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Multi-site analysis of biosynthetic gene clusters from the
periodontitis oral microbiome
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Abstract

Background. Bacteria significantly influence human health and disease, with bacterial biosynthetic gene clusters (BGCs)
being crucial in the microbiome-host and microbe—-microbe interactions.

Gap statement. Despite extensive research into BGCs within the human gut microbiome, their roles in the oral microbiome
are less understood.

Aim. This pilot study utilizes high-throughput shotgun metagenomic sequencing to examine the oral microbiota in different
niches, particularly focusing on the association of BGCs with periodontitis.

Methodology. We analysed saliva, subgingival plague and supragingival plaque samples from periodontitis patients (n=23)
and controls (n=16). DNA was extracted from these samples using standardized protocols. The high-throughput shotgun
metagenomic sequencing was then performed to obtain comprehensive genetic information from the microbial communi-
ties present in the samples.

Results. Our study identified 10742 BGCs, with certain clusters being niche-specific. Notably, aryl polyenes and bacte-
riocins were the most prevalent BGCs identified. We discovered several ‘novel’ BGCs that are widely represented across
various bacterial phyla and identified BGCs that had different distributions between periodontitis and control subjects. Our
systematic approach unveiled the previously unexplored biosynthetic pathways that may be key players in periodontitis.

Conclusions. Our research expands the current metagenomic knowledge of the oral microbiota in both healthy and
periodontally diseased states. These findings highlight the presence of novel biosynthetic pathways in the oral cavity
and suggest a complex network of host-microbe and microbe-microbe interactions, potentially influencing periodontal
disease. The BGCs identified in this study pave the way for future investigations into the role of small-molecule-mediated
interactions within the human oral microbiota and their impact on periodontitis.
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INTRODUCTION

Periodontitis is a prevalent and complex inflammatory disease that affects the supporting structures of the teeth, leading to
progressive alveolar bone loss and, if left untreated, tooth loss [1]. The aetiology of periodontitis is multifactorial, with a significant
contribution from the microbial communities present in the oral cavity. The human oral microbiome is a diverse consortium
of bacteria, fungi, viruses and archaea that inhabit various niches within the oral cavity, including saliva and subgingival and
supragingival plaque (Pl) [2, 3]. These microbial communities are involved in both healthy and diseased states, influencing oral
and systemic health through their metabolic activities and interactions with host tissues [4].

The functional potential of microbiomes can be explored through the lens of biosynthetic gene clusters (BGCs), which are groups
of genes that collectively encode the production of secondary metabolites [5]. These metabolites have been implicated in a wide
array of biological functions, such as antimicrobial defence, signalling and modulation of host immune responses [6]. In the
oral cavity, BGC-derived metabolites may influence the onset and progression of periodontitis by shaping the composition and
behaviour of the microbial community, as well as by directly interacting with the host’s immune system [7].

Despite the clinical importance of the oral microbiome in periodontitis, there has been a relative lack of studies focusing on
BGCs within oral microbial communities compared to those in the gut. Advances in high-throughput sequencing technolo-
gies, particularly shotgun metagenomic sequencing, have begun to uncover the vast genetic potential encoded within the oral
microbiome [7, 8]. However, the specific roles that BGCs play in the context of oral health and periodontitis remain poorly
characterized.

In this article, we present a systematic analysis of oral metagenome samples to survey BGCs within three different oral niches
- saliva, subgingival Pl and supragingival P] — from a cohort of 39 Chinese individuals, including 23 subjects with periodontitis
and 16 controls. Despite the limited sample size, our focused approach allows for a meticulous examination of BGC profiles
across different sites. Our results highlight the existence of both ubiquitous and niche-selective BGCs within the oral cavity and
underscore the potential significance of specific BGCs in the pathogenesis of periodontitis.

METHOD
Subject recruitment

The inclusion criteria were as follows: (i) adults >18years old, (ii) those in good general health and did not have any medical
conditions that could potentially affect their oral microbiome and (iii) those without self-reported salivary gland disease or dry
mouth of any type. Subjects were excluded if they (i) were smokers, (ii) were on medication, (ii) had a systemic disease, (iii) were
pregnant or (iv) were undergoing orthodontic treatment.

Clinical examination

Recruitment, consent and clinical examination were carried out at the Reception and Primary Care Clinic, Faculty of Dentistry,
University of Hong Kong, between 1 October 2021 and 30 April 2022. All examinations were carried out by two calibrated exam-
iners under the direction of W.K.L. Examinations were repeated in every tenth participant to assess inter-examiners’ reliability.
Participants who provided written consent underwent a clinical examination, which was carried out by two calibrated examiners.
Due to the coronavirus disease pandemic, all participants were prescribed a hydrogen peroxide-based pre-procedural mouth
rinse on every attendance for cross-infection risk mitigation [9]. As described previously [10], the decayed, missing, and filled
permanent teeth or surfaces index [11] was used to evaluate dental conditions, with decayed teeth defined at the International
Caries Detection and Assessment System code 3 [localized enamel breakdown (without clinical visual signs of dentinal involve-
ment)] or above [12, 13].

We used a periodontal probe (PCP-UNC 15, Hu-Friedy Manufacturing Co., Chicago, IL, USA) to record the periodontal param-
eters from six sites of each tooth (mesio-buccal, mid-buccal, disto-buccal, mesio-lingual, mid-lingual and disto-lingual) excluding
third molars. We checked whether supragingival Pl existed. The probing pocket depth (PPD) was determined by measuring the
distance between the free gingival margin (FGM) and the base of the probing sulcus or pocket. Gingival recession (GR) was
measured from the cementoenamel junction (CEJ) to the FGM and recorded as an integer: a positive value if the FGM was
apical to the CEJ and a negative value if it was coronal to it. GR and PPD were added together to get the probing attachment level
(PAL). Bleeding on probing (BOP) was marked as positive if bleeding started within 10-15 s after probing. Each patient’s BOP%
(percentage of sites with BOP) and P1% (percentage of sites with Pl) were calculated. The number of missing teeth (except for
third molars) and presence and absence of furcation and mobility were also recorded [14]. The results from duplicate examina-
tions on ten participants (every four from the third participant examined) showed that intra-examiner reliability on periodontal
status (PPD/PAL in millimetres) was substantial (weighted kappa=0.618/0.810). Participants with any dental emergencies were
immediately referred for proper management, whilst those with non-urgent oral problems were given referrals via the regular
channels within the dental hospital.
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Sample collection

Subjects who qualified for the study were asked not to brush their teeth in the same morning when saliva/supra- or subgingival
samples were taken, which was within 1-2weeks after the recruitment, screening and examination. Participants were asked
neither to eat nor to drink (except water) for at least 2h before sample collection. First, 2ml of the unstimulated saliva was
collected according to Dawes [15]. For Pl collection, cotton rolls were used to isolate all teeth, which were air dried, and then,
pooled supragingival Pl was collected from intact tooth crowns (excluding any decayed and restored tooth surfaces) using a
sterile universal curette, followed by subgingival Pl sampling (pooled) using Gracey curettes from one deepest site on each
quadrant.

In control participants, subgingival Pl was normally collected from a site with a PPD of 3/4 mm, and supragingival Pl was collected
from a buccal site at a canine/premolar in each quadrant. In periodontitis participants, one deepest subgingival site per quadrant,
i.e. PPD >5 mm, was sampled. In case the person had a quadrant without PPD >5mm, an alternative non-adjacent deep pocket
site (PPD 25 mm) in another quadrant was sampled as a replacement. Immediately after sample collection, all specimens were
transferred to sterile 2-ml cryovials and quickly frozen for long-term preservation at —80 °C.

DNA extraction

Frozen samples were thawed on ice. Using the QIAamp DNA Mini Kit (Qiagen), DNA was extracted according to the manufac-
turer’s instructions for Gram-positive bacteria. Forty-eight samples from 3 sites of the 39 subjects (16 healthy and 23 periodontitis)
with purified DNA concentrations of more than 50 ng pl™' have been sent for further shotgun sequencing. We excluded 41 samples
from the analysis due to insufficient DNA concentrations.

Next-generation sequencing

Samples that yielded sufficient amounts of DNA (>50ng pl™') were selected to perform downstream shotgun metagenomic
sequencing. The library preparation (paired-end sequencing of 151 bp) was performed at the Centre for PanorOmic Sciences,
Genomics Core (The University of Hong Kong, LKS Faculty of Medicine) using the Illumina NovaSeq 6000 platform. Libraries
were prepared based on the KAPA HyperPrep Kit (KR0961) protocol. Fifty nanograms of genomic DNA were fragmented using
the Diagenode Bioruptor Pico system to a peak size of around 300 bp. End repair, A-tailing at the 3’ end and adaptor ligation
with an integrated DNA technology dual-indexed unique molecular identifier adaptor system were performed on the fragmented
DNAs. Dual solid-phase reversible immobilization was used to select an adapter-ligated library ranging in size from 300 to
750 bp. PCR was performed to enrich the libraries. For quality control analysis, Agilent Bioanalyzer, Qubit and qPCR were used
to validate the enriched libraries. The libraries were denatured, and their concentration was optimized.

BGC identification of oral bacteria

After generating the raw short reads, the KneadData pipeline (https://huttenhower.sph.harvard.edu/kneaddata/) was used to trim
the barcodes, filter out low-quality reads and remove human reads from the samples. We used trimmomatic settings for a 4-base
wide sliding window, with a minimum length of 90bp and an average quality per base greater than 20. The final high-quality
reads were assembled using MEGAHIT to generate the long contigs [16]. antiSMASH 6.0 was then used to identify BGCs within
the long contigs [17]. antiSMASH detects BGCs consisting of multiple gene clusters of different types merged into a single large
gene cluster. We developed a code to convert GenBank into FASTA using Biopython [18] python library to facilitate further
bioinformatic analysis. Based on antiSMASH glossary [17], we mapped the discovered BGCs into six super-classes, namely,
non-ribosomal peptides (NRPs), polyketides (PKs), ribosomally encoded and post-translationally modified peptides (RiPPs),
saccharides, terpenes and others (Table S1, available in the online version of this article).

Taxonomic assignment and phylogenetic tree construction

The taxonomic assignment of the assembly contigs was estimated using the Contig Annotation Tool (setting -sensitive -r 10 and
-£0.3) [19] based on the Genome Taxonomy Database [20]. Phylogenetic trees were constructed using PhyloT (https://phylot.
biobyte.de), which were visualized using iTol (https://itol.embl.de/).

BGC normalized abundance calculation

Bowtie2 [21] was used to quantify the number of hits to each BGC. We parsed the sequence alignment map output file from
Bowtie2 to extract the number of hits. We considered hits with an alignment length of more than 60 bp and a sequence identity of
more than 0.95. To compare the normalized abundance of each BGC; in control and periodontitis groups, we used the following
equation:

Total number of hits BGCy in sample;
Total number of reads in sample;

Normalized abundance of BGC; in samplej = x 1,000,000 (1)
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BGC novelty score calculation

To calculate BGC novelty, Biosynthetic Genes Super-Linear Clustering Engine (BiG-SLiCE) was executed in -query mode using
a previously prepared dataset consisting of 1.2million BGCs [22]. The resulting distance d represents the degree of similarity
between a particular BGC and previously computed gene cluster families (GCFs), with a larger d suggesting greater uniqueness.
We classified BGCs with a BiG-SLiCE score (d) greater than 1500 as novel BGCs. We used blast2GO [23] to perform gene ontology
analysis of the novel unique clusters.

BGC site specificity analysis

To facilitate comparisons, all sequences obtained for a specific domain were pooled and clustered according to sequence identity.
We clustered the BGCs using CD-Hit (similarity >0.5) [24]. We classified the representative BGCs based on whether or not they
were present in saliva, subgingival Pl, supragingival Pl or all three sites. For each oral site, the frequency of each of the representa-
tive BGCs was calculated. We used Venn diagrams to plot the results.

BGC network analysis

To quantify the diversity of BGCs, we analysed all BGCs with Biosynthetic Gene Similarity Clustering and Prospecting Engine
(BiG-SCAPE) [25], which groups similar clusters into a GCFE. BiG-SCAPE generates a network based on the sequence similarity
between the discovered BGCs and 1409 experimentally validated BGCs from the Minimum Information about a Biosynthetic
Gene Cluster (MIBiG) repository [26]. We used domain sequence similarity score (weighted by sequence identity) to define a
final distance metric for pairwise comparisons between BGCs. We saved the network in comma-separated values format and
visualized with Cytoscape [27].

RESULTS

In this study, we conducted a comprehensive analysis of BGCs across three distinct oral niches, (1) unstimulated saliva, (2)
supragingival Pl (multi-site, full-mouth) and (3) subgingival P1 (the deepest site per quadrant, pooled), from 39 ethnically Chinese
individuals living in Hong Kong. This cohort included 23 patients diagnosed with periodontitis and 16 control subjects without
severe periodontitis or advanced periodontal attachment loss [28]. We prioritized the analysis of 48 samples based on the criterion
of having sufficient DNA concentrations (=50 ng ul™) for the purpose of shotgun metagenomic sequencing. The subsequent
sequencing efforts produced a wealth of data that facilitated a deep exploration into the BGC composition and diversity within
these oral microbial communities. The detailed characteristics and sequencing data of these samples are summarized in Tables 1
and S2, providing a foundation for the results we describe herein.

Shotgun sequencing reveals diverse BGCs in the oral cavity

Shotgun sequencing of the 48 selected samples yielded an average of 94076902 + 6030847 reads per sample, ranging from
79059 540 to 108 878 790 (Table S3). Human reads were removed from each sample, and the remaining short reads were assembled
to construct the bacterial genome contigs. These contigs were then analysed using antiSMASH 6.0 to identify BGCs [17]. A total
of 10742 BGCs were identified, representing 44 distinct groups (Table S4). These BGCs were categorized into six super-classes
based on the antiSMASH glossary [17]: NRPs, PKs, RiPPs, saccharides, terpenes (isoprenoids) and ‘others” (Fig. 1a).

PKs constituted the most abundant super-class, comprising 3833 BGCs (36% of all identified BGCs), with aryl polyenes (APEs)
being the dominant subclass (2983 BGCs or 77% of all PKs). These were most prevalent in the bacterial phyla Bacteroidetes,
Proteobacteria, Actinobacteria, Firmicutes and Fusobacteria, with the highest numbers found in Bacteroidetes (Fig. 1b). RiPPs
formed the second most detected super-class with 3355 known BGCs (31% of all identified BGCs), including diverse sub-types
such as bacteriocins, lantipeptides, ranthipeptides, sactipeptides and proteusins (Fig. 1a). Bacteriocins were the predominant
RiPP sub-type, representing 1181 BGCs (35% of all RiPPs), primarily found within Firmicutes (Fig. 1b). The study also identified
1866 NRP-class BGCs (17% of all identified BGCs), 692 terpene-class BGCs (7% of all identified BGCs) and 995 BGCs classified
as ‘others’ (9% of all identified BGCs).

Table 1. Summary of 48 clinical samples analysed by shotgun metagenomic sequencing

Samples Saliva Subgingival Pl Supragingival Pl Excluded samples
Subjects

Control subjects (16) 11 3 4 14*
Periodontitis subjects (23) 9 11 10 27*

*We excluded those samples with DNA concentrations less than 50 ng pl™".
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Fig. 1. Distributions of BGCs identified within 48 pooled samples from periodontitis and healthy subjects. (a) The frequency and diversity of 44 BGC
sub-types identified across the collected oral samples. (b) The distribution of BGCs across different bacterial phyla.

A detailed examination of BGC counts by type and phylum uncovered that three phyla, Bacteroidetes (Bacteroidota), Proteobacteria
and Actinobacteria (Actinomycetota), were responsible for contributing over 70% of the identified BGCs. The Firmicutes and
Fusobacteria phyla collectively accounted for approximately 20% of the total BGCs. The remainder of the BGCs were distributed
among other phyla, which made up about 4% of the total, whilst 6% of the identified BGCs could not be classified at the phylum
level (Fig. S1 A, B).

Comparative analysis reveals distinct profiles of BGCs in oral bacteria from control and periodontitis patients

Investigating the variations in bacterial BGCs between healthy controls and periodontitis patients revealed distinct microbial
metabolic potentials linked to the diseased state. The normalized abundance of BGCs was computed for each sample, and statistical
comparisons were made using the Wilcoxon-Mann-Whitney test to determine the differences between the two groups. Our
analysis identified several BGCs with significantly different abundances when comparing control individuals to those with peri-
odontitis. These BGCs were associated with the synthesis of diverse small molecule types and originated from various bacterial
taxa (refer to Fig. S2 for detailed taxonomy of BGCs).

The top 20 BGCs, identified through a ranking based on their P-values, were visualized in a heatmap (Fig. 2a), offering a
clear representation of their respective distributions between the control and periodontitis samples. Notably, certain BGCs,
such as those responsible for the production of resorcinol, thiopeptide and NPRs, were predominantly found in pathogens like
Porphyromonas gingivalis, Treponema denticola and Desulfobulbus oralis, which were more abundantly represented in periodon-
titis patients. Conversely, BGCs associated with the synthesis of NRPS synthetase, type III PK synthase (T3PKS) and betalactone
were more prevalent in commensals like Rothia mucilaginosa, Streptococcus salivarius and Haemophilus parainfluenzae, which
were frequently detected in the microbiomes of control subjects, as shown in Fig. 2b-g.

Assessment of BGC diversity reveals high degree of novelty among different clusters

In our investigation of BGC diversity, we utilized the computational tool BiG-SLiCE to systematically compare the distances
of newly discovered BGC sequences against an extensive database of 1.2 million known BGCs [22]. The range of calculated
distances (d) across BGC classes illustrates a spectrum of relatedness among the discovered BGCs. At one end of the spectrum
are sequences that exhibit close genetic ties to known BGCs, indicating a high degree of similarity. At the other end of the
spectrum are sequences with distant connections to any known BGCs, suggesting that they represent novel and potentially
unique biosynthetic pathways (Fig. 3a).

We identified 207 BGCs with a distance greater than 1500, signalling an extreme divergence from the known collection of BGCs
(as detailed in Table S5). This level of divergence suggests the existence of a substantial number of uncharacterized BGCs with the
potential for producing novel bioactive compounds. The PK BGCs, known for their complex and pharmacologically important
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Fig. 2. Comparative analysis of BGCs in oral samples from control and periodontitis subjects. (a) Heatmap depicting the differential distributions of
the top 20 BGCs identified within control individuals and patients with periodontitis. The colour intensity represents the degree of enrichment in each
group. (b—d) Depiction of three specific BGCs that show significant enrichment in periodontitis patients. (e, f) Illustration of three specific BGCs that are
found to be enriched in the control group.

secondary metabolites, were particularly enriched for novelty, with 125 BGCs exceeding the threshold. This was followed by
the NRP and terpene BGCs, which contributed 41 and 23 novel BGCs, respectively. We further studied the ecological context
within which these novel BGCs were found. A significant majority, amounting to 61% of the novel BGCs, were detected within
periodontitis-associated microbiome samples, whilst the remaining 39% were identified in control samples (as shown in Fig. 3b).
Additionally, the bacterial phyla Proteobacteria, Bacteroidetes and Actinobacteria were the predominant hosts of these novel BGCs
(Fig. 3¢), indicating their significant contribution to BGC diversity.

We next checked the prevalence of these novel BGCs within each sample. Four BGCs were present in at least ten subjects, which
suggests that they may play important roles in oral bacterial communities. BGCs k141_317058 and k141_328908 (encoded
within Neisseria and Ottowia, respectively) were enriched in the control group, whilst k141_432967 and k141_157704 (encoded
within Desulfobulbus and Peptostreptococcus, respectively) were enriched in the periodontitis group (Table S6). To have a deeper
understanding of these BGCs products, we compared them with the known BGCs in the MIBiG databases.

BGC k141_317058 is similar to a BGC that produces biotin (vitamin B7 and vitamin H), an essential cofactor utilized by
carboxylase enzymes that play key metabolic roles in microbes and humans [29]. BGC k141_328908 is predicted to synthesize
polyhydroxyalkanoates (PHAs), biopolymers that are commonly produced by bacteria, which may be components of (extra-)
cellular macrostructures or be used as a nutrient storage form. BGCs k141_432967 and k141_157704 are predicted to produce
citrinin and phosphonoacetic acid, respectively. Citrinin is a PK mycotoxin (typically produced by fungi) that has been shown
to have antimicrobial properties in addition to its cytotoxic effects [30].

Comparative analysis demonstrates niche-specific distribution patterns of oral BGCs

By employing a comparative clustering approach, we categorized the BGCs based on their unique localization within saliva,
subgingival Pl or supragingival Pl. The analysis involved pooling BGC sequences from various samples and clustering them
according to sequence homology, as detailed in the Methods section. The patterns of distribution were visually represented using
Venn diagrams to reveal the extent of BGC overlap across these distinct oral sites (Fig. 4).

Notably, a BGC identified as k141 164411, which is putatively responsible for producing a PK metabolite within the bacterium
Capnocytophaga gingivalis, exhibited an exclusive presence in the supragingival and subgingival Pl from subjects with peri-
odontitis. This particular BGC was detected in seven periodontitis cases, suggesting a potential role in the pathogenicity or the
microbial ecology of periodontal disease niches. Conversely, another BGC, characterized by the cluster ID k141_302416 and
presumably encoding an RiPP, was found solely within the S. salivarius contigs in saliva samples from healthy control individuals.
This specificity indicates a unique adaptation of S. salivarius within the non-diseased oral environment, potentially contributing
to the maintenance of oral health.
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Fig. 3. Characterization of novel BGCs in oral microbiomes from periodontitis and control subjects. (a) Boxplot representing the distribution of BiG-
SLICE distance scores for BGCs identified in the study. Scores are plotted for each BGC class, with a dashed red line indicating the novelty threshold at a
distance score of greater than 1500, beyond which BGCs are considered highly divergent from known sequences. (b) Pie chart depicting the distribution
of the 207 highly divergent BGCs between periodontitis and control samples. (c) Pie chart showing the distribution of the 207 novel BGCs across the 6
bacterial phyla identified as the primary genomic hosts for these divergent gene clusters.

Some BGCs demonstrated a ubiquitous presence across all examined oral sites. One example is the BGC encoded by

Treponema medium (BGC id: k141_23213), which was uniformly identified in saliva and supragingival and subgingival Pl
samples from a cohort of 15 periodontitis patients. The prevalent distribution of this BGC across different oral niches in peri-
odontitis patients provides a fascinating insight into the versatile capability of T. medium to establish itself within varied oral
microenvironments.

Fig. 4. Site specificity of BGCs in the human oral microbiome in control and periodontitis subjects. Venn diagrams illustrating the distribution of BGCs
across the six categorized groups representing distinct oral samples (C_Sa, control saliva sample; C_Sup, control supragingival Pl; C_Sub, control
subgingival Pl; P_Sa, periodontitis saliva Pl; P_Sub, periodontitis subgingival Pl; P_Sup, periodontitis supragingival Pl).
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Table 2. Comparison of the hub BGCs with known BGCs from the MIBIG database

Hub BGC Known BGC Similarity score Type Compound(s) Host organism
K141_48883 BGC0000624.1 0.52 RiPP Salivaricin CRL1328 o Lactobacillus salivarius
peptide, salivaricin CRL1328
B-peptide

k141_1504 BGC0001887.1 0.42 RiPP Huazacin Bacillus thuringiensis serovar

huazhongensis BGSC 4BD1
k141_316297 0.53 RiPP SRO15-3108 Streptomyces filamentosus

BGC0000554.1 NRRL 15998

Network analysis identifies key bacterial gene clusters linked to periodontitis and control oral microbiomes

To uncover the potentially significant BGCs within the context of periodontitis and control oral microbiomes, we employed a
robust network analysis. We identified the hub nodes - those with the highest degree of connectivity to facilitate the interpretation
of these networks. Specifically, BGC K141_4883 emerged as a central hub within the control network, whilst K141 1504 and
K141 316297 were identified as hubs in the periodontitis network (Fig. S3).

To deepen our understanding of these hub BGCs, we compared them with the known BGCs in the MIBiG database [26]. Specifi-
cally, the 61% similarity of BGC K141_4883 to a BGCin S. salivarius suggests conservation of biosynthetic pathways in this species,
which is known for its prevalence in the healthy oral cavity. This could imply that the gene cluster plays a role in maintaining
oral health or represents a common metabolic capability within this microbial community. Conversely, the 52% similarity of
BGCs K141_1504 and K141_316297 to BGCs from Centipeda periodontii and P. gingivalis, respectively, organisms associated
with periodontal disease, indicates that similar biosynthetic pathways may be active in the diseased state. These pathways could
be related to the virulence, colonization or modification of the local environment to induce dysbiosis (Table 2).

Further comparison of these hub nodes with BGCs with known secondary metabolite products enabled us to identify their puta-
tive products, adding another layer to our analysis. Our comparative results showed that the putative product of K141_4883 has
similarity to the salivaricin CRL1328 B-peptide (score: 0.52), hinting at a role in bacteriocin production, which may contribute
to microbial homeostasis in the oral cavity. K141_1504 was predicted to produce a compound similar to huazacin [31] (score:
0.42), a known antibacterial agent, whilst the putative product of K141_316297 was the molecule SRO15-3108 (score: 0.53), a
lantipeptide class compound with reported antimicrobial activities [32].

DISCUSSION
The role of BGCs in the oral microbiome and periodontitis

The findings of this study offer a novel perspective on the complexity and functional capabilities of the oral microbiome in both
healthy and diseased states, particularly in the context of periodontitis. Our research has provided a comprehensive catalogue of
BGCs across different oral niches, highlighting the intricate microbial metabolic landscape shaped by these gene clusters. APEs
emerged as the most common family of BGCs in our samples. These compounds, present in several Gram-negative bacteria, have
been implicated in resistance to oxidative stress and could induce biofilm formation through changes in cell envelope composition
and regulatory cascades. The high concentration of APE BGCs in anaerobes populating the gingiva and tongue may reflect an
adaptation to the highly reductive environments of these niches [33, 34].

Bacteriocins, the second most abundant BGC type found in our study, are well known for their antimicrobial activities [35]. Their
abundant presence in the oral cavity suggests that they could be significant players in microbial community dynamics, acting
as mediators of competition between commensals and pathogens. The high transmissibility of bacteriocin BGCs may confer a
certain degree of evolutionary advantage to their host species, contributing to rapid adaptations in the face of environmental
pressures [36]. Furthermore, oral bacteria such as streptococci and lactobacilli, which produce bacteriocins, might play a role
in suppressing pathogenic bacteria, thereby influencing oral and systemic health [37, 38]. Moreover, the identification of novel
BGCs, including those with a high degree of divergence from known BGCs, suggests that uncharacterized metabolic pathways
may contribute to the pathogenesis of periodontitis. These novel clusters could represent a source of as-yet undiscovered bioac-
tive compounds that influence the microbial ecology or the host response in periodontal disease. Beyond that, both APEs and
bacteriocins also exhibit significant anti-fungal properties [34, 39]. This may possibly modulate oral Candida levels, which are
known to have profound effects on oral ecosystems and host-microbe interactions [40].

Disease association and niche adaptation of BGCs

Our analysis has identified BGCs that are differentially abundant between health and periodontitis, with potential implications
for disease progression and the maintenance of oral health. The association of specific BGCs with known oral pathogens in
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periodontitis patients points to the possible roles in pathogenesis. The presence of BGCs from P. gingivalis in higher abundance
in periodontitis samples aligns with the existing literature on periodontitis-associated pathogens [41]. The predicted synthesis
of resorcinol by these BGCs and its potential involvement in biofilm formation could provide a mechanistic insight into how
P. gingivalis establishes itself within the oral microbiome and contributes to disease progression [42]. Similarly, the increased
abundance of BGCs producing thiopeptide and NRP-like compounds from T. denticola and D. oralis, respectively, in peri-
odontitis samples, suggests that these compounds could influence the microbial community structure and biofilm dynamics
[43]. On the other hand, the higher levels of BGCs encoding NRPS, T3PKS and betalactone in commensal bacteria within
control samples indicate a potential protective role against periodontitis [44]. Bacteria such as R. mucilaginosa and S.
salivarius, which are associated with anti-inflammatory properties, could contribute to a balanced immune response and
homeostasis within the oral cavity [45, 46].

The site specificity of certain BGCs, such as those uniquely found in C. gingivalis within subgingival Pl, suggests that
some BGCs may confer niche-specific advantages or may be involved in the establishment and maintenance of pathogenic
biofilms. Conversely, the specificity of a RiPP-encoding BGC within S. salivarius in saliva from healthy individuals could
be indicative of a symbiotic relationship with the host, contributing to the stability of the oral microbiome. The observed
overrepresentation of specific BGCs in periodontitis patients compared to controls is likely attributable to the distinct
microbial communities present in these two groups. Whilst our study identifies BGCs with differential abundances in
periodontitis patients, in future work, it will be crucial to determine whether these BGCs are actively transcribed during
the disease process (discussed further below).

Implications for microbial ecology and therapeutic development

Network analysis has revealed key bacterial gene clusters that are central within the BGC networks of periodontitis and
control oral microbiomes. The identification of hub BGCs and their putative products provides valuable insights into the
potential functional roles these clusters play within the oral microbiome. For instance, the similarity of a hub BGC in the
control network to a known BGC from §. salivarius suggests a role in maintaining oral health, possibly through bacteriocin
production. In contrast, hub BGCs associated with periodontitis may be involved in the disease process, offering poten-
tial targets for therapeutic intervention. For example, the predicted production of antibacterial compounds by some of
these BGCs could be an adaptation mechanism by periodontal pathogens to outcompete commensal bacteria, facilitating
dysbiosis and disease progression. We speculate that the increased abundance of BGCs predicted to encode antibacterial
metabolites such as huazacin and the lantipeptide SRO15-3108 in the periodontitis group may be a result of a dysbiotic
microbial community attempting to self-regulate or perhaps a consequence of the host inflammatory response (Table S6).
It is conceivable that the inflammatory environment in periodontitis triggers an overproduction of these antimicrobial
compounds, even in the presence of dysbiosis. In addition, the BGC that produces the mycotoxin citrinin may disrupt
the balance of the oral microbiome by promoting dysbiosis and exacerbating periodontitis. Phosphonoacetic acid, on the
other hand, is known for its antiviral properties. Its potential effects on the oral microbiome and periodontal health status
are difficult to predict.

The two health-associated BGCs were predicted to synthesize biotin and PHAs, respectively. Supplementary biotin production may
putatively improve the abilities of the host Neisseria bacterium to catabolize aas and synthesize important (fatty acid) metabolic
intermediates, thus enhancing its survival abilities within competitive oral biofilm communities. In the context of oral health,
PHAs could potentially contribute towards bacterial resilience or the structural integrity of biofilms that protect against pathogen
colonization, thus helping maintain a healthy microbial balance in the oral cavity [47].

Limitations and future directions

Whilst our study significantly advances our understanding of the biosynthetic potential of the oral microbiome, we acknowl-
edge its limitations, including the small sample sizes and the potential underestimation of BGC diversity due to the resolution
constraints of shotgun metagenomics. We must also point out that the overrepresentation of certain periodontitis-associated BGCs
encoded by periodontopathogenic species may simply reflect the elevated levels of certain periodontopathogens present within
diseased subjects (and vice versa). Thus, our study does not provide direct mechanistic evidence linking the products of specific
BGCs (e.g. virulence factors) to periodontal disease pathologies and does not directly link the products of health-associated
BGCs (e.g. bacteriocins and anti-inflammatory agents) with periodontal health. Our analysis at the bacterial genome level would
benefit from complementary metatranscriptomic studies to characterize the niche-specific expression of these BGCs within the
dynamic oral microbiomes associated with periodontal health or disease.

Looking ahead, there is a strong need to explore the therapeutic potential of novel BGCs discovered within the oral
microbiome. The bioactive compounds these BGCs produce could lead to the development of innovative antimicrobial
treatments or probiotic solutions for managing periodontal disease. For example, peptides from the oral microbiome, such
as bacteriocins and lantibiotics [48], have shown significant antimicrobial properties, highlighting the potential of these
bioactive compounds. These compounds have evolved to remain stable and active in the oral environment, making them
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particularly suitable for therapeutic applications. To that end, it will be necessary to expand our pilot research to include
functional assays and validation studies. This will help translate our DNA-level insights into practical health solutions.

CONCLUSIONS

This study has provided critical insight into the biosynthetic capabilities of the oral microbiome, particularly in relation
to periodontal disease. We have catalogued a diverse range of BGCs, which are essential to the microbial dynamics of
biofilm formation, competition and stress response. The presence of these BGCs in specific oral niches suggests their
involvement in both the protection against and development of periodontitis, highlighting the dualistic nature of the
oral microbiome in health and disease. However, it is important to underscore the limitations of our work. The small
sample sizes used in this study may not capture the full diversity of the oral microbiome. This sample size limitation
could also lead to a potential underrepresentation of the existing BGC diversity. Additionally, the resolution limits of
shotgun metagenomics may have led to an underestimation of BGC diversity, potentially omitting less abundant or novel
BGCs not previously characterized. Despite these challenges, our findings lay the groundwork for future investigations
that can build on this knowledge, exploring the therapeutic potential of novel BGCs and integrating comprehensive
‘omics’ approaches, like metatranscriptomics and metabolomics, to fully elucidate the role of BGCs in periodontal
health and disease.

Funding information

This study was supported by the University of Hong Kong internal fund (Seed Fund for Basic Research for New Staff) to M.K.-M. R.M.W. acknowledges
the financial support from the Research Grants Council of Hong Kong through the General Research Fund (GRF) grant #17121820. W.K.L. acknowledges
the support in part by the Health and Medical Research Fund of the Hong Kong Special Administrative Region, China (HMRF) #03141636.

Author contributions
M.K.-M., WK.L. and R.M.W. designed the study; W.K.L. collected the samples; M.K.-M. analysed the data; M.K.-M., RM.W. and W.K.L. wrote the paper;
M.K.-M. contributed to funding and leading the project.

Conflicts of interest
The authors declare no conflicts of interest.

Ethical statement

This study was approved by the Institutional Review Board (IRB) of the University of Hong Kong/Hospital Authority Hong Kong West Cluster (approval
number HKU/UW 20--364). All subjects were given verbal explanations regarding the investigation upon first contact. Written informed consent was
obtained from all participants who agreed to take part. Personal identifiers were removed from all collected data. All procedures performed were in
accordance with the ethical standards of the ilnstitutional rResearch cCommittee and with the Declaration of Helsinki revised in 2013.

References 10. Lim FY, Goo CL, Leung WK, Goh V. Validation of the malay oral
1. Sedghi L, DiMassa V, Harrington A, Lynch SV, Kapila YL. The impacts on daily performances and evaluation of oral health-
oral microbiome: role of key organisms and complex networks related quality of life in @ multi-ethnic urban Malaysian popu-
in oral health and disease. Periodontol 2000 2021;87:107-131. lation: a cross-sectional study. Int J Environ Res Public Health
2. Mark Welch JL, Rossetti BJ, Rieken CW, Dewhirst FE, Borisy GG. 2022:19:16944.
Biogeography of a human oral microbiome at the micron scale. 11. Petersen PE, Baez RJ, WHO. Assessment of Oral Health Status,
Proc Natl Acad Sci U S A 2016:113:E791-800. 5th. Geneva: World Health Organization; 2013, pp. 35-56.
3. Mark Welch JL, Dewhirst FE, Borisy GG. Biogeography of the oral 12. Iranzo-Cortés JE, Montiel-Company JM, Almerich-Silla JM. Caries

microbiome: the site-specialist hypothesis. Annu Rev Microbiol

diagnosis: agreement between WHO and ICDAS Il criteria in epide-
2019;73:335-358.

miological surveys. Community Dent Health 2013;30:108-111.

4. Ehol IH BladsZr MJ. Tt/wve h;méz;n mic;g?;%%:é t2h7eointerface of 13. Ekstrand KR, Gimenez T, Ferreira FR, Mendes FM, Braga MM.
ealth and disease. Nat Rev Genet T B ’ The International caries detection and assessment system -
5. Rutledge PJ, Challis GL. Discovery of microbial natural products ICDAS: a systematic review. Caries Res 2018;52:406-419.

by activation of silent biosynthetic gene clusters. Nat Rev Microbiol 14. Chiu J, Zheng Y, Lai S, Chan WS, Yeung S, et al. Periodontal

2015;13:509-523. o ) )
conditions of essential hypertension attendees to a general
6. NetzkerT, Fischer J, Weber J, Mattern DJ, Kénig CC, et al. Microbial hospital in Hong Kong. Aust Dent J 2020;65:259-268.
communication leading to the activation of silent fungal secondary
metabolite gene clusters. Front Microbiol 2015;6:299. o .
. o o composition. J Physiol 1972;220:529-545.
7. Aleti G, Baker JL, Tang X, Alvarez R, Dinis M, et al. Identification ) )
of the bacterial biosynthetic gene clusters of the oral micro- 16. Li D, Lf“ C-M, Luo R, Sgdakane K. Lam T-W. MEGAHIT: an ultra-
biome illuminates the unexplored social language of bacteria fast single-node solution for large and complex metagen-
during health and disease. mBio 2019;10:00321-19. omics assembly via succinct de Bruijn graph. Bioinformatics
2015;31:1674-1676.

15. Dawes C. Circadian rhythms in human salivary flow rate and

8. LiulL,HaoT,Xie Z, Horsman GP, Chen Y. Genome mining unveils

widespread natural product biosynthetic capacity in human oral 17. BlinK,Shaw S, Kloosterman AM, Charlop-PowersZ vanWezelGP,

microbe Streptococcus mutans. Sci Rep 2016;6:37479. et al. antiSMASH 6.0: improving cluster detection and compar-
9. Alzahrani MM, Bamashmous S, Alkharobi H, Alghamdi A, ison capabilities. Nucleic Acids Res 2021;49:W29-W35.

Alharbi RH, et al. Mouth rinses efficacy on salivary SARS-CoV-2 18. Youens-Clark K. Mastering Python for Bioinformatics. O'Reilly

viralload: arandomized clinicaltrial. JMed Virol 2023;95:€28412. Media, Inc, 2021.

10



Koohi-Moghadam et al., Journal of Medical Microbiology 2024;73:001898

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

von Meijenfeldt FAB, Arkhipova K, Cambuy DD, Coutinho FH,
Dutilh BE. Robust taxonomic classification of uncharted microbial
sequences and bins with CAT and BAT. Genome Biol 2019;20:217.

Parks DH, Chuvochina M, Rinke C, Mussig AJ, Chaumeil P-A,
et al. GTDB: an ongoing census of bacterial and archaeal diver-
sity through a phylogenetically consistent, rank normalized
and complete genome-based taxonomy. Nucleic Acids Res
2022;50:D785-D7%4.

Langmead B, Salzberg SL. Fast gapped-read alignment with
Bowtie 2. Nat Methods 2012;9:357-359.

Kautsar SA, van der Hooft JJJ, de Ridder D, Medema MH. BiG-
SLIiCE: a highly scalable tool maps the diversity of 1.2 million
biosynthetic gene clusters. Gigascience 2021;10:giaa154.

Randle-Boggis RJ, Helgason T, Sapp M, Ashton PD. Evaluating
techniques for metagenome annotation using simulated sequence
data. FEMS Microbiol Ecol 2016;92:fiw095.

Chen Q, Wan Y, Lei Y, Zobel J, Verspoor K. Evaluation of CD-HIT
for constructing non-redundant databases. In: In 20716 IEEE Inter-
national Conference on Bioinformatics and Biomedicine (BIBM). |EEE,
2016. pp. 703-706.

Navarro-Munoz JC, Selem-Mojica N, Mullowney MW, Kautsar SA,
Tryon JH, et al. A computational framework to explore large-scale
biosynthetic diversity. Nat Chem Biol 2020;16:60-68.

Kautsar SA, Blin K, Shaw S, Navarro-Munoz JC, Terlouw BR, et al.
MIBIG 2.0: a repository for biosynthetic gene clusters of known
function. Nucleic Acids Res 2020;48:D454-D458.

Smoot ME, Ono K, Ruscheinski J, Wang P-L, Ideker T. Cytoscape
2.8: new features for data integration and network visualization.
Bioinformatics 2011;27:431-432.

Tonetti MS, Greenwell H, Kornman KS. Staging and grading of peri-
odontitis: framework and proposal of a new classification and case
definition. J Periodontol 2018;89 Suppl 1:5159-S172.

McMahon RJ. Biotin in metabolism and molecular biology. Annu
Rev Nutr 2002;22:221-239.

de Oliveira Filho JWG, Islam MT, Ali ES, Uddin SJ, Santos JV de O,
et al. A comprehensive review on biological properties of citrinin.
Food Chem Toxicol 2017;110:130-141.

Hudson GA. Bioinformatic mapping of radical SAM-dependent
ripps identifies new Co, CB, and Cy-linked thioether-containing
peptides. J Am Chem Soc 2019;141:8228.

Yu Y, Zhang Q, van der Donk WA. Insights into the evolution of
lanthipeptide biosynthesis. Protein Sci 2013;22:1478-1489.

Stubbendieck RM, Zelasko SE, Safdar N, Currie CR. Biogeog-
raphy of bacterial communities and specialized metabolism

in human aerodigestive tract microbiomes. Microbiol Spectr
2021;9:e0166921.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

4b,

45,

46.

47.

48.

Johnston |, Osborn LJ, Markley RL, McManus EA, Kadam A, et al.
Identification of essential genes for Escherichia coli aryl polyene
biosynthesis and function in biofilm formation. NPJ Biofilms Micro-
biomes 2021;7:56.

Simons A, Alhanout K, Duval RE. Bacteriocins, antimicrobial
peptides from bacterial origin: overview of their biology and their
impact against multidrug-resistant bacteria. Microorganisms
2020;8:639.

Cotter PD, Ross RP, Hill C. Bacteriocins - a viable alternative to
antibiotics? Nat Rev Microbiol 2013;11:95-105.

Santagati M, Scillato M, Patané F, Aiello C, Stefani S. Bacteriocin-
producing oral streptococci and inhibition of respiratory patho-
gens. FEMS Immunol Med Microbiol 2012;65:23-31.

Conrads G, Westenberger J, Lirkens M, Abdelbary MMH. Isolation
and bacteriocin-related typing of Streptococcus dentisani. Front Cell
Infect Microbiol 2019;9:110.

de Souza de Azevedo PO, Mendongca CMN, Moreno ACR, Bueno AVI,
de Almeida SRY, et al. Antibacterial and antifungal activity of crude
and freeze-dried bacteriocin-like inhibitory substance produced by
Pediococcus pentosaceus. Sci Rep 2020;10:12291.

Cannon RD. Oral fungal infections: past, present, and future. Front
Oral Health 2022;3:838639.

How KY, Song KP, Chan KG. Porphyromonas gingivalis: an overview
of periodontopathic pathogen below the gum line. Front Microbiol
2016;7:53.

Yang L-H, Cheng H-Y, Zhu T-T, Wang H-C, Haider MR, et al. Resor-
cinol as a highly efficient aromatic electron donor in bioelectro-
chemical system. J Hazard Mater 2021;408:124416.

Bleich R, Watrous JD, Dorrestein PC, Bowers AA, Shank EA. Thio-
peptide antibiotics stimulate biofilm formation in Bacillus subtilis.
Proc Natl Acad Sci US A 2015;112:3086-3091.

Rigauts C, Aizawa J, Taylor SL, Rogers GB, Govaerts M, et al. R othia
mucilaginosa is an anti-inflammatory bacterium in the respiratory
tract of patients with chronic lung disease. Eur Respir J 2022;59:5.

Kaci G, Goudercourt D, Dennin V, Pot B, Doré J, et al. Anti-
inflammatory properties of Streptococcus salivarius, a commensal
bacterium of the oral cavity and digestive tract. Appl Environ Micro-
biol 2014;80:928-934.

Diao J, Yuan C, Tong P, Ma Z, Sun X, et al. Potential roles of the free
salivary microbiome dysbiosis in periodontal diseases. Front Cell
Infect Microbiol 2021;11:711282.

Choi SY,CholJ, Lee Y, Kim YJ, Kim KJ, et al. Microbial polyhydroxyal-
kanoates and nonnatural polyesters. Adv Mater 2020;32:e1907138.

Mathur H, Field D, Rea MC, Cotter PD, Hill C, et al. Fighting biofilms
with lantibiotics and other groups of bacteriocins. NPJ Biofilms
Microbiomes 2018;4:9.

The Microbiology Society is a membership charity and not-for-profit publisher.

Your submissions to our titles support the community — ensuring that
we continue to provide events, grants and professional development for
microbiologists at all career stages.

Find out more and submit your article at microbiologyresearch.org




	Multi-­site analysis of biosynthetic gene clusters from the periodontitis oral microbiome
	Abstract
	Data Availability
	Introduction
	Method
	Subject recruitment
	Clinical examination
	Sample collection
	DNA extraction
	﻿Next-generation sequencing﻿
	BGC identification of oral bacteria
	Taxonomic assignment and phylogenetic tree construction
	BGC normalized abundance calculation
	BGC novelty score calculation
	BGC site specificity analysis
	BGC network analysis

	Results
	Shotgun sequencing reveals diverse BGCs in the oral cavity
	Comparative analysis reveals distinct profiles of BGCs in oral bacteria from control and periodontitis patients
	Assessment of BGC diversity reveals high degree of novelty among different clusters
	Comparative analysis demonstrates niche-specific distribution patterns of oral BGCs
	Network analysis identifies key bacterial gene clusters linked to periodontitis and control oral microbiomes

	Discussion
	The role of BGCs in the oral microbiome and periodontitis
	Disease association and niche adaptation of BGCs
	Implications for microbial ecology and therapeutic development
	Limitations and future directions

	Conclusions
	References


