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Abstract

Carbohydrate components, such as glycoconjugates and polysaccharides, are con-

stituents of the dental biofilm matrix that play an important role in biofilm stability

and virulence. Exopolysaccharides in Streptococcus mutans biofilms have been char-

acterized extensively, but comparably little is known about the matrix carbohydrates

in complex, in situ-grown dental biofilms. The present study employed fluorescence

lectin binding analysis (FLBA) to investigate the abundance and spatial distribution

of glycoconjugates/polysaccharides in biofilms (n = 306) from 10 participants, grown

in situ with (SUC) and without (H2O) exposure to sucrose. Biofilms were stained

with 10 fluorescently labeled lectins with different carbohydrate specificities (AAL,

ABA, ASA, HPA, LEA, MNA-G, MPA, PSA, VGA and WGA) and analyzed by confo-

cal microscopy and digital image analysis. Microbial composition was determined by

16S rRNA gene sequencing. With the exception of ABA, all lectins targeted consider-

able matrix biovolumes, ranging from 19.3% to 194.0% of the microbial biovolume in

the biofilms, which illustrates a remarkable variety of carbohydrate compounds in in

situ-grown dental biofilms. MNA-G, AAL, and ASA, specific for galactose, fucose, and

mannose, respectively, stained the largest biovolumes. AAL and ASA biovolumes were

increased in SUC biofilms, but the difference was not significant due to considerable

biological variation. SUC biofilms were enriched in streptococci and showed reduced

abundances of Neisseria and Haemophilus spp., but no significant correlations between

lectin-stainedbiovolumesandbacterial abundancewereobserved. In conclusion, FLBA

demonstrates the presence of a voluminous biofilm matrix comprising a variety of

different carbohydrate components in complex, in situ-grown dental biofilms.
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1 INTRODUCTION

Carbohydrates are important constituents of the dental biofilmmatrix

(Bowen et al., 2018; Karygianni et al., 2020). Glycoconjugates and

extracellular polysaccharides contribute to cellular adhesion, cell-to-

cell interactions, biofilm stability, and nutrition (Jakubovics et al.,

2021). Mutans and dextrans, which are the predominant extracel-

lular polysaccharides in laboratory biofilms of Streptococcus mutans,

have been characterized extensively (Banas & Vickerman, 2003; Cug-

ini et al., 2019; Falsetta et al., 2014), but there are comparably little

data on the occurrence and spatial distribution of glycoconjugates and

polysaccharides in thematrix of complex, in situ-grown dental biofilms.

Fluorescently labeled fungal or plant-derived lectins with high

affinities to different carbohydrate moieties can be used to target

andvisualize glycoconjugate components or polysaccharides inside the

dental biofilm matrix. Some studies have employed Concanavalin A

(ConA) orwheat germ agglutinin (WGA), both ofwhich arewidely used

in other biological applications, to visualize glucans in dental biofilms

(Gonçalves et al., 2015; Hannig et al., 2013; Hertel, Pötschke, et al.,

2017; Hertel, Wolf, et al., 2017; Lester & Simmonds, 2012). A recent

study followed a comprehensive approach and investigated the bind-

ing properties of 75 different fluorescently labeled lectins in pooled

dental plaque and in biofilms grown in situ in the absence of sucrose

(Tawakoli et al., 2017). Tawakoli et al. identified 10–12 different lectins

that provedparticularly suitable to target glycoconjugates in thedental

biofilmmatrix.

The aim of the present work was to study the binding properties

of the shortlisted lectins in dental biofilms grown in situ for 48 h

in the presence and absence of sucrose. Lectin binding patterns and

relative biovolumes of the targeted matrix components were ana-

lyzed quantitatively by confocal laser scanningmicroscopy (CLSM) and

subsequent digital image analysis (DIA), and correlated to the micro-

bial composition of the biofilms, as determined by next generation

sequencing.

2 MATERIALS AND METHODS

2.1 Collection of in situ-grown biofilms

Ten healthy participants (22–26 years; average 23.7 years, all females)

were recruited for the study. Subjects suffering from chronic systemic

disease and subjects who had received antibiotic therapy within the

past 6 months were excluded, as well as pregnant and breastfeeding

women. The participants showed no signs of active carious lesions or

periodontal disease. The experimental protocol was approved by the

Ethics Committee of RegionMidt, Denmark (ID: 1-10-72-162-17), and

the projectwas registered in the internal database of research projects

at Aarhus University. Written informed consent was obtained from all

participants.

Based on alginate impressions, individually designed lower jaw

splints were manufactured for all participants. The splints harboured

glass carriers with a surface roughness corresponding to natural

enamel (1200 grit; 4 × 4 × 1.5 mm; Menzel, Braunschweig, Germany)

for biofilm collection. The participants wore the splints for periods

of 48 h, during which one side of the splint was exposed to sucrose

(4%; 8 × 2 min per day) and the other side to physiological saline.

The splints were only removed for sucrose/water treatment, during

the intake of foods or drinks other than water and during oral hygiene

procedures.

For each investigated lectin and treatment type (sucrose/water),

triplicate biofilms were collected, resulting in a total of 306 biofilms.

Additionally, one biofilm from each participant and treatment type

(n=20)was collected for 16S rRNAgene sequencing. After growth, the

glass slabswere removed from the splints and thebiofilmswere fixed in

paraformaldehyde (3.5% in phosphate-buffered saline [PBS]; 3 h; 4◦C).

Thereafter, glass slabswerewashed three timeswith PBS and stored in

PBS/ethanol (1:1 [v/v]) at−20◦C until experimental use.

2.2 Fluorescence lectin binding analysis

Three participants were randomly selected to investigate the bind-

ing of all lectins employed in the present study: Aleuria aurantia lectin

(AAL), Agaricus bisporus agglutinin (ABA), Allium sativum agglutinin

(ASA), Helix pomatia agglutinin (HPA), Lycopersicon esculentum agglu-

tinin (LEA),Morniga agglutinin G (MNA-G),Maclura pomifera agglutinin

(MPA), Pisum sativum agglutinin (PSA), Vicia graminea agglutinin (VGA),

and Wheat germ agglutinin (WGA). All lectins were fluorescently

labeled with fluorescein isothiocyanate (FITC) and used at a work-

ing concentration of 100 μM. The origin, carbohydrate specificity, and

suppliers of the lectins are listed in Tables 1 and S1.

Fluorescence lectin binding analysis (FLBA) was performed as

described previously (Neu & Lawrence, 1999). Briefly, the biofilms

were incubated with the respective FITC-labeled lectins for 30 min

at room temperature, washed three times with PBS, and then coun-

terstained with SYTO 60 (10 μM; 15 min; Molecular probes, Thermo

Fisher, Carlsbad, USA) to visualize microorganisms. The glass slabs

were placed in 96-well plates for microscopy (Ibidi GmbH, Gräfelf-

ing, Germany), with the biofilms facing downward, and imaged with

a CLSM. Based on the results obtained from three participants, the

lectins AAL, ASA, and MNA-G were selected for further analysis and

were used to visualize carbohydrate structures in biofilms collected

from the remaining seven participants (n= 126).

2.3 CLSM and image analysis

Biofilms were analysed with an inverted confocal microscope (Zeiss

LSM 700, Jena, Germany) equipped with a 63× objective (alpha Plan-

Apochromat, Zeiss). FITC-labeled lectins were excited at 488 nm,

SYTO 60 was excited at 639 nm. Detection was performed with the

beam splitter set to 640 nm. In each of the biofilm specimens, 3-

sliced z-stacks spanning the height of the biofilms were acquired in six
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TABLE 1 Employed fluorescently labeled lectins

Lectin Abbreviation Origin Carbohydrate specificity Fluorescence signal

Aleuria aurantia lectin AAL Orange peel fungus Fucose (α1–6)N-Acetylglucosamine,

Fucose (α1–3)N-Acetyllactosamine

Strong

Agaricus bisporus agglutinin ABA Buttonmushroom Galactose (β1–3)N-Acetylgalactosamine Low

Allium sativum agglutinin ASA Garlic Mannose Strong

Helix pomatia agglutinin HPA Burgundy snail N-Acetylgalactosamine Intermediate

Lycopersicon esculentum agglutinin LEA Tomato (β1–4)N-Acetylglucosamine Strong

Morniga agglutinin G MNA-G Blackmulberry Galactose>>Mannose/Glucose Strong

Maclura pomifera agglutinin MPA Osage orange N-Acetylgalactosamine>Galactose Intermediate

Pisum sativum agglutinin PSA Pea α-Mannose> α-Glucose Intermediate

Vicia graminea agglutinin VGA Vetch O-linked D-galactose (β1–3)
N-Acetylgalactosamine

Intermediate

Wheat germ agglutinin WGA Wheat (N-Acetylglucosamine)2,

N-Acetylneuraminic acid

Intermediate

predefined equidistant positions. The images were 1192 × 1192 pix-

els in size (101.6 × 101.6 μm) and captured with a pixel dwell time of

1.1 μs and the pinhole set to 1 AU (0.9 μm optical slice). Laser power

(488 nm) and detector gain were kept constant for each fluorescently

labeled lectin.

CLSM imageswere subjected toqualitative visual assessment and to

DIA. Visual assessment was performed by two independent observers.

The strength of the lectins’ fluorescence signals was rated (strong,

intermediate, weak) and typical lectin binding patternswere identified.

For DIA, images were exported to the software daime (Daims et al.,

2006), and the areas covered by microorganisms and carbohydrate

structures were determined in each image by segmentation based on

brightness thresholds. Microbial and carbohydrate biovolumes were

estimated in each z-stack according to the Cavalieri principle, by mul-

tiplying the interslice distance with the total area in all three images of

a stack (Gundersen & Jensen, 1987). Carbohydrate biovolumes were

then normalized to themicrobial biovolumes in each z-stack.

Lectin-targeted carbohydrates in the biofilms were either found in

direct association with microbial cells (presumably attached to the cell

wall) or in cell-free areas of the biofilms. To specifically quantify those

carbohydrate structures that were not attached to microbial cell sur-

faces (intercellular glycoconjugates/polysaccharides), lectin-stained

biovolumes that did not overlap with microbial cells were quantified

separately in all images. To do so, the object masks of the areas cov-

ered by glycoconjugates/polysaccharides and microorganisms were

extracted, and the lectin-stained areas without overlapping microor-

ganisms were determined in each image. For each z-stack, intercellular

glycoconjugate/polysaccharide biovolumes were estimated according

to the Cavalieri principle. The DIA procedure is illustrated in Figure S1.

Wilcoxon signed rank tests were used to assess differences in

biofilm height, microbial biovolume, and lectin-stained biovolumes

(total and intercellular) between biofilms grown in the presence and

absence of sucrose. Statistical analyses were performed in R v. 4.1.2 (R

Core Team, 2021).

2.4 rRNA gene sequencing

DNA extraction from the glass slabs, polymerase chain reaction (PCR),

and sequencing of the bacterial 16S rRNA gene amplicons were per-

formed as described in detail previously (Tawakoli et al., 2017). In brief,

enzymatic lysis was combined with the PowerLyzer PowerSoil DNA

Isolation Kit (Qiagen Denmark) for efficient DNA extraction; the V3–

V4 region of bacterial 16S rRNAgeneswas amplified using primersBac

341FandBac805R (Herlemannet al., 2011) andpaired-end sequenced

(2× 300 bp) on an IlluminaMiSeq sequencer.

2.5 rRNA gene sequence analysis

All analyses were done in R v. 4.1.2 (R Core Team, 2021). Sequences

were trimmed to remove barcodes and primers using cutadapt v. 0.1.1

(Martin, 2011). “DADA2” v. 1.18.0 (Callahan et al., 2016) was used for

identifying amplicon sequence variants (ASVs) and taxonomic classifi-

cation according to Silva SSU reference database no. 138 (Quast et al.,

2013). After taxonomic classification, the ASVs were filtered to only

include those classified as Bacteria. Nucleic acid extraction blanks and

PCR negatives were used for decontaminating the data using the R

packageDecontam v. 1.10.0 (Davis et al., 2018). Putative contaminants

were identified using the prevalence method with a threshold of 0.1

and were subsequently removed from the data. All further data anal-

ysis was done using the R packages Phyloseq v. 1.34.0 (McMurdie &

Holmes, 2013), Microbiome v. 1.12.0 (Lahti et al., 2017), vegan v. 2.5.7

(Oksanen et al., 2019), ggplot2 v. 3.3.5 (Wickham, 2016), and custom R

scripts.

Alpha diversity (as observed ASV richness and Shannon index) was

calculated on a normalized dataset subsampled to 7238 reads per sam-

ple. A principal component analysis was carried out on read counts

normalized by centered log-ratio (clr) transformation (as implemented

in themicrobiomeR package). Differentially abundant genera in paired
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samples between the two treatments (sucrose and water) were iden-

tified using the Wilcoxon signed-rank test on clr transformed read

counts. The p-values were adjusted for false discovery rate using the

Benjamini–Hochberg method and 0.05 was used as the significance

cutoff for the adjusted p-values (q-values).

Sequence data have been deposited to GenBank under BioProject

PRJNA833942. ASV sequences, taxonomic classification, read counts,

and relevant metadata can be found in Tables S2 and S3.

3 RESULTS

3.1 Biofilm growth

Biofilm growth on the glass carriers was robust, with average thick-

ness (± SD) for the different subjects ranging from 9.5 μm (2.9)

to 21.2 μm (7.2). All biofilms (biofilms grown in the presence and

in the absence of sucrose) comprised cells of various morphology

and showed typical features of dental biofilms. Thin, sheet-like areas

alternated with dense, mushroom-shaped protuberations, and both

densely colonized and large cell-free areas were observed. Biofilms

grown in the presence of sucrose were thicker than biofilms grown

in the absence of sucrose (18.5 μm ± 4.8 SD vs. 15.5 μm ± 4.1 SD;

p < 0.05), but the microbial biovolumes did not differ between both

types of biofilms (p = 0.64), indicating that biofilms in the sucrose

group displayed larger matrix biovolumes. In some instances, biofilm

samples could not be evaluated quantitatively due to the deposition

of human epithelial cells on the glass carriers or insufficient biofilm

growth.

3.2 FLBA of the lectins AAL, ABA, ASA, HPA,
LEA, MNA-G, MPA, PSA, VGA, and WGA in biofilms
from three subjects

The binding properties of all 10 employed lectins were investigated in

biofilms (n= 180) from three study participants.

3.3 Qualitative analysis of lectin binding

Fluorescence intensities and binding patterns of all lectins were

assessed visually by two independent observers. AAL, ASA, LEA, and

MNA-G showed the strongest fluorescence signals (Table 1), and the

binding patterns varied considerably between different lectins. Some

lectins mainly targeted the surface layer of the biofilms (LEA), while

other lectins bound glycoconjugates/polysaccharides located inside of

dense bacterial clusters (PSA, ASA, AAL). Some lectins (MPA, VGA)

predominantly attached to microbial cell surfaces, while other lectins

(MNA-G, AAL) bound strongly to cell-free areas inside the biofilms.

Representative images of lectin binding patterns and intensities are

shown in Figure S2.

3.4 Quantitative analysis of lectin binding

The biovolumes visualized by fluorescently labeled lectins were nor-

malized against the microbial biovolumes in all examined biofilms

(Figure1a). In biofilmsgrown in theabsenceof sucrose,MNA-Gstained

the largest biovolume (194.0%± 107.9 SD of themicrobial biovolume),

followed by WGA (108.8% ± 49.8 SD), AAL (89.4% ± 36.9 SD), and

ASA (72.4% ± 44.8 SD). In biofilms exposed to sucrose during growth,

AAL targeted the largest biovolume (173.4% ± 219.1 SD), followed by

ASA (162.8% ± 143.8 SD), MNA-G (148.8% ± 129.9 SD), and WGA

(105.9%± 61.5 SD). The lectins ABA, HPA,MPA, and VGA stained only

minor parts of the biofilm matrix (<50% of the microbial biovolume).

MNA-G, WGA, PSA, and HPA visualized similar biovolumes in biofilms

grownwith andwithout the presence of sucrose. Hence, theymay bind

to fundamental matrix components that are not induced by sucrose

exposure. In contrast, AAL and ASA targeted larger matrix biovolumes

in biofilms grown in the presence of sucrose, whereas the oppositewas

true for LEA, MPA, and VGA. Representative images of the lectins that

visualized the largest biovolumes are shown in Figure 1b.

In addition to the total biovolume targeted by the different lectins,

we also quantified the biovolumes of glycoconjugates or polysaccha-

rides that were not directly associated to microbial cell walls (see

Figure S1). These intercellular biovolumes differed markedly, ranging

from38.1% (LEA) to72.3% (AAL) of the total biovolume targetedby the

respective lectin (Figure 2). Across all biofilms from three participants,

AAL, MNA-G, and ASA visualized the largest total biovolumes and the

largest intercellular biovolumes. Therefore, these three lectins were

selected for subsequent experiments involving the remaining seven

participants.

3.5 FLBA of the lectins AAL, ASA, and MNA-G in
biofilms from 10 subjects

The binding of AAL, ASA, and MNA-G was investigated in biofilms

(n = 126) from additional seven study participants. Across all 10

subjects, ASA, MNA-G, and AAL visualized 118.4% (± 46.7 SD),

100.6% (± 95.0 SD), and 97.0% (± 37.8 SD), respectively, of the micro-

bial biovolume in biofilms grown in the absenceof sucrose. As observed

for the first three participants, biovolumes stained by MNA-G were

similar for biofilms grown in the presence of sucrose (100.3% ± 104.3

SD). ASA (143.2% ± 105.1 SD) and especially AAL (170.5% ± 178.5

SD) visualized larger areas in biofilms that were exposed to sucrose

(Figure 3a). Due to considerable interindividual variation (Figure S3),

these differences were not statistically significant.

About half (54.3%) of the glycoconjugate/polysaccharide biovolume

visualized by MNA-G was not associated to bacterial cell surfaces

(intercellular carbohydrate structures), with no difference between

biofilms grown in the presence and absence of sucrose (54.8% vs.

53.8%). A total of 52.6%and64.6%of thebiovolumes visualizedbyASA

and AAL were intercellular carbohydrate structures. For both lectins,

the binding to intercellular carbohydrate structures was increased in
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F IGURE 1 Carbohydrate biovolumes visualized by 10 different lectins in biofilms from three participants. (a) A total of 180 biofilms were
stained using the fluorescently labeled lectins AAL, ABA, ASA, HPA, LEA,MNA-G,MPA, PSA, VGA, andWGA.MNA-G, AAL, ASA, andWGA
visualized the largest glycoconjugate/polysaccharide biovolumes in the examined biofilms. MNA-G,WGA, PSA, and HPA targeted similar
biovolumes in biofilms grown in the presence (SUC) and absence (H2O) of sucrose. AAL and ASA visualized larger biovolumes in biofilms grown in
the presence of sucrose, while the opposite was observed for LEA,MPA, and VGA. Error bars= SD. (b) Representative images of
glycoconjugates/polysaccharides visualized by the fluorescently labeled lectinsMNA-G, AAL, ASA, andWGA (green). Microbial cells were stained
with SYTO 60 (red). Bars= 20 μm
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F IGURE 2 Percentage of lectin-stained carbohydrate biovolumes onmicrobial cell surfaces and in cell-free areas of biofilms from three
participants. Some of the lectin-stained glycoconjugates/polysaccharides were associated tomicrobial cell surfaces (light gray), while others were
located in cell-free areas of the biofilms (intercellular glycoconjugates/polysaccharides; dark gray). The percentage of intercellular carbohydrate
components visualized by the lectins AAL, ABA, ASA, HPA, LEA,MNA-G,MPA, PSA, VGA, andWGA ranged from 38.1% (LEA) to 72.3% (AAL).

biofilms that were grown in the presence of sucrose (ASA 59.2% vs.

44.7%; AAL 76.7% vs. 43.3%) (Figure 3b). Figure 3c illustrates typical

binding patterns for AAL and ASA in both types of biofilms.

3.6 Biofilm bacterial community composition

Between 39 and 367 ASVs were observed per biofilm sample, and the

Shannon index ranged from 1.28 to 4.12 (Table S2). The biofilms of

all participants were strongly dominated by Streptococcus spp. (mean

relative abundance of 0.61), with minor contributions of Haemophilus

spp., Veillonella spp., Fusobacterium spp., Granulicatella spp., and Neisse-

ria spp. (mean relative abundances ranging from 0.18 to 0.02). Other

bacterial genera had mean relative abundances below 0.01 (Figure 4a;

Table S3). Variation in the overall biofilm composition between partici-

pantswasmuch larger than the changes inducedby sucrose (Figure4b),

and neither richness nor diversity of the biofilm community differed

significantly between the two treatments (p = 0.63 and p = 0.50,

respectively). Likewise, PERMANOVA analysis showed no significant

difference in the overall community composition between the two

treatments (p = 0.759). Nevertheless, the relative abundance of Strep-

tococcus spp. increased significantly in all sucrose-treated biofilms,

while that ofHaemophilus spp. andNeisseria spp. decreased (Figure 4c).

In total, the relative abundance of 41 out of 226 genera was signifi-

cantly different in the sucrose-treated biofilms (Table S4).

Spearman rank correlation tests showed no correlation between

lectin biovolumes (AAL, ASA, and MNA-G) and the three most abun-

dant and significantly differentially abundant genera (Streptococcus,

Haemophilus, and Neisseria) (Table 2). In contrast, there was a signifi-

cant negative correlation (Spearman; R = −0.54; p = 0.026) between

MNA-G-bound biovolumes and the alpha diversity of the biofilm com-

munity (expressed as Shannon index), indicating that biofilms with

highermicrobial diversity had less galactose-containing carbohydrates

in their matrix. No correlations were found between the biovolumes of

AAL or ASA andmicrobial diversity (Figure S4).

TABLE 2 Spearman rank correlations between lectin biovolumes
and the threemost abundant genera with differential abundance in
biofilms grown in the presence and absence of sucrose

Genus Lectin Rho p-value

Streptococcus AAL −0.0959752 0.7048

Streptococcus ASA −0.1971104 0.4315

Streptococcus MNA-G 0.4166667 0.0975

Neisseria AAL 0.1517028 0.5467

Neisseria ASA −0.2033024 0.4168

Neisseria MNA-G −0.0294118 0.9134

Haemophilus AAL 0.1826625 0.4666

Haemophilus ASA 0.4385965 0.0702

Haemophilus MNA-G −0.2107843 0.4152

4 DISCUSSION

The present study is the first to study the effect of sucrose exposure

on the abundance and spatial distribution of carbohydrate components

in in situ-grown dental biofilms by means of FLBA. The 10 investi-

gated lectins (AAL, ABA, ASA, HPA, LEA, MNA-G, MPA, PSA, VGA, and

WGA) had previously shown significant binding to glycoconjugates in

a pooled plaque sample from different subjects (Tawakoli et al., 2017).

All lectins penetratedwell through the relatively thin biofilms, andwith

the exception of ABA, all lectins visualized considerable matrix biovol-

umes, ranging from 19.3% to 194.0% of the microbial biovolume of the

biofilms.

Part of the lectin-stained biovolume was closely associated to

microbial cells and likely represented cell wall constituents, such

as oligo- or polysaccharide cell receptors or glycoproteins (Nobbs

et al., 2009; Whittaker et al., 1996). The remaining targeted carbo-

hydrate components were located between microbial clusters and

had no direct contact to bacterial cells. These intercellular glycocon-

jugates/polysaccharides made up between 38.1% (LEA) and 72.3%
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F IGURE 3 Carbohydrate components visualized by lectins AAL, ASA, andMNA-G in biofilms from 10 participants. (a) All three lectins showed
extensive binding tomatrix glycoconjugates/polysaccharides in the biofilms. Lectins ASA and especially AAL targeted larger areas in biofilms
grown in the presence (SUC) than in the absence (H2O) of sucrose, albeit with considerable interindividual variation. (b) Some lectin-stained
carbohydrate structures were associated withmicrobial cell surfaces (light gray), while others were located in cell-free areas of the biofilms
(intercellular glycoconjugates/polysaccharides; dark gray). The percentage of intercellular glycoconjugates/polysaccharides targeted by ASA and
especially AALwas higher in biofilms grown in the presence of sucrose. The binding pattern ofMNA-Gwas not affected by exposure to sucrose
during biofilm growth. (c) Representative images illustrate typical binding patterns of the FITC-labeled lectins AAL and ASA (green). Microbial cells
were stainedwith SYTO 60 (red). Bars= 20 μm

(AAL, data for three participants) of the total lectin-stained bio-

volumes. The employed lectins covered a wide array of different

carbohydrate specificities (seeTable1),which suggests a compositional

diversity of the glycoconjugate/polysaccharide matrix of in situ-grown

biofilms that has received little attention. Notably, none of the lectins

used in the present study had a high affinity to glucose, which is the pri-

mary constituent of exopolysaccharides in S. mutans biofilms (Bowen&

Koo, 2011).

The lectinsMNA-G, AAL, andASA visualized the largest biovolumes

and showed the brightest fluorescence intensities in the present study,

which is in linewith the results of Tawakoli et al. (2017).MNA-G specif-

ically binds galactose, with only minor affinity to glucose and mannose

(Rougé et al., 2003). Galactose is present in human saliva (Mandel et al.,

1964) and is readily metabolized by organisms in dental biofilms, but

it has only rarely been identified as a matrix component in biofilms

of oral organisms. It is an important constituent of the exopolysac-

charides produced by different highly pathogenic organisms (ESKAPE

pathogens), such as Pseudomonas aeruginosa or Klebsiella pneumoniae

(Bales et al., 2013; Ma et al., 2007), and it is also part of the matrix

produced by Candida albicans (Baillie & Douglas, 2000), by different

Lactobacilli (Cerning, 1990; Makino et al., 2006) and by the probiotic

organism Streptococcus thermophiles (Xu et al., 2018). Interestingly, a

recent study found that the water-soluble and insoluble exopolysac-

charides produced by S. mutans contained 14% and 39% galactose,

respectively, and that the matrix of a knockout mutant with atten-

uated adhesion and biofilm production was devoid of galactose (Lu

et al., 2021). Across all 10 participants in the present study, MNA-G-

bound biovolumeswere very similar for biofilms grown in the presence
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F IGURE 4 Bacterial community composition of the analyzed biofilms. (a) Heat map showing the relative abundance of the 10most abundant
genera across nine participants in biofilms grown in the presence (SUC) or absence (H2O) of sucrose (sequence data of participant 7 did not meet
our quality criteria andwere removed). Asterisks (*) indicate significant differences in the relative abundance of specific genera between SUC and
H2O biofilms. For a list of all genera, see Table S3. (b) Principal component analysis (PCA) of clr-transformed read counts. Biofilm samples from the
same participant generally group together, indicating that interindividual differences in community composition were larger than the effect of
sucrose treatment. (c) Relative abundances of the threemost abundant genera in SUC andH2O biofilms from the same participants. Exposure to
sucrose significantly increased the relative abundance of Streptococcus spp. and decreased the abundance ofHaemophilus spp. andNeisseria spp.

and absence of sucrose, which suggests that the microbial produc-

tion of galactose-containing carbohydrates is not related to sucrose

metabolism.

In contrast to MNA-G, biovolumes visualized by AAL and, espe-

cially, ASA were somewhat increased in biofilms exposed to sucrose

during growth. AAL specifically binds fucose (Yamashita et al., 1985),

whose role in dental biofilms remains largely unexplored. Fucose is

present in salivary mucins that can be digested by complex microbial

communities (Wickström & Svensäter, 2008), and its presence in den-

tal biofilms has recently been associated with early childhood caries

using a metabolomics approach (Heimisdottir et al., 2021). The lectin

ASA has a high affinity to mannose (Dam et al., 1998), which is also

a prominent component of the exopolysaccharide matrix of ESKAPE

pathogens (Bales et al., 2013; Franklin et al., 2011). Intriguingly, several

studies have identified mannose as the dominating component of the

exopolysaccharidematrix of different oral organisms, such asPrevotella

intermedia, Prevotella nigrescens, Actinomyces oris, and Capnocytophaga

ochracea (Bolton & Dyer, 1983; Yamanaka et al., 2009; Yamane et al.,

2005; Yamane et al., 2013). Recent work also identified mannose as

part of the water-soluble and insoluble polysaccharides in S. mutans

biofilms (Lu et al., 2021; Yang et al., 2019).

Taken together, these data clearly show that the role of glycocon-

jugates and exopolysaccharides other than glucans in dental biofilms

merits further investigation. In the present study, we correlated the

biovolumes of glycoconjugates/polysaccharides stained by MNA-G,

AAL, or ASA with the abundance of bacterial genera in biofilms col-

lected from the same participants. Biofilms exposed to sucrose during

growth displayed not only increased AAL- and ASA-stained matrix

biovolumes but also significantly higher relative abundances of Strepto-

coccus spp. and lower abundancesofHaemophilus spp. andNeisseria spp.

However, the lectin-stained biovolumes varied considerably, not only

between different participants but also between individual biofilms.

As the biofilms were sacrificed during FLBA, sequencing had to be

performed on different biofilm samples from the same participants.

Using those biofilms, no significant correlation was observed between

the abundance of specific bacterial genera and the biovolumes visu-

alized by AAL, ASA, or MNA-G. Future work may strive to perform

a combined analysis of carbohydrate components and the microbial
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compositionwithin the same biofilms, to identify correlations between

the abundance of specific organisms and the carbohydratematrix.

In conclusion, the present study demonstrated a high diversity of

differentmatrix glycoconjugates/polysaccharides in in situ-grownden-

tal biofilms. The lectins AAL, MNA-G, and ASA, with specific affinities

for fucose, galactose, and mannose, respectively, visualized large bio-

volumes in dental biofilms grown in the absence and presence of

sucrose. Lectin binding showed considerable variation between study

participants and also between replicate biofilms from the same partic-

ipant. The exact relationship between carbohydrate structures in the

biofilmmatrix and theirmicrobial producers in complex dental biofilms

remains to be elucidated.
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