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Abstract

Background Correlative structural and chemical imaging of biofilms allows for the combined analysis of microbial iden-
tity and metabolism at the microscale. Here, we developed pH-FISH, a method that combines pH ratiometry with fluo-
rescence in situ hybridization (FISH) in structurally intact biofilms for the coupled investigation of microbial acid metabo-
lism and biofilm composition. Careful biofilm handling and modified sample preparation procedures for FISH allowed
preservation of the three-dimensional biofilm structure throughout all processing and imaging steps. We then employed
pH-FISH to investigate the relationship between local biofilm pH and the distribution of acid-producing (streptococci)
and acid-consuming (Veillonella spp.) bacteria in dental biofilms from healthy subjects and caries-active patients.

Results The relative abundance of streptococci correlated with low biofilm pH at the field-of-view level,

while the opposite trend was observed for Veillonella spp. These results suggest that clusters of streptococci con-
tribute to the formation of acidic pockets inside dental biofilms, whereas Veillonella spp. may have a protective role
against biofilm acidification.

Conclusions pH-FISH combines microscale mapping of biofilm pH in real time with structural imaging of the local
microbial architecture, and is a powerful method to explore the interplay between biofilm composition and metabo-
lism in complex biological systems.
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Background

Fluorescence in situ hybridization (FISH) with rRNA-
targeted probes is a powerful molecular method that
enables the direct identification, quantification, and
localization of microorganisms within complex micro-
bial communities without prior cultivation [1]. FISH
has been widely used to study the abundance and spa-
tial arrangement of microorganisms within biofilms
and thereby contributed greatly to revealing their struc-
tural organization [2-5]. In complex microbial systems,
however, it is equally important to trace the metabolic
activities of microorganisms in situ. Multispecies bio-
films exhibit highly heterogeneous chemical profiles
at the microscale, with steep spatiotemporal gradients
of solutes like oxygen or protons that are driven by the
metabolic activity of specific microorganisms. Dental
biofilm is a prime example of a highly complex microbial
community, where biofilm pH varies substantially over a
small spatial scale of a few hundred micrometers [6-8].
These pH differences have strong implications for the
development of dental caries, as localized low-pH areas
within dental biofilms are linked to the onset and pro-
gression of the disease [9, 10].

Several methodologic approaches have been developed
to allow for a simultaneous analysis of microbial iden-
tity and metabolism. Microautoradiography (MAR) [11],
nano-scale and conventional secondary ion mass spec-
trometry (SIMS) [12, 13], stable-isotope Raman spectros-
copy [14, 15], and stimulated Raman spectroscopy (SRS)
[16] have all been combined with FISH to provide insight
into the metabolic processes carried out by specific
microorganisms in mixed communities. These methods
rely on the detection of radioactive or stable isotopically
labeled substrates assimilated by the cells during growth,
and they therefore do not provide a real-time analysis
of the microbial metabolism, or its effect on microscale
chemical gradients. The direct measurement of temporal
chemical gradients within biofilms has been performed
with a combination of FISH and microsensors [17-19].
The insertion of a microsensor, however, perturbs the
biofilm structure mechanically, and due to the fragility of
the employed electrodes, only vertical chemical profiles
can be recorded [20].

In contrast to microsensors, confocal microscopy-
based pH ratiometry allows for real-time monitoring of
extracellular biofilm pH in all three dimensions without
mechanically disturbing the biofilm [21, 22]. pH ratiom-
etry exploits the proton-dependent shifts in excitation or
emission of a ratiometric, pH-sensitive dye to determine
fluorescence intensity ratios that are directly correlated
to biofilm pH and independent of the dye concentration
or photobleaching [23]. In this study, we aimed to com-
bine pH ratiometry with FISH (pH-FISH) for the coupled
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investigation of microbial acid metabolism and biofilm
composition at the microscale. As a proof-of-principle,
pH-FISH was employed to visualize extracellular pH gra-
dients and the spatial distribution of the predominant
bacteria in dental biofilms from healthy subjects and car-
ies-active patients.

Methods

Study participants

Three healthy participants and three caries-active
patients were enrolled in this study. Detailed partici-
pant information and eligibility criteria are provided
in Supplemental Material 1. The study was conducted
in accordance with the Declaration of Helsinki and its
amendments and approved by the Ethical Committee of
Region Midtjylland (case no. 1-10-72-178-18). Written
informed consent was obtained from all participants.

Fabrication of intraoral splints for biofilm collection

Digital impressions of the upper and lower jaws were
obtained for each patient with an intraoral scanner
(TRIOS4; 3Shape, Copenhagen, Denmark) and used
to produce individual lower-jaw splints, as described in
detail elsewhere [24]. Briefly, the splint structure con-
sisted of a half-round metallic bar (1.75%1.38 mm),
manufactured to adapt to the lingual surfaces of all infe-
rior teeth, the distal surface of the most posterior tooth
in each quadrant, and the buccal aspect of molars and
premolars. 3-D-printed inserts with five standardized
slots (3 mm recession depth) for biofilm carriers were
produced by vat photopolymerization (Asiga MAX UV;
Alexandria, Australia) and attached to the retention
areas on each side of the metallic bars using light-cured
acrylic material (Triad VLC Gel; Dentsply Sirona, Char-
lotte, NY) (Fig. 1B). Custom-made non-fluorescent glass
slabs (4x4x 1.5 mm; surface roughness, 1200 grit, mim-
icking the human enamel surface; Menzel, Braunsch-
weig, Germany) were used as carriers for in situ biofilm
formation. Prior to insertion into the splints, nine fields
of view (FOVs) were marked on each glass slab using a
laser microdissection microscope (Leica LMD7000; Leica
Microsystems, Wetzlar, Germany) to standardize the
imaged areas of the biofilms and facilitate re-imaging of
the FOVs. The marks were placed atx20 magnification
with the following laser settings: power 60, aperture 30,
speed 10, balance 15, head current 70%, and pulse fre-
quency 500. The FOVs were 150 150 um in size, 500 um
apart from each other, and at least 1200 pm away from
the corners of the glass slab (Fig. 1A).

Biofilm growth and collection
For in situ biofilm formation, marked glass slabs were
inserted into the slots of the 3-D-printed inserts of the
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Fig. 1 Summary of the study design. A Biofilm carriers (glass slabs 1.5 x4 x4 mm) were laser-marked in nine fields of view (FOVs; 150 150 um)
using a laser microdissection microscope. The bottom right corner of the laser-marked FOVs (a: transmitted light micrograph) was used

as a reference to standardize the imaged biofilm areas. B Individual lower-jaw splints with 3-D-printed inserts were fabricated to carry

the laser-marked glass slabs during intraoral biofilm growth. All participants used the intraoral splint continuously for 2 days and treated

the growing biofilms 3 x/day by immersing both sides of the splint into a sucrose solution (10% w/v) for 30 min at room temperature. C After
collection, the biofilms were either subjected to 16S rRNA gene amplicon sequencing (left) or pH-FISH (right). Biofilm pH was monitored

in the laser-marked FOVs using pH ratiometry with the dye C-SNARF-4. Thereafter, the biofilms were embedded/fixed, dehydrated, permeabilized,
and hybridized. FISH images were acquired in the same FOVs visualized by pH ratiometry and as 6-sliced z-stacks spanning the height of the biofilm

lower-jaw splints. The participants were instructed to
wear the intraoral splints with the biofilm carriers for
48 h, and to dip the splints into 10% (w/v) sucrose solu-
tion 3% /day for 30 min to provide additional nourish-
ment for the growing biofilms (Fig. 1B). The splints were
only removed during meals and the intake of drinks
other than water, and when participants performed oral
hygiene procedures. Outside the mouth, the splints were
kept in a humid chamber to prevent dehydration of the
biofilm samples. The participants documented their com-
pliance on provided sheets. After 48 h, all biofilm carriers
were collected and subjected to either pH-FISH or 16S
rRNA gene sequencing (Fig. 1C).

DNA extraction, 16S rRNA gene sequencing, and analysis
Immediately after collection, one biofilm carrier from
each participant was washed in phosphate-buffered

saline (PBS, 10 mM, pH 7.4; Sigma—Aldrich, St. Louis,
MO, USA) and stored in a PowerBead tube (Qiagen,
Hilden, Germany) containing PowerBead Solution (Qia-
gen) at—20 °C. DNA extraction was subsequently per-
formed using the DNeasy PowerLyzer® PowerSoil®200
DNA Isolation Kit (Qiagen) following the manufacturer’s
instructions. PCR of the bacterial V3-V4 region was
done using the primers Bac 314F and Bac 805R [25], fol-
lowed by paired-end amplicon sequencing (2x300 bp)
on an Illumina MiSeq sequencer using the V3 sequenc-
ing kit (Illumina, Inc., San Diego, CA, USA), as described
previously [26].

Primers and barcodes were removed from the
sequences using cutadapt v. 0.2.0 [27]. Error correc-
tion, amplicon sequence variant (ASV) calling, chimera
removal, and taxonomic classification were performed
with the R package “DADA2” v. 1.27.1 [28]. The RDP
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classifier trainset number 18 of the Ribosomal RNA
Database (rrnDB version 5.8) [29] was used for taxo-
nomic classification and to correct for differences in the
16S rRNA gene copy number in each taxon. An rRNA
gene copy number of 1 was assumed for ASV without
proper classification. DNA extraction blanks and PCR
negatives were used for decontamination of the data
using the R package Decontam v. 1.19.0 [30]. Contami-
nants were identified using the prevalence method with a
threshold of 0.1 and subsequently removed from the data.
Rarefaction curves, plotted using the “rarecurve” func-
tion in the R package Vegan v.2.6-4 [31], showed that
sufficient sequencing depth was achieved for all samples
(Fig. S1). Differential abundance analysis was performed
to identify differentially abundant genera between the
two groups using ANCOM-BC v. 2.2.2 [32]. All sequence
analyses were performed in R v. 4.3.0 [33].

Confocal microscopy-based pH ratiometry

The ratiometric pH-sensitive dye C-SNARF-4 (Thermo
Fisher Scientific, Roskilde, Denmark) was used to moni-
tor the biofilm pH response to sucrose [21] (Fig. S2). Dye
calibration procedures are described in Supplemental
Material 1. For ratiometric pH analysis, each glass slab
was washed with 400 pL of sterile saline (0.9% NaCl, pH
7.0) and then placed on a coverslip with the biofilm fac-
ing downward in 20 pL of saline containing sucrose (4%
w/v) and C-SNARF-4 (30 uM). The biofilm response to
sucrose was monitored in the nine laser-marked FOVs.
Images were acquired at the bottom of the biofilms after
10 min (T1) and 35 min (T2) with the same microscope
settings used for dye calibration (Zeiss LSM 700; Zeiss,
Jena, Germany). The experiments were performed using
biological triplicates from each participant.

Biofilm fixation

Immediately after pH ratiometry, the glass slabs were
gently washed with 200 pL of PBS (pH 7.4), which has
been shown to remove any residual fluorescence from
C-SNAREF-4 [34]. The glass slabs were then transferred to
ice-chilled microscopy slides with the biofilms facing up.
Low melting temperature agarose (0.2% w/v UltraPure™
Agarose; Invitrogen, Carlsbad, CA, USA) was dissolved
in PBS (pH 7.4) and pre-heated to 45 °C. A 9:1 (v/v) mix
of the pre-heated agarose solution and 23.5% paraform-
aldehyde (PFA; Carl Roth, Karlsruhe, Germany) was pre-
pared for biofilm embedding and fixation. Six microliters
of the agarose-PFA mix was added to each biofilm and
the glass slabs were incubated in closed chambers for
1 h at 4 °C. After fixation, the biofilms were washed by
immersion in PBS (pH 7.4; 2X, 5 min each) and milli-Q
water (1X, 2 min), then allowed to dry at 46 °C.
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Fluorescence in situ hybridization

Prior to in situ hybridization, the embedded biofilms
were dehydrated in a series of ethanol washes (25%,
50%, 75%, and 99%; 3 min each) and permeabilized with
10 pL of lysozyme mix (70 U/mL lysozyme in 100 mM
Tris/HCl, pH 7.5, and 5 mM EDTA; Merck, Sgborg,
Denmark) for 9 min at 37 °C in a humid chamber. After
washing with milli-Q water, the biofilms were hybrid-
ized in a humid dark chamber for 3 h at 46 °C using 10
uL of hybridization buffer (0.9 M NaCl, 20 mM Tris/
HCI pH 7.5, 0.01% SDS, 25% formamide) containing 1
uL of each probe (10 pmol/pL, 1 pmol/puL final concen-
tration). Double-labeled FISH probes that target all oral
streptococci (STR405, labeled with ATTO488) [35], all
oral Veillonella spp. (VEI488, labeled with ATTO550)
[36], and a general bacterial probe (EUB338, labeled
with ATTO633) were used for the in situ hybridiza-
tions, as detailed in Supplemental Material 1. After
hybridization, all biofilms were washed in buffer
(20 mM Tris/HCl pH 7.5, 5 mM EDTA, 0.01% SDS, and
215 mM NaCl) for 15 min in a water bath at 48 °C, then
rinsed in ice-cold milli-Q water for 3 s. The glass slabs
were subsequently placed on coverslips with the biofilm
facing downward in 20 pL of a 1:4 (v/v) mix of Citif-
luor AF1 (Citifluor, Canterbury, UK) and VectaShield
(Vector Laboratories, Newark, CA, USA) for confocal
microscopy imaging (Zeiss LSM 700).

The specificity of each employed probe was checked
in silico against the 16S rRNA gene sequences of
the expanded Human Oral Microbiome Database
(eHOMD) [37] (Fig. S3), and the absence of predicted
hairpins and duplexes was checked in the software
Oligo (V 7.0) [38]. Pure cultures of target and non-tar-
get organisms for each probe were fixed with PFA 4%
and included as positive and negative controls in all
FISH experiments (Fig. S3). Control hybridizations of
in situ grown biofilms with NONEUB probes (10 pmol/
puL, double-labeled with ATTO488, ATTOS550, or
ATTO633) (Table S2) and DAPI (4,6-diamidine-2-phe-
nylindole; 1 pg/mL; Sigma—Aldrich) were performed to
check for unspecific probe binding. Additionally, a con-
trol biofilm sample obtained from a healthy participant
was subjected to pH ratiometry and FISH and subse-
quently imaged using SYTO41 (1 uM; Thermo Fisher
Scientific, Waltham, MA, USA) between each step of
the FISH procedure to monitor changes in the biofilm
structure after fixation, dehydration, permeabiliza-
tion, and in situ hybridization procedures. Hybridiza-
tion of this sample was performed with probes EUB338
(100 ng/pL, mono-labeled with ATTO663), and STR405
(100 ng/uL, mono-labeled with ATTO488) (Fig. S4).
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Confocal microscopy of in situ-hybridized biofilms
Following FISH, single-slice images of the same bio-
film areas that were imaged for pH ratiometry were
acquired at the bottom of the biofilms. In addition,
6-sliced z-stacks spanning the height of the bio-
films in the laser-marked FOVs were obtained. Two
imaging channels were used sequentially to reduce
spectral bleed-through. The following excitation/
detection settings were used for channel 1: STR405-
ATTO488 (488 nm/300-629 nm) and EUB338-
ATTO633 (639 nm/644-800 nm), and for channel
2: VEI488-ATTO550 (555 nm/560-600 nm). Images
were acquired with an image size of 1440 X 1440 pixels
(101.61x101.61 |Jm2), a pixel dwell time of 1.12 ps, a
pinhole size of 1.57 AU (1.3 um optical section), and an
8-bit intensity resolution. For single-slice images, linear
averaging (n =4) was applied.

Digital image analysis

Extracellular biofilm pH in the ratiometric images was
determined by digital image analysis, as described else-
where [39]. Briefly, green and red channel C-SNARF-4
images were exported to the software daime (digital
image analysis in microbial ecology, v. 2.2) [40] and
segmented using an intensity threshold to remove the
microbial cells. The fluorescence intensity ratios (green/
red) in the extracellular space were calculated using the
software Image]J [41] (Fig. S5), and then converted to pH
values using Eq. 1. Average pH values per FOV were cal-
culated and used for all statistical tests.

1

2.249 1453178
pH = —=2 ) —1) x 136977785393 (1)
r—0.171

The total biovolumes of the microorganisms targeted
with each of the probes were determined in the single-
sliced and in the 6-sliced z-stack FISH images. Images
were segmented by intensity thresholding in the software
daime [40]. For z-stacks, the total microbial biovolumes
were estimated by multiplying the respective microbial-
covered areas by the interslice distance, according to
the Cavalieri principle [42]. The biovolumes stained by
STR405 and VEI488 were normalized to the EUB388-
stained biovolumes (% total biovolume). The digital
image analysis procedures are illustrated in Fig. S5. Addi-
tionally, to ensure that biovolume estimations were not
biased by cell size differences between the groups, the
average size of individual streptococcal and Veillonella
spp. cells was estimated. For this, one arbitrary green
and red channel image per study participant was selected
and the size of 20 cells per image was measured using the
software daime [40].
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Statistical analysis

Differences in biofilm pH between caries-active and
healthy participants at both time points (10 min and
35 min after exposure to sucrose), intra-group pH dif-
ferences between time points, and differences in the
relative abundance of streptococci and Veillonella spp.
between caries-active and healthy subjects were analyzed
at the FOV level using linear mixed-effects models that
accounted for the clustering of different FOVs within
the same biofilms and the clustering of biofilms within
the same patients. The relationship between the relative
abundance of streptococci and Veillonella spp. in each
FOVs and local biofilm pH (10 min) was analyzed by a
linear mixed-effects model that accounted for the clus-
tering of FOVs, biofilms, and patients within groups.
Differences in biofilm height were analyzed using paired
t-tests after data were checked for normal distribution
and homogeneity of variance using the Shapiro—Wilk
and Levene tests, respectively. Statistical analyses were
performed with the software R v. 4.3.0 [33] and Graph-
Pad Prism v. 10 (GraphPad Software Inc., San Diego, CA,
USA) with a significance level of a=0.05.

Results

All participants completed the study without deviations
from the protocol (Fig. 1). Robust and dense biofilm for-
mation was observed for both caries-active and healthy
participants, with average biofilm heights of 23.2+5.9 SD
pm and 25.6+9.8 SD um (P=0.487, N=9 biofilms per
group), respectively. The biofilm structure remained sta-
ble throughout all steps of the pH-FISH protocol, i.e., the
C-SNARF-4 imaging, embedding/fixation, dehydration,
permeabilization, and in situ hybridization of the bio-
films (Fig. S4). Bacterial clusters could be re-identified in
all laser-marked FOVs, while aggregates consisting of few
cells and single cells were not always preserved.

Biofilm pH was significantly lower in the caries-active
group at both time points (P<0.001) (Fig. 2), with aver-
age pH values of 5.9+0.3 SD (10 min) and 5.8+0.4 SD
(35 min) for healthy participants, and 5.6 +0.2 SD (10 min)
and 5.5+0.2 SD (35 min) for caries-active patients. No
significant pH drop was observed between 10 and 35 min
for both groups (P=0.66 and 0.13, respectively). Biofilm
pH varied considerably between different FOVs inside
the same biofilm, with similar average variances for both
groups at 10 min (healthy 0.008+0.005 SD, caries-active
0.011+0.002 SD) and 35 min (healthy 0.010+0.008 SD,
caries-active 0.010+£0.002 SD) of sucrose exposure. The
largest pH difference observed between different FOVs
inside one biofilm was 0.55 for the healthy participants
and 0.51 for the caries-active patients.
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Fig. 2 Extracellular pH in biofilms collected from healthy and caries-active participants, as determined by pH ratiometry. A Biofilms from healthy
participants exhibited a higher average extracellular pH compared to the ones obtained from caries-active patients after both 10 and 35 min

of sucrose challenge (***P<0.001; linear mixed-effects model). Lines=mean extracellular pH. Data from three biological replicates per participant
(P1, P2, P3) per group. B Representative images of biofiims from a healthy (P2) and a caries-active participant (P1), stained with the ratiometric dye
C-SNARF-4 (left panels). After digital image analysis, false-coloring was applied to visually illustrate the average extracellular pH after 10 min (middle
panels; healthy pH 6.33, caries-active 5.74.) and 35 min (right panels; healthy pH 6.17, caries-active pH 5.53) of biofilm exposure to sucrose

The microbial biofilm composition at the genus level,
as determined by 16S rRNA gene sequencing, was simi-
lar for both participant groups (Fig. 3A; Supplemental
Material 2). Biofilms from healthy subjects and caries-
active patients were dominated by Streptococcus spp.
(mean relative abundances 38.6 +24.1% and 51.4 +14.9%,
respectively) and Veillonella spp. (mean rel. abundances
12.5+4.5% and 10.2+2.3%, respectively), with smaller
contributions from other genera. Only the genus Fuso-
bacterium showed significant differences in abundance
between groups (P=0.007), with a higher abundance in
the healthy participants (3.4+2.5 vs. 0.4+0.3% in caries-
active patients).

Based on the sequencing results, genus-specific probes
that target all oral Streptococcus spp. (STR405) and oral
Veillonella spp. (VEI488) were selected for the FISH
experiments. At a formamide concentration of 25% (v/v),
the genus-specific probes visualized the respective tar-
get organisms, but not the negative controls; the domain
bacteria probe EUB338 visualized all cells in the controls
(Fig. S3). Control hybridizations with NONEUB probes
showed no unspecific binding or autofluorescence in the
samples (Fig. S6).

The typical arrangement of streptococci and Veil-
lonella spp. in the biofilms is shown in Fig. 3B. Veil-
lonella spp. predominantly appeared as single coccal
cells or diplococci interspersed with streptococci in cell
clusters of varying density. The average size (pixels) of
individual streptococci (healthy 5.1+0.1, caries-active

5.1+0.3, corresponding to average diameters of 0.7 pm)
and Veillonella spp. cells (healthy 5.9+ 0.1, caries-active
6.0 £ 0.4, corresponding to average diameters of 0.8 um)
was similar between groups. In FISH images, strepto-
cocci were significantly more abundant in caries-active
patients (P=0.008), while Veillonella spp. were present
in higher levels in healthy participants (P<0.001). The
relative abundance of streptococci in a FOV correlated
negatively with the local pH determined after 10 min of
sucrose exposure across all samples (P=0.03), indicat-
ing that higher levels of streptococci were associated
with lower biofilm pH areas. Within groups, the corre-
lation reached the level of significance for caries-active
patients (P=0.03), but not for healthy participants
(P=0.68). The opposite trend, although not statistically
significant, was observed for Veillonella spp. (all sam-
ples, P=0.10; caries-active, P=0.08; healthy, P=0.39).
Comprehensive data for pH at the FOV level and the
relative abundance of streptococci and Veillonella spp.
are shown in Fig. 4.

Discussion

Correlative analyses between microbial identity and
metabolism are essential for understanding the activi-
ties of microorganisms in their natural environments
[43]. FISH is a powerful tool for identifying and visual-
izing microorganisms within complex ecosystems [44];
however, combining the study of the spatial organi-
zation of microbial communities by FISH with the
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Fig. 3 Microbial composition of the biofilms collected from healthy and caries-active participants. A Heatmap of the relative abundance of the 32
most abundant genera (mean relative abundance above 0.2%) for each participant, determined by 165 rRNA gene amplicon sequencing

for one biofilm per group (N=3 participants). B Typical arrangement of the two most abundant genera, Streptococcus (green) and Veillonella

(red), in biofilms from healthy and caries-active participants, as visualized by fluorescence in situ hybridization. Cells of both genera colocalized
tightly, either spread across the biofilms (B1) or else as dense bacterial clusters (B2). In some instances, Veillonella spp. colonized in the periphery

of streptococcal clusters (B3). White arrows, Veillonella spp. diplococci; yellow arrows, Veillonella spp. single cells. C The relative abundance

of streptococci and Veillonella spp. was estimated in 6-sliced z-stacks acquired in nine laser-marked areas for each biofilm. Streptococci were
significantly more abundant in caries-active patients (**P=0.008), while the relative abundance of Veillonella spp. was significantly higher in healthy
participants (***P<0.001; linear mixed-effects models). Bars represent mean, maximum, and minimum values. Data from three biological replicates

per participant (P1, P2, P3) per group

investigation of microbial metabolism remains a major
challenge. In this study, a novel method that combines
pH ratiometry with FISH (pH-FISH) was developed for
the coupled investigation of microbial acid metabolism
and biofilm composition at the microscale. Dental bio-
films are a prime example of complex microbial com-
munities, characterized by localized areas of low pH
that may favor the development of dental caries [7, 45].

Here, we applied pH-FISH to visualize pH in dental
biofilms at the microscale along with the distribution of
two major genera involved in acid metabolism, namely
Streptococcus and Veillonella. The biofilms were grown
in situ in healthy and caries-active subjects, on carriers
that mimicked the human enamel surface and allowed
for the subsequent microscopy-based analysis of struc-
turally preserved biofilms.
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Fig. 4 Relationship between local biofilm composition and pH. A Relative abundance of streptococci (STR %) and Veillonella spp. (VEI %) observed
at the field of view (FOV) level for healthy and caries-active participants, plotted against the respective local biofilm pH measured after 10 min

of sucrose challenge. Low pH areas correlated with a higher abundance of streptococci (P=0.03); an opposite trend was observed for Veillonella
spp., but it did not reach statistical significance (P=0.10). Linear mixed-effects models with a significance level of a=0.05. Data from three biological
replicates per participant (P1, P2, P3) per group. B Representative images show the local biofilm pH in a FOV dominated by streptococci (upper
panels; mean pH 5.72) and in a FOV with high levels of Veillonella spp. (lower panels; mean pH 6.23)

Streptococcus spp. are potent producers of organic
acids, primarily lactic acid, from dietary carbohydrates
and are well recognized for their role in caries develop-
ment [10, 46]. The non-saccharolytic Veillonella spp., in
contrast, are able to utilize lactate as a carbon and energy
source. They have been associated with the occurrence
of periodontal disease, but in the context of dental car-
ies, their metabolic activity may mitigate the pH drops
caused by other organisms [47]. Data from epidemiologi-
cal studies have consistently associated increased levels
of streptococci with dental caries [48—50]. For Veillonella
spp., however, data from association studies are less con-
sistent. Some investigations have linked a high preva-
lence/abundance of Veillonella spp. to health [48] and
some to disease [49, 51, 52]. In our study, biofilm pH, as
measured by pH ratiometry, was significantly lower in
biofilms from caries-active patients, which also exhibited
a higher relative abundance of streptococci. In contrast,
Veillonella spp. were more abundant in biofilms from
healthy participants. Interestingly, the relative abun-
dance of streptococci correlated negatively with biofilm
pH at the FOV level across all samples, and also within
samples from caries-active patients; an opposite trend,
although not significant, was observed for Veillonella
spp- These findings suggest that clusters of streptococci
impact the local pH and may contribute to the formation
of acidic pockets inside the biofilms. Veillonella spp., on
the other hand, seem to have a protective role against
biofilm acidification [47]. Their elevated prevalence in

some epidemiological studies on diseased populations
may, therefore, be explained by the increased production
of lactate in cariogenic biofilms, which favors the growth
of lactate-catabolizing species [46—48]. Taken together,
these findings demonstrate the importance of spatially
resolved analyses of biofilm community composition and
metabolism.

Combining chemical imaging of key metabolites and
structural imaging of the biofilm microarchitecture has
the potential to unravel important links between bio-
film structure, community composition, and virulence.
Recently, Kim et al. (2020) have elegantly demonstrated
in a simplified two-species model that rotund-shaped
clusters of Streptococcus mutans are associated with
microscale foci of enamel demineralization, and hence
the onset and progression of dental caries [9]. pH-FISH
allows for the combined analysis of biofilm architec-
ture, community composition, and metabolism, not
only in well-defined model systems, but also in complex
in vivo-grown microbial communities. Thereby, it has the
potential to provide insights into fundamental biological
processes, such as those related to pathogenic mecha-
nisms, within natural microbial systems.

Dental biofilms are highly complex microbial com-
munities with an intimate link between biofilm pH and
virulence, but pH is also a key determinant for biofilm
metabolism in many other biological systems. Local
changes in biofilm pH affect the output of industrial fun-
gal fermentation [53], as well as the electricity generation
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in microbial fuel cells [54] and the activity and growth of
nitrifying bacteria [55, 56]. In the medical field, the pH
of wound infections can support or reduce the rate of
microbial proliferation and wound healing [57]. Similarly,
pH drops in the lung milieu can favor the establishment
of bacterial infections in cystic fibrosis patients [58, 59].
Changes in biofilm pH can be accurately monitored in a
spatial- and time-resolved fashion by pH ratiometry [21,
22], while FISH with taxa-specific probes enables the
identification and visualization of the spatial distribution
of relevant microbial groups within these microbial com-
munities [60].

The preservation of the three-dimensional biofilm
architecture is crucially important for correlative imaging
during pH-FISH. pH ratiometry needs to be performed
on fresh, metabolically active biofilms [61], while conven-
tional FISH requires the fixation and permeabilization of
the samples [60]. To accommodate both requirements,
pH ratiometry has to be performed prior to sample prep-
aration for FISH, and the standard fixation procedure had
to be optimized considerably to ensure preservation of
the native biofilm structure. Embedding the biofilm in a
gel matrix (agarose) to provide physical support and sta-
bilization during PFA fixation, reducing the mechanical
stress caused by cross-linking, proved to be an efficient
method for biofilm preservation (Fig. S4). Throughout
the whole series of processing steps, samples needed to
be handled with great care to minimize shear stress to
the biofilms, especially during washing procedures. It is
conceivable that, without further adaptations, pH-FISH
cannot be performed successfully on biofilms that are
less robust than in vivo-grown dental biofilms, e.g., labo-
ratory model biofilms that are not exposed to shear dur-
ing growth.

pH-FISH is also limited by the penetration depth of
confocal microscopy [62], and by the taxonomic resolu-
tion of oligonucleotide probes. In this study, sequencing
and FISH analyses were limited to genus level resolu-
tion, and therefore, associations between distinct strep-
tococcal (or Veillonella) species and biofilm pH were not
addressed. Future work may use FISH probes with higher
taxonomic resolution, as well as methods to increase the
number of detectable targets (e.g., Combinatorial Labe-
ling and Spectral Imaging-FISH; CLASI-FISH) [63].
While we used the dye C-SNARF-4 for pH ratiometry,
which has a dynamic range between pH 4.5 and 7.0, the
method may be adapted to other pH-sensitive, ratiomet-
ric dyes that are suitable for alkaline (e.g., C-SNARF-1)
or more acidic (e.g., Oregon green) conditions [23]. This
study only measured horizontal pH profiles at the bio-
film base, but in principle, pH-FISH can be employed
to correlate both horizontal and vertical pH gradients
to biofilm composition [22]. Biofilms were collected
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on glass slabs, but pH-FISH can likely be extended to
other carrier materials, as both pH ratiometry and FISH
have been successfully performed on biofilms grown
on hydroxyapatite discs, enamel specimens, polymeric
restorative materials, and titanium and zirconia surfaces
[64—67]. However, further optimization may be required
to avoid interference of autofluorescent substrates on
pH-FISH images.

Conclusion

In summary, pH-FISH allows for the combined imaging
of biofilm pH and microbial biofilm architecture. As a
proof-of-concept, we applied the method to dental bio-
films and demonstrated that a high local abundance of
Streptococcus spp. correlates with a lower pH. pH-FISH
thus represents a powerful method to explore the com-
plex interplay between biofilm structure and metabolism
at the microscale, with potential applicability in various
other biological systems.
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