mL hemin (Sigma-Aldrich Co, St. Louis, USA) and 5% sterile 
horse blood (E&O Laboratories Ltd, Bonnybridge, Scotland). Detailed culture and incubation conditions were 
described previously by Slomka and co-workers22.

Bioreactor‑derived multispecies community. A 14-species community was established in a Biostat 
B Twin 1L bioreactor (Sartorius Stedim Biotech GmbH, Goettingen, Germany) with controlled environmental 
conditions as previously described by Slomka and co-workers22.

Substrates. N-acetyl-d-glucosamine, N-acetyl-d-mannosamine and d-(+)-mannose (all Sigma-Aldrich 
Co, St. Louis, USA) were dissolved in phosphate-buffered saline (PBS) with pH adjusted to 5.7 using citric acid, 
followed by filter sterilization. Substrates were tested at concentrations of 1 M and ~ 0.05 M (1%(w/v)), the latter 
respectively corresponding to 0.045 M (NADG and NADM) and 0.056 M (d-(+)-mannose).

Multi‑species biofilm rinsing assays. For the biofilm rinsing assays, a bioreactor sample was diluted 
(1:10) in fresh modified Brain Heart Infusion (BHI)  medium67 and added to a 24-well plate (2 mL/well). The 
Amsterdam Active Adhesion  model68 was used to grow biofilms vertically on Calcium Deficient Hydroxyapatite 
(CAD-HA) disks (Hitemco Medical, Old Bethpage, USA). Biofilms were grown under micro-aerophilic condi-
tions (6%  O2, 7%  CO2, 7%  H2, 80%  N2) during 24 h (37 °C, 170 rpm). Next, disks containing the established 
biofilms were rinsed 3 times a day for 3 min (RT, 250 rpm), during 3 consecutive days, by transferring the lid 
containing the disks to a new 24-well plate containing the appropriate substrate solutions (2 mL/well). PBS (pH 
5.7) without substrate supplementation was used as a negative control. After each rinsing step, disks were shortly 
dip-rinsed in a new 24-well plate containing fresh modified BHI medium (2 mL/well) to remove remaining 
substrate traces. Subsequently, the lid was transferred to another 24-well plate containing fresh modified BHI 
medium (2 mL/well), followed by incubation (micro-aerophilic, 37 °C, 170 rpm) until the next rinsing step. The 
morning after the final rinsing step on the third day, disks containing treated and untreated biofilms were dip-
rinsed in PBS (pH 7.4) to remove unattached cells, followed by bacterial DNA or RNA extraction or by biofilm 
challenge of human oral keratinocytes (see lower). All experiments were repeated on three different days.

Bacterial DNA extraction and quantification. Biofilm-coated disks were dip-rinsed in PBS (pH 7.4) 
to remove unattached cells, after which biofilms were disrupted. Next, bacterial cells were harvested and DNA 
was extracted only from living bacteria using propidium monoazide (PMA), as described  previously22. Each 
bacterial species was quantified by means of a quantitative PCR (qPCR) assay as described  earlier22, with species-
specific primers and probes identical to those listed by Herrero et al69.

Organic acid analysis. The supernatant of the multi-species biofilm cultures was collected and filter 
sterilized, after which concentrations of organic acids were measured using a 761 Compact Ion Chromato-
graph (Metrhohm, Switzerland) with a Metrosep Organic acids 250/7.8 column and a Metrosep Organic acids 
Guard/4.6 guard column. The eluent consisted of 1 mM  H2SO4 at a flow rate of 0.8 mL  min−1. The production/
consumption of organic acids was calculated as the organic acid concentrations detected in the filter-sterilized 
supernatant, minus the organic acid concentrations detected in sterile modified BHI medium.

Bacterial RNA extraction and virulence gene expression analysis. Biofilm-coated disks were 
dip-rinsed in PBS (pH 7.4) to remove unattached cells, after which bacterial RNA was extracted according to 
a mechanical disruption and acid phenol–chloroform extraction as described by Vandecasteele et al.70

, com-
bined with the RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. After 
assessment of RNA quality and integrity, a concentration-dependent normalization of all RNA samples was 
performed. Next, RNA was converted to complementary DNA (cDNA) using the PrimeScript  1st strand cDNA 
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Synthesis Kit (Takara, Shiga, Japan) according to the manufacturer’s protocol. Expression of bacterial virulence 
genes was analysed by SYBR RT-qPCR and normalized for bacterial housekeeping gene expression (species-
specific 16S rRNA or other genes). The reaction mixture consisted of 5 µL template cDNA, 12.5 µL ROX SYBR 
Master Mix blue dTTP (Eurogentec, Seraing, Belgium), 1 µL of both forward and reverse species-specific primer 
(final primer concentration of 400 nM) and 5.5 µL distilled water. Assay conditions were an initial 2 min at 50 °C, 
followed by a 10-min denaturation step at 95 °C, 45 cycles of 15 s at 95 °C and 60 s at 60 °C. Sequences of each 
primer pair are described  elsewhere44. Finally, data were determined as a function of the threshold cycle (CT) 
values and relative virulence gene expression was calculated according to the ΔΔCT method  (2−(ΔCTexp − ΔCTcontrol)).

Biofilm challenge of cells. Immortalized human oral keratinocytes (HOK-18A) were cultured as described 
 previously71. The HOK-18A cell line is an immortalized human oral keratinocyte cell line derived from normal 
human oral keratinocyte cells originating from healthy  donors72. The HOK-18A cell line used in this study was 
kindly gifted in the past by the late Prof. Susan Ann Kinder Haake (Section of Periodontics, School of Dentistry, 
UCLA, Los Angeles, California, USA). Sterile silicone rings (Peleman BVBA, Wilsele, Belgium) were placed at 
the bottom of the wells of 24-well plates, after which the HOK-18A cultures were seeded and grown until conflu-
ence. Biofilm coated disks were dip-rinsed in PBS (pH 7.4) to remove unattached cells and subsequently placed 
on top of the silicon rings with the biofilm facing the cell monolayer. The silicon rings ensured a fixed distance 
of 1 mm between the cell monolayer and the biofilm. After 2 h of contact (5%  CO2, 37 °C, 170 rpm), the disks 
and rings were carefully removed and cells were washed twice with PBS (pH 7.4). Fresh cell culture medium 
containing 0.1 mg/mL gentamycin was added, followed by incubation (5%  CO2, 37 °C, 170 rpm) for 2 h. After 
2 h, cells were harvested and cellular RNA was extracted with the RNeasy kit (Qiagen, Hilden, Germany) accord-
ing to the manufacturer’s protocol. Conversion of RNA to cDNA and determination of the relative expression of 
inflammatory mediator genes was determined as described above using the cellular housekeeping gene β-actin. 
In addition, supernatant of the cell cultures was collected and analysed through enzyme-linked immunosorbent 
assay (ELISA) to detect CXCL8 (interleukin-8, IL-8) using the Human IL-8 ELISA Kit (Thermo Fisher Scientific, 
Waltham, USA) according to the manufacturer’s instructions. All experiments were repeated on three different 
days.

Statistical analysis. GraphPad Prism version 7.04 for Windows (GraphPad Software, La Jolla, California, 
USA) was used for statistical analysis. Normality of the residuals was assessed by means of a Shapiro–Wilk 
test and a normal quantile plot. For all experiments, first comparisons between the three substrate conditions 
(NADM, NADG, d-(+)-mannose) and the control were set up and analysed through a one-way ANOVA with a 
confidence level of 95% and a correction for simultaneous hypothesis testing was applied according to Dunnett. 
Differences between substrate conditions were only considered to be relevant if each of the conditions were also 
significantly different from the control condition. Such comparisons between substrate conditions were analysed 
either through a one-way ANOVA with a confidence level of 95% and a correction for simultaneous hypothesis 
testing according to Tukey (in the case of a comparison between 3 substrate conditions) or through an unpaired 
two-tailed t-test with a confidence level of 95% (in the case of a comparison between 2 substrate conditions).

Data availability
The authors declare that all data supporting the findings of this study are available within the paper and its sup-
plementary information files.
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