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SUMMARY

The human microbiota has a critical role in maintaining human microbiome homeostasis and health, yet the 
viral component of the oral microbiome remains largely unidentified. We establish the Human Oral Virome 
Database (HOVD) catalog, a freely accessible online resource cataloging 24,440 bacteriophage viral opera-

tional taxonomic units and 83 eukaryotic viral genomes. Utilizing HOVD, we investigate oral virome variation 
and its correlation with oral bacteria and gut virome in 220 obese individuals with or without type 2 diabetes 
mellitus (T2D). Obese individuals with T2D exhibit reduced oral viral diversity, lower correlations with clinical 
features, disrupted viral-bacterial correlations, and enhanced oral-gut virome transmission. Furthermore, we 
computationally identify bacteriophages that infect Porphyromonas gingivalis and screen six putative endo-

lysins. Experimental validation reveals that a mixture of three endolysins significantly inhibits Porphyromonas 
gingivalis growth. These findings highlight the potential of phage-derived endolysins for periodontitis with 
T2D, offering a path toward oral and systemic disease intervention.

INTRODUCTION

The important role of the human microbiome is widely recog-

nized. 1–4 The human microbiome in the oral cavity, the second 

largest microbial habitat in the body, is remarkably diverse and 

exhibits a complex ecology. It plays crucial roles in maintaining 

human health and supporting biological development. 5–9 Oral 

virome was a significant component of the human oral micro-

biome, consisting mostly of bacteriophages (phages) and eu-

karyotic viruses. 10 Although phages were not considered as 

important in the oral microbiome as in other microbial systems, 

particularly in previous studies using static culture techniques 

of mature biofilms, their role may have been underestimated. 11 

The diversity and abundance of viruses might exert significant

selective pressure and have an important role in the oral 

ecosystem, according to recent findings enabled by expanded 

sequence databases, enhanced sequencing capabilities, and 

advanced bioinformatics tools. 5,12–15

Our knowledge of viral genomes in the human oral microbiome 

is limited, with only a few studies focusing on the genomic re-

sources of oral viruses. Tisza et al. created the Cenote Human 

Virome Database (CHVD) including 13,565 oral viruses from 

over 1,000 oral metagenomic samples. 16 Li et al. integrated 

2,792 publicly available human oral metagenomic samples to 

form Oral Virus Database (OVD) including 48,425 nonredundant 

viruses. 17 These databases have provided initial insights into 

various unknown viral genomes, expanding the diversity and 

heterogeneity of the human oral virome, and now serve as
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valuable annotation sources for future studies. 5 However, 

several aspects of the human oral virome are still not described 

clearly, such as the function of the oral virome and the connec-

tion between phages and their corresponding hosts, which are 

essential for a comprehensive understanding of the complex 

and mutualistic relationships within the human oral microbiome 

and their effects on human development. 10,18

In addition, oral viruses have been identified as being associ-

ated with human diseases, such as oral cancers; periodontal dis-

eases; hand, foot, and mouth disease; and rheumatoid arthritis, 

suggesting that oral viruses might influence the progression of 

these diseases and indicating potential approaches for prog-

nosis and diagnosis based on microbiome composition. 19–24 

Among chronic metabolic diseases, type 2 diabetes mellitus 

(T2D) is a major contributor to global morbidity and mortality, 

leading to enormous economic and societal consequences. 25,26 

The population of adults with diabetes, nearly 90% of whom 

were T2D, was estimated to grow from 108 million in 1980 to 

537 million in 2020–2021. 27–29 However, little is known about 

the alteration of human virus related to T2D in the oral cavity 

and whether it has a latent role in treating and predicting disorder 

development, which might have a microbial connection within 

the context of disease pathogenesis. 30–32

To expand the existing research and provide a complementary 

perspective of the human oral virome, we performed a large-

scale integration of oral viral genomes from three human oral 

virome databases previously published and viral genomes iden-

tified from 220 oral metagenomes obtained from obese patients 

with or without T2D. We used these data to establish the Human 

Oral Virome Database (HOVD) catalog, which contained 24,440 

phage viral operational taxonomic units (vOTUs) made up of 

the Human Oral Phage Database (OPD) and 83 eukaryotic viral 

contigs composed of the Human Oral Eukaryotic Virus Database 

(OED), estimated to be over 50% complete. According to the 

developed database, we characterized the changes in the oral 

virome and their correlation with oral bacteria and the gut virome 

in obese subjects with T2D and explored potential therapeutic 

strategies for periodontitis individuals with T2D. This study 

would advance our knowledge of viruses identified in the oral 

microbiome and host-virus interactions and provide clues for 

the diagnosis and treatment of these human diseases.

RESULTS

A genomic catalog of the human oral virome

We applied integrative virome pipeline (iVirP) pipeline to 220 oral 

metagenomes obtained from obese patients with (n = 158) or 

without type 2 diabetes (n = 62), identifying 2,155 high-quality 

viral genomes. 33 A total of 706 contigs (≥1 kbp in length) that 

could not be annotated as viral by iVirP but could be aligned to 

sequences in the Nucleotide Sequence Database (NT database) 

were retained for further analysis. We then clustered oral viral ge-

nomes from our samples and genomes publicly available from 

human oral viral genome databases, including OVD, 17 CHVD, 16 

and oral virome selected from GenBank (Figure 1A; Table S1). 

After assessing genome completeness with CheckV and distin-

guishing viral genomes annotated as phage or eukaryotic virus 

using previous databases, 29,033 oral phage contigs with

>50% completeness and 83 eukaryotic viral contigs were pre-

served (Figures 1B and S1; Table S2). 34

All the phage contigs were clustered to generate a Human 

OPD, comprising 24,440 vOTUs at 95% average nucleotide 

identity over 85% alignment fraction of the shorter sequence. 35 

OPD and OED were integrated to establish HOVD. HOVD is 

now publicly available at https://hovd.org/, where the online 

website offers more detailed information about our virome 

dataset. Our phage database sets spanned over 3,000 samples 

from nine countries across four continents, with genomes from 

North America (52.6%) and Asia (36.7%) accounting for the 

largest proportion (Figures 1C and 1D; Tables S3 and S4). Viral 

genomes were largely derived from various sources, including 

supragingival plaque (32.7%), saliva (28.7%), tongue dorsum 

(25.1%), buccal mucosa (4.6%), and subgingival plaque (3.4%) 

(Figure 1D). The length of vOTUs ranged from 5,013 to 

680,541 bp, with an average length of 43,553 bp and an N50 

length of 35,067 bp. We then evaluated the quality of oral phage 

vOTUs in OPD, including 15.7% complete, 36.5% high-quality, 

and 47.8% medium-quality genomes, with over 95% of vOTUs 

having low contamination (Figure S1). Detailed information 

on the 83 eukaryotic viral contigs in the Human OED is provided 

in Figure S2.

Higher quality viral genomes in OPD

We then compared our database with two recently published 

human-associated metagenome-assembled oral virus catalogs, 

OVD and CHVD. 16,17 We first assessed the completeness and 

quality of viral genomes of three databases. Compared to the 

other two databases, such as OVD (where over 56% of contigs 

were estimated to be low-quality genome fragments), OPD 

was populated with a higher proportion and number of complete, 

high-, and medium-quality virus genomes (Figure S3). Our data-

base contributed 576 complete viral genomes (13.8%), 557 high-

quality viral genomes (5.2%), and 1,023 medium-quality viral 

genomes (7.2%) to all the genomes of OPD, demonstrating the 

high quality and efficiency of the iVirP pipeline (Table S3).

To recognize higher ranking viral clades, we clustered 24,440 

species-level vOTUs into genus- and family-level groups 

approximately and revealed 1,240 genus-level vOTUs and 342 

family-level vOTUs (Figure 2A). Notably, 6.4% (1,574 of 24,440) 

species-level vOTUs, 16.1% (200 of 1,240) genus-level vOTUs, 

and 17.3% (59 of 342) family-level vOTUs in the OPD catalog 

were not identified in previously published databases, high-

lighting the contributions of our study to the understanding of 

the human oral virome.

The taxonomic annotation and host prediction of oral 

phages

To explore the taxonomic annotation of 24,440 vOTUs in 

OPD, we annotated the database based on the viral proteins 

from the MMSeqs2 virus protein database (Table S3). A total 

of 24,291 vOTUs were annotated covering 9 viral classes, 

with Caudoviricetes accounting for the largest proportion 

(n = 23,523, 96.2%). The remaining classes were sparsely 

represented, such as Faserviricetes (n = 553), Malgrandaviri-

cetes (n = 194), and Howeltoviricetes (n = 6) (Figure 2B). Addi-

tionally, six vOTUs belonged to the order Cressdnaviricota,

Please cite this article in press as: Xu et al., Oral virome metagenomic catalog links Porphyromonas gingivalis phages to obesity and type 2 diabetes, 
Cell Reports Medicine (2025), https://doi.org/10.1016/j.xcrm.2025.102325

2 Cell Reports Medicine 6, 102325, September 16, 2025

Article
ll

OPEN ACCESS

https://hovd.org/


which were not classified at the class level. Also, most vOTUs 

(23,618 vOTUs, 96.6%) were not identified at the family level, 

and 24,429 vOTUs (nearly 100%) were not recognized at the 

genus level, suggesting that there was still a significant 

knowledge gap in the current taxonomy of human oral phage 

that needed to be explored. Besides, based on the taxonomic 

annotation of the previous virus catalog, we identified 6 viral

families in OED, including Coronaviridae, Orthoherpesviridae, 

and Herpesviridae (Table S4).

To understand phage predation and design innovative 

phage therapies, we applied host-virus interactions to predict 

the potential cellular hosts of viruses with VirHostMatcher. 36 

We leveraged a large-scale oral prokaryotic genome collection 

represented by 3,569 species-level genome bins as the potential

A

D
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B

Figure 1. Overview of viral genomes recovered from human oral metagenomes

(A) Overview of oral viral discovery effort and formation of the HOVD catalog, including the OED and OPD catalog.

(B) Distribution of genome completeness and classification of OPD (complete, n = 4,161; high-quality [>90% complete], n = 10,713; medium-quality [50%–90% 

complete], n = 14,159). Low-quality genomes were excluded from OPD (low-quality (<50% complete), n = 30,750; completeness not determined, n = 351). In the 

boxplots, the middle line indicates the median, the box represents the interquartile range (IQR), and the length of the whiskers indicates 1.5× the IQR.

(C) Map of the world showing the number of vOTU samples of OPD from four continents.

(D) Metadata for 24,440 vOTUs with over 50% completeness, including distribution of continents and sampling sites.
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hosts of oral phages. 37 We identified bacterial hosts for 28.4% of 

24,440 vOTUs (n = 6,931) in species level, with the most common 

phylum host being Firmicutes (n = 8,541), followed by Actinobac-

teriota (n = 5,306), Proteobacteria (n = 4,914), and Bacteroidota 

(n = 2,868) (Figure 2C). The most common bacterial family host 

was involved in Streptococcaceae (n = 4,544), Veillonellaceae 

(n = 2,269), Actinomycetaceae (n = 2,242), Prevotellaceae (n = 

1,748), and Neisseriaceae (n = 1,402). At the genus level, Strep-

tococcus hosted 21.10% (n = 5,149) of the vOTUs, significantly 

more than any other bacterial genus (Table S5).

Functions of the human oral virome

Although the function of human oral bacteria was extensively 

studied and predicted, 5,38,39 our understanding of the human 

oral virome remained limited. To explore the potential function 

of the human oral virome, we identified 1,364,888 protein-

coding genes from all the contigs of HOVD and aligned them to 

protein-coding genes in Hidden Markov Model (HMM) databases, 

including Kyoto encyclopedia of genes and genomes (KEGG), 40 

TIGRFAM, 41 Pfam, 42 and VOGDB (http://vogdb.org) (Figure 3A). 

On the whole, only 13.02% of viral genes were compared with

known functional genes, 23.69% were not assigned any biological 

function, and 63.30% had no significant matches in databases 

(Figure 3B), indicating a vast unknown domain regarding the func-

tional potential of human oral viruses.

Since lots of unknown functions were identified according to the 

number of genes (Figure S4), it was challenging to discern the 

most prevalent functions in the oral virome. We clustered 

the 1.3 million viral genes at 30% average amino acid identity 

(AAI) into 160,735 protein clusters using MMseqs2 (Figure 3C), 

where over 50% of clusters contained more than 2 genes 

(Figure 3D). The largest protein clusters were annotated with viral 

replication, DNA binding or regulation, packaging and assembly, 

and structural proteins. Additionally, some larger clusters lacked 

predictive annotation, underscoring significant research potential 

(Figure 3E; Table S6).

Factors influencing the oral virome in obese participants 

with T2D

Although various studies have explored the associations be-

tween the virome and human diseases, 16,43,44 there was still a 

lack of evidence characterizing the alteration of the oral virome

A

CB

Figure 2. Taxonomic annotation, host prediction, and cluster analysis of 24,440 vOTUs in OPD

(A) 29,033 oral phage genomes in OPD were clustered into 24,440 species-level, 1,240 genus-level, and 342 family-level vOTUs approximately.

(B) Taxonomic annotation of 24,440 species-level vOTUs in OPD. The number in parentheses shows the vOTU number.

(C) The proportion of the top five predicted hosts at different taxonomic ranks, including phylum, class, order, family, genus, and species.
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Figure 3. Functional landscape of the human oral virome

(A) 1.3 million protein-coding viral genes were identified and matched with profile 4 Hidden Markov Model (HMM) databases.

(B) 13.02% of protein-coding viral genes matched known function, 23.69% of genes were compared with unknown function, and 63.30% matched no hits in any 

databases.

(C) 1.3 million genes were clustered into 160,735 protein clusters.

(D) The proportion of various sizes of protein clusters.

(E) The bar graph shows the functional prediction for the largest 70 protein clusters.
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in obese participants with or without T2D. We collected saliva 

and fecal samples from 220 participants, including 58 obese 

healthy individuals (Ob/non-T2D; females [n = 31] and 

males [n = 27]), and 162 obese participants with T2D (Ob/T2D; 

females [n = 99] and males [n = 63]). Detailed demographics 

and clinical parameters of these participants were presented in 

Table S7. The composition of metagenomic sequencing data 

used in our study is illustrated in Figure 4A. The gut sequencing 

presented in our study was published previously. 45 Based on 

HOVD, we obtained scaled vOTUs matrices from human oral 

metagenome sequences. Oral bacteriome feature tables were 

calculated from 16S rRNA gene sequences from these 

participants.

To analyze the variation of the oral virome between obese 

participants with and without T2D samples, alpha diversity and 

beta diversity were measured using observed vOTU diversities 

and Bray-Curtis dissimilarities, respectively (Figures 4B, 4C, 

and S5A). Observed vOTUs in the Ob/T2D group were lower 

than those in the Ob/non-T2D group (p < 0.05). Alpha diversity 

of the oral bacteriome in the Ob/T2D group was similar to that 

in the Ob/non-T2D group (p = 0.64) (Figure S5B). It might indicate 

that oral phage communities might be different from each 

healthy individual while representing a trend toward homogeni-

zation in a diseased state. 46 The discordance of phage and 

bacterial community diversities might be explained by the exis-

tence of cross-infective phages. 46 In the principal coordinate

A C

D

B

E

F

Figure 4. Comparison of the human oral virome in obese patients with or without T2D

(A) The pipeline comparing the human oral virome in obese patients with (red) or without (blue) T2D with oral and gut metagenomes.

(B) Alpha diversity (observed vOTUs) of the oral virome in the Ob/non-T2D and Ob/T2D groups was compared using Wilcoxon rank-sum test (p = 0.0029). The 

boxplots display the interquartile range (IQR), with the middle line representing the median and the whiskers extending to 1.5 times the IQR.

(C) Principal coordinate analysis (PCoA) ordination of the oral virome in obese participants without and with T2D measured by weighted UniFrac distance using 

permutational multivariate analysis of variance (PERMANOVA) test (p = 0.285).

(D) The bar graph showing relative abundance percent of the oral virome in the Ob/non-T2D and Ob/T2D groups. Data are presented as mean ± SD; t test was 

used for statistical analysis.

(E) Venn diagram indicating the shared vOTUs between obese participants without and with T2D.

(F) Relationship between the observed vOTU diversities and clinical parameters after adjusting for confounding variables using partial correlation analysis in the 

Ob/T2D and the Ob/non-T2D group. Partial correlation coefficients are shown in the corresponding square (all p values > 0.05). Clinical parameters contained 

age, blood glucose, height, weight, body mass index (BMI), waistline, hipline, glycated hemoglobin (HbA1c), monocyte, leukocyte, lymphocyte, neutrophil, and 

low-density lipoprotein-cholesterol (LDL-Ch).

*p < 0.05, **p < 0.01, ***p < 0.001.
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analysis plot based on weighted UniFrac distance, the virome 

profiles between the Ob/T2D and Ob/non-T2D groups exhibited 

substantial overlap (p = 0.246), indicating no significant oral viral 

compositional separation (Figure 4C). Several dispersed 

data points were observed, but the underlying reasons for these 

outliers remain unclear despite our attempts to associate them 

with clinical parameters.

After annotating by oral virome taxonomy, we compared 

the relative abundance percent between the two groups 

(Figure 4D). The proportion of Crassvirales increased in the 

Ob/T2D group, which was also a predominant phage in the 

human gut virome. 47 Although taxa such as Crassvirales ex-

hibited visually distinct abundance patterns between groups, 

these differences did not reach statistical significance, likely 

due to high inter-individual variability that is commonly observed 

in human virome studies. Also, most types of vOTUs were shared 

in obese participants with and without T2D, while more types of 

vOTUs were detected in ones with T2D (n = 518) compared with 

ones without T2D (n = 90) (Figure 4E).

To determine whether viral diversity was associated with 

clinical parameters of obesity and T2D, we analyzed partial 

correlation coefficients (Figure 4F) and Spearman’s correlation 

coefficients (Figure S5C) between observed vOTU diversities 

and indices in the Ob/non-T2D and Ob/T2D group. Most partial 

correlation coefficients in the Ob/non-T2D group were higher 

than that in the Ob/T2D group, suggesting that correlated ten-

dency had remained decreased in a diseased state (Figure 4F). 

However, several pairs of oral virome diversity, relative abun-

dance percentages of viral families, and clinical parameters 

showed statistically significant Spearman’s correlation coeffi-

cients, which might be due to the multicollinearity of clinical pa-

rameters (Figures S5C and S5D).

Interactions between the oral virome and bacteriome 

associated with T2D

Previous studies have highlighted the influence of the oral virome 

on the oral bacteriome. 18–20,46 To further explore this, we exam-

ined the correlation between the oral virome and bacteriome 

associated with T2D. We first examined the relationship between 

alpha diversities of the oral virome and bacteriome, showing 

a higher significant correlation in the Ob/non-T2D group 

(R = 0.61, p = 6e− 07) compared to the Ob/T2D group (R = 

0.41, p = 1.4e− 7), which aligned with the expectation of lower 

correlation in disease states (Figure 5A). Then, we analyzed 

whether the oral virome and bacteriome might contribute to 

the disordered state and have the capacity to provide a powerful 

diagnostic performance for T2D using the R package XGboost. 

As the number of predictors in the model increased, the area 

under the curve value became higher generally, suggesting 

that both the oral virome and bacteriome might contribute to 

the development of T2D (Figures 5B and S6).

We then analyzed the interactive networks between the oral 

virome and bacteriome grouped by the following clinical param-

eters, including T2D history (Ob/non-T2D and Ob/T2D), gender 

(female and male), and exercise level (level 1, 2, and 3, whose 

intensity of exercise gradually increased). Consistent with the 

correlation coefficient estimated earlier (Figure 5C), the microbial 

networks in the non-T2D group exhibited greater connectivity

than those in the T2D group, as reflected by a higher average 

degree (3.299 vs. 2.75) and graph density (0.024 vs. 0.019), 

suggesting a stronger coordination between the oral virome 

and bacteriome in the non-T2D group compared to the T2D 

group. No obvious difference was shown between female and 

male groups. Regarding exercise, although the network in level

2 exhibited greater structural complexity than in level 3 based 

on visual inspection, both showed higher overall complexity 

than level 1 (average degree: 2.588 in level 1 vs. 3.894 in level

2 and 3.021 in level 3; graph density: 0.019 vs. 0.030 and 

0.021, respectively), suggesting that increased physical activity 

may enhance microbial co-occurrence patterns (Table S8).

Transmission of viruses between the oral cavity and gut 

is linked with obese participants with T2D

Based on the potential causal link between oral-gut microbial 

transmission and human diseases, 43,48,49 it was necessary to 

explore the latent relationship between oral-gut microbial 

communities and their dysregulation in disease progression. 

The gut virome was annotated by the Gut Virome Database 

(GVD) and HOVD, 50 respectively, to determine whether oral viral 

genomes could be detected in the gut microbiota. More types of 

vOTUs were shared in the Ob/T2D group (n = 20,710) compared 

to the Ob/non-T2D group (n = 13,812) (Figure 6A). This 

suggested that the oral and intestinal barriers were disrupted, 

allowing more oral microorganisms to enter the intestine in 

diseased states, consistent with previous studies. 31,51,52 Corre-

spondingly, more gut viral genomes at species level compared 

with HOVD were annotated in the Ob/T2D group (n = 7,470) 

than in the Ob/non-T2D group (n = 2,986) (Figure S7A). Also, 

we estimated the correlation between alpha diversities of the 

oral and gut virome, revealing that the correlation coefficients 

became lower in the Ob/T2D group (R = 0.49, p = 4.8e− 011), 

similar to the results observed between the oral virome and 

bacteriome (Figure 6B).

We also analyzed correlations among the oral, gut virome, and 

T2D-related clinical indices. No obvious differences were 

observed in the gut viral families and T2D-related clinical indices 

across two groups and the entire sample (Figures 6C and S7B). 

More significant differences were displayed in the correlations 

between the oral and gut virome (Figure 6D) and in the correla-

tions between the gut virome annotated by GVD and HOVD in 

the Ob/T2D group (Figure S7C), consistent with the higher num-

ber of shared gut viral genomes in the Ob/T2D group.

Human oral phages hosted by Porphyromonas gingivalis 

Periodontitis was considered the ‘‘sixth complication’’ and the 

most critical oral complication of diabetes mellitus. 53 In patients 

with diabetes mellitus, periodontitis could negatively impact 

glycemic control and contribute to the development of 

complications. Periodontal therapy appeared to lead to a modest 

improvement in glycemic control. 54 It was possible to search for 

phages regulating bacterial dysbiosis to prevent the prevalence 

of oral diseases. 18 Therefore, we focused on the human oral 

vOTUs hosted by Porphyromonas gingivalis, which was consid-

ered to have an important role in disrupting the oral immune 

homeostasis and promoting periodontal disease. 55 Similarly, Por-

phyromonas showed a slightly higher mean relative abundance in
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the Ob/T2D group (6.0%) compared to the Ob/non-T2D group 

(5.3%), while the difference did not reach statistical significance 

(p > 0.05; Figure 7A). We first identified phages that were poten-

tially hosted by P. gingivalis. A total of 150 Porphyromonas ge-

nomes were retrieved from the Human Oral Genome Database 

and RefSeq database. All phage vOTUs were queried against 

these bacterial genomes using VirHostMatcher to search for their 

hosts (Figure S8A; Tables S9 and S10). We selected d2* value to 

reflect oligonucleotide frequency dissimilarity between viral and 

host genomes. A smaller d2* value suggests greater genomic sim-

ilarity and a higher likelihood of host-virus association. As a result, 

we identified 25 vOTUs with d2* dissimilarity <0.25 and 5 vOTUs 

with d2* dissimilarity <0.2. The sum relative abundance of 25 

vOTUs and 5 vOTUs in the Ob/T2D group was higher than that 

in the Ob/non-T2D group (Figure S8B). Correlations between

these vOTUs and blood sugar and HbA1c decreased in the Ob/ 

T2D group compared to the Ob/non-T2D group, matching the as-

sociations observed with all the vOTUs and clinical parameters 

(Figure S8C).

Interestingly, although not all of the 25 vOTUs with d2* 

dissimilarity <0.25 showed higher mean relative abundance in 

the Ob/T2D group compared to the Ob/non-T2D group, all 5 

vOTUs with d2* dissimilarity <0.2 exhibited increased mean 

relative abundance in the Ob/T2D group (Figures 7B and 

S8D). In addition, the correlation between the relative abun-

dance of these 5 vOTUs and the genus Porphyromonas was 

stronger in the Ob/T2D group (Figure 7C). Subsequent charac-

terization of the five vOTUs revealed that all corresponding 

contigs exceeded 50 kb in length and were taxonomically 

assigned to the class Caudoviricetes, indicating high sequence

A

C

B

Figure 5. Relevance between the oral virome and bacteriome related to T2D

(A) Correlation between alpha diversity of the oral virome and bacteriome in obese individuals with and without T2D. The p values were measured with linear 

regression, and the shaded area shows the estimated 95% confidence interval.

(B) Prediction of the contribution of the oral virome and bacteriome to the disorder state. Four models were established as described in STAR Methods. Area 

under the curve (AUC) values, defined as the area under the receiver operating characteristic (ROC) curve, are shown in the lower left corner. AUC values of each 

model are colored by model number.

(C) Network analysis of the relevance of the oral virome and bacteriome, group by the following clinical parameters, including T2D history (Ob/non-T2D and 

Ob/T2D), gender (female and male), and exercise level (exercise level 1, 2, and 3, whose intensity of exercise gradually increased).
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Figure 6. Relevance between the oral and gut virome in obese patients with or without T2D

(A) The shared vOTUs between the gut virome annotated by GVD and HOVD in the Ob/non-T2D group (left, in the blue dashed box) and the Ob/T2D group (right, in 

the red dashed box).

(B) Correlation between alpha diversity between the oral virome and gut virome in obese individuals with and without T2D. The p values were analyzed in linear 

regression, and the shaded area depicts an estimated 95% confidence interval.

(C) Heatmaps of Spearman correlation coefficients and p value between clinical parameters and relative abundances of gut viral families annotated by GVD 

(upper) and HOVD (lower). Clinical parameters contained age, blood glucose, height, weight, body mass index (BMI), waistline, hipline, glycated hemoglobin 

(HbA1c), monocyte, leukocyte, lymphocyte, neutrophil, and low-density lipoprotein-cholesterol (LDL-Ch).

(D) Heatmaps showing correlation coefficients and p value between oral and gut viral families annotated by GVD (upper) and HOVD (lower) in the Ob/non-T2D 

group (left, in the blue dashed box) and the Ob/T2D group (right, in the red dashed box).

*p < 0.05, **p < 0.01, ***p < 0.001.
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integrity and supporting their classification as high-quality viral 

genomes. Notably, only two vOTUs with significantly increased 

abundance in the Ob/T2D group had a d2* dissimilarity <0.2 

(Figure 7D). These 5 vOTUs may represent specific viral targets 

for designing strategies to treat and manage periodontitis in pa-

tients with diabetes mellitus.

Endolysins inhibiting the growth of P. gingivalis

Next, we aim to explore potential clues for inhibiting P. gingivalis 

from these five vOTUs. We focused on the identification of 

endolysin proteins as potential therapeutic candidates against 

P. gingivalis, given their well-documented antibacterial activity. 56 

Endolysins are phage-derived enzymes that degrade bacterial 

cell walls, triggering osmotic lysis and bacterial death. Due to 

their potency, we prioritized endolysins as functional elements 

for phage-based interventions. To this end, we searched 

P. gingivalis phage genomes for endolysin-annotated sequences 

by aligning predicted open reading frames (ORFs) against the 

KEGG, TIGRFAM, Pfam, and VOGDB database. Due to their 

potent antibacterial activity, we prioritized endolysins as candi-

date functional elements for phage-based interventions. As a 

result, six distinct endolysin sequences were identified for further 

characterization as potential candidates for therapeutic applica-

tions. We performed a search using the NCBI BLASTP tool 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) 57 and compared the 

five sequences most similar to these six (Figure S9A). The se-

quences of these six proteins are similar to proteins with functions 

such as N-acetylmuramoyl-L-alanine amidase and phage-associ-

ated cell wall hydrolase autolysin, found in Porphyromonas and 

Caudoviricetes (Figure S9B). Additionally, we used ColabFold-

AlphaFold2 to predict the protein structures (Figure S9C). 58 The 

six sequences were cloned into plasmids, expressed in Escheri-

chia coli, and the proteins were purified, yielding Protein 

OPD_2796_12 (Pro.3), OPD_5_140 (Pro.4), and OPD_1557_45 

(Pro.5) (Figures 7E and 7F). The proteins, individually and in mix-

tures, were incubated with P. gingivalis in anaerobic bags at con-

centrations of 0.25 and 2.5 μM for 120 min. Among all the groups, 

mixture group at 0.25 μM most effectively inhibited the growth of 

P. gingivalis, with the effect being closest to the positive control 

group (lysozyme group), suggesting that it could be a promising 

therapy for treating periodontitis, potentially controlling blood 

glucose levels in T2D patients with periodontitis (Figure 7G).

DISCUSSION

We integrated oral viral genomes from OVD, CHVD, Genebank, 

and our own metagenomic data to generate HOVD. To our knowl-

edge, this is the most unified oral virome database so far. The oral 

metagenomes were from nine countries across four continents, 

and we identified 24,440 oral phage operational taxonomic units 

and 83 oral eukaryotic virus genomes, all with completeness 

greater than 50%. Through the established human oral virome 

catalog, we have focused on items involved in the composition 

and structure of the human oral virome related to clinical factors 

associated with obesity and T2D and interactions between the 

human oral virome, the bacteriome, and the gut virome. We 

identified P. gingivalis-targeting bacteriophages and validated 

their therapeutic potential, demonstrating that three of six 

computationally screened endolysins effectively inhibit 

P. gingivalis growth as the latent therapeutic strategies for patients 

with diabetes periodontitis, based on oral and gut metagenomes 

obtained from obese patients with or without T2D.

Compared with the oral virome database published previ-

ously, 16,17 HOVD addressed several advancements and advan-

tages. It included a much higher proportion of high-quality oral 

viral genomes and integrated more oral metagenomic samples. 

HOVD comprised two modules: OPD for phage genomes and 

OED for eukaryotic virus genomes. All of the aforementioned 

suggest an exquisite and high-quality oral virome database. 

Additionally, 99.4% of oral phage genomes were annotated in 

OPD, which is higher than 45.8% in OVD and 93.7% in CHVD. 

Oral precise sample locations were important and closely rele-

vant to oral epidemiological, clinical, and etiological parame-

ters. 59 We provided more detailed labeling of oral metagenome 

sites, such as distinguishing plaque samples as subgingival pla-

que and supragingival plaque, closely connected with diseases. 

For example, in patients with periodontitis, the total density of 

species associated with the condition, such as P. gingivalis 

and Bacteroides forsythus, was found to be higher subgingivally 

compared to supragingivally. 60 Supragingival metagenomic 

linkage groups were reported to be more interconnected in the 

healthy control group, while the salivary groups were highly 

interconnected in patients with rheumatoid arthritis. 9 Moreover, 

HOVD is a freely accessible online resource equipped with inter-

active analytical tools, enabling researchers to perform precise

Figure 7. Phylogenomics of oral vOTUs hosted by P. gingivalis

(A) Comparisons of the abundance proportion of genus Porphyromonas between the Ob/T2D group and the Ob/non-T2D group. Data are presented as mean ± 

3 × SEM; t test was applied for statistical analysis.

(B) Correlations between d2* dissimilarity and the ratio of mean relative abundance in 25 vOTUs in the Ob/T2D group to that in the Ob/non-T2D group. Values with 

the d2* dissimilarity of 0.2 and the ratio of 1 are labeled with the dashed line. The red box in the upper right indicates each vOTU with d2* dissimilarity <0.2 

increased in the Ob/T2D group.

(C) Correlations between the proportion of genus Porphyromonas and mean relative abundance of each vOTU with d2* dissimilarity <0.2 in the Ob/T2D group and 

the Ob/non-T2D group. The correlation coefficient and p value are shown in the corresponding square.

(D) Phylogeny of vOTUs hosted by P. gingivalis. The cladogram was depicted with Interactive Tree Of Life (iToL). The background color of each vOTU indicates 

that the d2* dissimilarity is less than 0.25 (green) or less than 0.2 (pink). Outer rings display metadata for each vOTU; t test was applied for statistical analysis.

(E) The pipeline selected 3 endolysin protein sequences.

(F) Western blot showing purified OPD_2796_12 (Pro.3), OPD_5_140 (Pro.4), and OPD_1557_45 (Pro.5).

(G) Determination of the endolysin activity of Pro.3, 4, 5, Mix proteins (0.25 and 2.5 μM), and buffer control at 37 ◦ C. Boxplots represent the interquartile range 

(IQR), with the center line indicating the median. Whiskers extend to 1.5× IQR, and individual data points beyond this range are shown as outliers. Statistical 

significance was assessed using two-sided t tests for all pairwise comparisons.

*p < 0.05, **p < 0.01, ***p < 0.001.
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analyses of oral virome data. We believe that HOVD provides a 

valuable platform for advancing oral microbiome research.

Due to the intimate relationship between chronic diseases 

and the oral microbiome, 61 we focused on the oral microbiome 

in obese participants with and without T2D. Compared to the 

Ob/non-T2D group, the Ob/T2D group exhibited a reduction in 

oral viral diversity. Notably, the alpha diversity of oral bacterial 

communities remained similar between the two groups. Further-

more, we observed a disruption in phage-bacteria interactions in 

the Ob/T2D group, as evidenced by weaker correlations in the 

phage-bacteria abundance network. A similar trend in the inter-

action between the virome and bacteriome has been observed in 

the gut microbiome of Ob/T2D patients. 62 The disruption of 

phage-bacteria interactions has also been documented in 

several other disease states, including diabetic nephropathy 

and autism spectrum disorder. 63,64 In disease states like T2D, 

the weakening of phage-bacteria interactions may be due to 

changes in microbial communities, human host metabolism, 

and inflammatory responses. These factors disrupt the balance 

between phages and their bacterial hosts, leading to a less 

connected and more uniform interaction network. Another 

possible explanation might be cross-infective phages, which 

were involved in one-to-many or many-to-many relationships 

and complicated correspondence between hosts and phage 

communities. 46,65 The first oral phage-host interaction network 

computed by Wang et al. demonstrated that a regulatory 

function had been identified for a small portion of cross-

infective phages that infected both periodontal pathogens and 

commensal bacteria. 46 The cross-infective phages that 

potentially modulate the bacterial dysbiosis prevalent in oral 

diseases still need to be further explored. 18 Future research 

could investigate the mechanisms underlying the dysregulation 

of phage-bacteria interactions in various diseases and explore 

the development of diagnostic tools and therapeutic strategies 

based on these interactions.

Periodontitis might contribute to an increase in the incidence 

of cases of T2D. Due to the tremendous global burden of dia-

betes, it was urgent to prevent and treat periodontal disease to 

mitigate the influence of periodontitis on diabetes and its 

complications. 66,67 Several studies have suggested an indicated 

link between altered glucose metabolism in prediabetes and dia-

betes and a shift in the periodontal microbiome. 68 Among the 

oral pathogens, P. gingivalis was a Gram-negative, rod-shaped, 

obligate anaerobe distributed worldwide and a causative agent 

of periodontitis. 69 Oral administration of P. gingivalis could lead 

to alveolar bone loss and promote glucose metabolism disorders 

in mice. 70 In this study, we used 16S rRNA gene sequencing to 

profile Porphyromonas in Ob/T2D and Ob/non-T2D groups, as 

it offers accurate genus-level resolution and reduces biases 

from host and viral DNA present in metagenomic data. The 

combined use of 16S rRNA and metagenomic sequencing 

enabled cross-validation across bacterial and viral communities, 

strengthening the robustness of our findings. Then, we computa-

tionally identified several phages that are closely related to 

P. gingivalis. Phages may play multiple roles in modulating the 

microbiome. They were able to infect bacteria directly and 

reduce bacterial abundance, a concept known as ‘‘phage ther-

apy.’’ 71,72 Although we were unable to isolate phages targeting

P. gingivalis (data not shown), this may be due to the low phage 

titer in saliva samples from patients with periodontitis used for 

isolation. However, we successfully synthesized endolysins, 

identified from oral virome data, which are capable of inhibiting 

P. gingivalis growth. These findings suggest that exploring 

phages and phage-encoded enzymes targeting P. gingivalis 

could offer a promising strategy to inhibit this bacterium, poten-

tially reducing the incidence of periodontitis and T2D. 

Enhanced phage activity has been suggested to play an 

important role in the progression of periodontal disease. 73 

Therefore, the phages identified as being hosted by 

P. gingivalis could be therapeutic targets for these diseases. 

Additionally, phages may encode genes that modify bacterial 

physiology and interactions. Prophages have been shown to 

contribute to the acquisition and dissemination of antibiotic 

resistance genes, as well as the evolution of pathogenicity in 

P. gingivalis. 74 With the global rise in antibiotic-resistant bacterial 

infections, the use of phages as alternative antimicrobial strate-

gies has gained popularity. 75,76 In the future, we would further 

verify the possibility of screening phages in the treatment of dia-

betes and periodontitis.

In summary, the established human oral virome catalog 

integrated the largest number of oral metagenomic samples to 

date. It included a greater number of high-quality oral viral 

genomes, distinguished between oral eukaryotic viruses and 

bacteriophages, and provided more detailed labeling of oral 

sample sources. This advancement broadened our understand-

ing of the human oral virome and uncovered more unknowns 

related to the functions and potential hosts of oral bacterio-

phages. Besides, our study provided evidence that obesity 

with T2D was characterized by decreased oral viral diversity, 

lower correlations with clinical features, disrupted viral-bacterial 

interactions, and an enhanced oral-gut virome connection, 

compared to obese individuals without T2D. We identified 

potential P. gingivalis phages and validated their therapeutic 

potential by screening six putative endolysins, demonstrating 

that three endolysins effectively inhibit P. gingivalis growth as 

possible therapeutic strategies for individuals with diabetes 

and periodontitis. Our results indicated a crucial role of the oral 

virome in the development of T2D, explored the oral-gut trans-

mission in a hyperglycemic state, and offered avenues for devel-

oping therapeutic strategies for T2D and periodontitis.

Limitations of the study

Although our study has deepened the understanding of the 

human oral virome and its relevance to the oral bacteriome 

and gut virome in obese participants with T2D, several limitations 

still need to be addressed in the future. First, most oral phage 

genomes could be annotated at the class level, while almost 

97% (23,610/24,440) of genomes could not be distinguished at 

the order level, indicating many unknown aspects of the human 

oral virome that await exploration. Besides, we did not analyze all 

the oral metagenomes with iVirP, potentially resulting in insuffi-

cient excavation of viral genomes. Also, only approximately 

30% of viral genomes could be assigned to bacterial hosts, 

which reflects the current limitations of host prediction methods 

arising from incomplete reference databases and the complex 

nature of virus-host interactions. Furthermore, we did not
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analyze statistically significant correlations between oral viromes 

and clinical indices collected. Given the well-established associ-

ation between type 2 diabetes and periodontitis, more clinical 

features related to the diagnosis of obesity, diabetes, and peri-

odontitis should be included, and more effective models should 

be developed to evaluate the correlation between the human oral 

virome and clinical manifestations. Additionally, limited analysis 

was performed, including the relationship between the oral 

bacteriome and virome and between the oral and gut virome. It 

needs to be further analyzed and discussed, including specific 

viruses shared by the oral and intestinal microbiota and particu-

larly remarkable alterations in correlations between the gut 

virome and bacteriome, which might be involved in the develop-

ment of T2D. 63,64
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The study was approved by the Ethics Committee of Suzhou Municipal Hospital (K-2019-016-H01). Participants in our study were 

individually informed about the aim and details of research and signed the informed consent.

Participants enrollment

This study included a total of 220 obese participants, comprising 162 obese patients with T2D [Ob/T2D; females (n = 99) and males 

(n = 63)] and 58 obese patients without T2D [Ob/non-T2D; females (n = 31) and males (n = 27)] as controls who underwent medical 

examinations simultaneously. Gender information was extracted from medical records and reflects physician-documented gender at 

enrollment, as reported by patients or based on standard identification documents. The diagnosis criteria for T2D were based on the 

criteria of weight for Chinese adults was according to the instructions of the National Health Commission of the People’s Republic of 

China) and met one of the following conditions: (a) waist circumference, males ≥90 cm; females ≥85 cm; (b) fasting plasma glucose

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

FastQC 0.12.1 N/A https://github.com/s-andrews/FastQC

VSEARCH 2.23.0 N/A https://github.com/torognes/vsearch

SPAdes 3.15.5 N/A https://github.com/ablab/spades

BLAST 2.14.0 N/A https://github.com/enormandeau/ncbi_blast_tutorial

CheckV 1.0.1 N/A https://bitbucket.org/berkeleylab/checkv/src/master/

MMSeqs2 13.451111 N/A https://github.com/soedinglab/MMseqs2

VirHostMatcher 1.0 Ahlgren et al. 36 https://github.com/jessieren/VirHostMatcher

Prodigal 2.6.3 N/A https://github.com/hyattpd/Prodigal

HMMER 3.3.2 N/A https://github.com/EddyRivasLab/hmmer

QIIME2 2021.4 Bolyen et al. 76 https://github.com/qiime2/qiime2

Gephi 0.9.2 Bastian et al. 77 https://gephi.org/

FastTree 2.1.11 N/A https://github.com/morgannprice/fasttree

iToL Letunic et al. 78 https://itol.embl.de/

MAFFT 7.505 Katoh et al. 79 https://github.com/GSLBiotech/mafft

Jalview 2.11.4.1 Waterhouse et al. 80 https://www.jalview.org/

Origin 2021b Origin Lab https://www.originlab.com/

R 4.0.3 CRAN https://www.r-project.org/

iVirP Li et al. 33 https://github.com/li-bw18/iVirP

FastQC 0.12.1 N/A https://github.com/s-andrews/FastQC

VSEARCH 2.23.0 N/A https://github.com/torognes/vsearch

SPAdes 3.15.5 N/A https://github.com/ablab/spades

BLAST 2.14.0 N/A https://github.com/enormandeau/ncbi_blast_tutorial

CheckV 1.0.1 N/A https://bitbucket.org/berkeleylab/checkv/src/master/

MMSeqs2 13.451111 N/A https://github.com/soedinglab/MMseqs2

VirHostMatcher 1.0 Ahlgren et al. 36 https://github.com/jessieren/VirHostMatcher

Prodigal 2.6.3 N/A https://github.com/hyattpd/Prodigal

HMMER 3.3.2 N/A https://github.com/EddyRivasLab/hmmer

QIIME2 2021.4 Bolyen et al. 76 https://github.com/qiime2/qiime2

Gephi 0.9.2 Bastian et al. 77 https://gephi.org/

FastTree 2.1.11 N/A https://github.com/morgannprice/fasttree

iToL Letunic et al. 78 https://itol.embl.de/

MAFFT 7.505 Katoh et al. 79 https://github.com/GSLBiotech/mafft

Jalview 2.11.4.1 Waterhouse et al. 80 https://www.jalview.org/

Origin 2021b Origin Lab https://www.originlab.com/

R 4.0.3 CRAN https://www.r-project.org/

Other

NovaSeq platform Illumina https://www.illumina.com/

NovaSeq platform Illumina https://www.illumina.com/
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level >7 mmol/L; (c) without treatment medicines. Exclusion criteria were: (a) subjects who are under 18 years old; (b) pregnant or 

lactating women; presence of major gastrointestinal surgery and any known chronic disorders (such as pulmonary, cardiovascular, 

gastrointestinal, hepatic, and renal diseases); (c) intake of antibiotics, steroids, or probiotics in the past 2 months; (d) family history of 

diabetes or other related diseases.

METHOD DETAILS

Sample collection

Oral saliva and feces samples were collected at the same follow-up. Participants were not allowed to eat, drink, or brush their teeth 

for 2 h before sampling. Feces were freshly obtained and gathered with specific containers. And unstimulated saliva was taken with 

drooling into a 50 mL sterile centrifuge tube within 15 min. Samples were immediately frozen at 4 ◦ C and transferred to the refrigerator 

at − 80 ◦ C for DNA extraction.

DNA extraction and metagenomic sequencing

The genomic DNA was extracted from the clinical samples and the concentration and quality of the purified DNA was determined by 

the Qubit dsDNA HS assay kit. The oral and feces samples were sequenced using both metagenomics and 16sRNA, simultaneously. 

The metagenomic libraries were established using the protocol of the manufacturer (Vazyme, VAHTS Universal DNA Library Prep Kit 

for Illumina, cat. ND607-01). Metagenomic sequencing was performed using whole genome shotgun sequencing on an Illumina 

NovaSeq platform with 150 bp paired-end reads based on the instructions of the manufacturer (Illumina, San Diego, CA, USA). 

And the V3-V4 region of the 16S rRNA gene was amplified using the forward primers containing the sequence ‘‘CCTACGGRRBG 

CASCAGKVRVGAAT’’ and reverse primers containing the sequence ‘‘GGACTACNVGGGTWTCTAATCC’’.

Preprocessing and assembly

Raw reads of oral and feces samples were fed to iVirP (https://github.com/li-bw18/iVirP) to preprocess and assemble. 33 The reads 

were qualified via FastQC (v 0.12.1), and removed human reads by matching the human genome GRCh38. The clean reads from all 

the oral samples were assembled into 2,199 contigs following the default parameters. After clustering with VSEARCH (v 2.23.0), 

2,155 contigs with ≥1 kbp sequence length (average length 59,613.1 bp) in total were obtained. Also, the contigs with ≥1 kbp 

sequence length from all the oral samples after using SPAdes (v 3.15.5) were annotated based on their best matches against the 

Nucleotide Sequence Database (NT database) using BLAST (v 2.14.0). The contigs identified as viruses with >90 query coverage, 

and e-value <1e− 15 were estimated with CheckV (v 1.0.1) to select genomes with >50% genome completeness. Then, a total of 

706 contigs (average length 47,637.4 bp) were used to further analyze.

Human oral viral database collection

We collected several studies containing human oral viral genome databases publicly available until November 2023, including 

Oral Virus Database (OVD), 17 oral virome database from Cenote Human Virome Database (CHVD), 16 and oral virome selected 

from Genebank (downloaded from https://www.ncbi.nlm.nih.gov/labs/virus/, in October 31 st ,2023).

Human oral eukaryotic viruses and phage database identification

Based on the taxonomic annotation of viral sequences in the previous database, we distinguished human oral eukaryotic viral and 

human oral phage databases. The viral sequences identified as unknown were classified into the human oral phage database.

In the analysis of phage contigs, 64,802 contigs was extracted and clustered into 60,134. After assessment with CheckV, 29,033 

contigs was reserved with >50% genome completeness.

All phage genomes were clustered into species-level vOTUs on the basis of 95% average nucleotide identity (ANI) and 85% align-

ment fraction (AF) of the shorter sequence according to the protocol by Nayfach et al.(https://github.com/snayfach/MGV). 35 24,440 

viral genomes were recognized as human oral phage database after clustering into species-level. Also, at the family level, we filtered 

the connections between vOTUs with >20% AAI or >10% genes shared and employed an inflation factor of 1.2. At the genus level, we 

reserved the connections between vOTUs with >50% AAI or >20% genes shared and applied an inflation factor of 2.0. We achieved 

1,240 genus-level vOTUs and 342 family-level vOTUs in total.

In the analysis of eukaryotic virus, we kept the contigs between 90% and 150% subject sequence length/query sequence length 

matched with NT database. Then, 83 eukaryotic viral contigs were identified as human oral eukaryotic virome database.

Taxonomic annotation

Viral taxonomic annotation was performed using MMSeqs2 (v13.45111). Query databases were created for viral contigs using 

‘‘mmseqs created’’, and annotated by aligning to MMSeqs2 virus protein database (download from https://zenodo.org/records/ 

6574914, v 2022-05-19). The ‘‘mmseqs taxonomy’’ module was used with the ‘‘–lca-ranks’’ parameter set to species, genus, family, 

order, class, phylum, and kingdom. Annotation results were exported using mmseqs createtsv. Default parameters were applied 

unless otherwise noted.
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Host prediction

We used an oral microbial genome catalog containing 3,589 publicly available species-level genome bins by Zhu et al. (https://db. 

cngb.org/microbiome/genomecatalog/human_oral/). 37 The potential host of oral 24,440 viral genomes was predicted by 

VirHostMatcher (https://github.com/jessieren/VirHostMatcher), which calculates d2*, an oligonucleotide frequency dissimilarity 

measure that quantifies sequence composition differences between viruses and potential hosts. A smaller d2* value suggests greater 

genomic similarity and a higher likelihood of host-virus association. 36 For each viral genome, we selected the host genome with the 

lowest d2* value as its most probable host.

Functional annotation and protein clustering

1,364,888 protein-coding genes were identified from all the contigs of the Human oral virus database with Prodigal (v 2.6.3) and were 

annotated based on HMM searches using protein family databases, including KEGG, 40 TIGRFAM, 41 Pfam, 42 VOGDB (http://vogdb. 

org). HMMER (v 3.3.2) was applied to performed searches using the hmmsearch utility with default parameters. We clustered all the 

proteins with 30% AAI and 70% alignment coverage using MMseqs2 (v 13.451111).

16S rRNA amplicon sequencing analysis

Raw sequencing reads of 16S rRNA sequences were qualified and calculated with QIIME2 (v 2021.4). 81 Silva reference databases 

were used to annotate oral bacterial genomes. 77 A reference feature table from the QIIME2 was applied to the future analysis.

Oral, gut virome of obese patients with T2D analysis

Alpha and beta diversities were calculated by the diversity and PCoA function with R package vegan (v 2.6-2) and R package ape (v 5.6-2). 

Data processing was visualized by R package ggplot2 (v 3.4.4), and R package pheatmap (v 1.0.12). Correlations between the oral, gut 

virome, oral bacterial, and clinical parameters were performed using the Spearman correlation coefficient with R package corrplot 

(v 0.90). Network diagrams of microbial communities were calculated and visualized by the ‘‘Gephi’’ interactive platform (v 0.9.2). 78

Prediction the contribution of oral virome and bacteriome to the disorder state

We applied eXtreme Gradient Boosting (R package xgboost, v 1.7.7.1) method to predict how oral virome and bacteriome might be 

contribute to the disorder state. We defined the disorder state, including obesity with T2D (represented as ‘‘1’’) and obesity without 

T2D (represented as ‘‘0’’). Clinical parameters contained age, height, weight, body mass index (BMI), waistline, hipline, monocyte, 

leukocyte, lymphocyte, neutrophil and low density lipoprotein-cholesterol (LDL-Ch).

Every prediction model was trained on a training set (70% of the samples) and tested on a test set (30% of the samples). SHapley 

Additive exPlanations (SHAP) values were used to quantify the contributions of each feature to the model. The following prediction 

models were measured:

Model 1. Disorder state ∼ clinical parameters;

Model 2. Disorder state ∼ clinical parameters + oral viral abundance;

Model 3. Disorder state ∼ clinical parameters + oral bacterial abundance;

Model 4. Disorder state ∼ all combined.

Prediction vOTUs hosted by Porphyromonas gingivalis

To seek the contigs whose host with VirHostMatcher was P. gingivalis, we downloaded P. gingivalis sequencing from the Reference 

sequence (RefSeq) database at NCBI in April 11 th 2024. The contigs were identified as P. gingivalis phage as the following criterion: (1) 

the d2* dissimilarity of P. gingivalis was less than 0.25; (2) the d2* dissimilarity of oral microbial genome catalog was determined as the 

genus Porphyromonas and species unknown. A total of 462 vOTUs were hosted by Genus Porphyromonas with Human oral genome 

database, including Porphyromonas somerae (n = 182), Porphyromonas uenonis (n = 3), and unknown species (n = 277). And, 336 oral 

vOTUs were predicted to be hosted by P. gingivalis with d2* dissimilarity <0.25, and 28 vOTUs were with d2* dissimilarity <0.2. Finally, 

25 genomes with <0.25 dissimilarity and 5 genome with <0.2 dissimilarity were kept as P. gingivalis phage. FastTree(v.2.1.11) was 

used to establish phylogenetic trees with default options and visualized using iToL (https://itol.embl.de/). 79

Alignment of similar protein sequences of endolysin

To identify similar protein sequences of six target proteins, NCBI BLASTP tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was 

utilized. 57 Each of the six target sequences was input into BLASTP, and the top five most similar sequences for each query were 

downloaded. Redundant sequences were removed to ensure distinctiveness. The sequence alignments were then performed using 

the MAFFT program (v 7.505) in auto mode. 80 After performing the alignment, the phylogenetic tree was visualized using iTOL. 79 

Finally, the sequence alignment was visualized in Jalview (v 2.11.4.1). 82

Protein structure prediction using ColabFold-AlphaFold2

Protein structures were predicted using ColabFold-AlphaFold2 (https://colab.research.google.com/github/sokrypton/ColabFold/ 

blob/main/AlphaFold2.ipynb). Target protein sequences in FASTA format were submitted, and MSAs were generated using 

MMseqs2. AlphaFold2 predicted 3D structures, with the highest confidence score model selected for further analysis. 58
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Construction of the recombinant his-tag fusion proteins

The six gene encoding were tagged with 6xHis sequence at the N-terminus or C-terminus using primers. PCR purified fragments 

were digested with NdeI and HindIII restriction enzymes and ligated within pET30a vector. After isolation, recombinant plasmids 

were confirmed by Sanger sequencing and introduced into E. coli for protein production and purification.

Protein purification

Endolysin were purified using nickel-based immobilized metal ion affinity chromatography (IMAC). E. coli. BL21(DE3) were grown at 

37 ◦ C in 1 L LB media supplemented with kanamycin (50 μg/mL). At OD 600 ∼ 0.8, cells were induced with 0.5 mM IPTG for 14 h at 

16 ◦ C. After collecting the cells by centrifugation, they were resuspended in lysis buffer (20 mM HEPES-NaOH, pH 7.4, 200 mM 

NaCl, and 5% glycerol), and were subjected to sonication. Sonicated samples were centrifuged at 16,000 rpm for 50 min. Cell-

free supernatant was incubated with his-tagged protein purification resin (equilibrated with lysis buffer) for 2 h at 4 ◦ C with gentle 

shaking. The resin was collected and washed with gradient wash buffer (lysis buffer supplemented with 20 mM or 50 mM imidazole). 

Protein was eluted using elution buffer (lysis buffer supplemented with 200 mM imidazole). Eluted fractions were concentrated and 

loaded onto a HiTrap desalting column that was pre-equilibrated with lysis buffer. The fractions were pooled, concentrated, frozen 

and stored at − 80 ◦ C for future use.

Endolysin activity assay

Porphyromonas gingivalis was obtained from the Central Laboratory of Peking University School of Stomatology. Cultures were 

grown anaerobically in Brain Heart Infusion (BHI) medium supplemented with 0.5% hemin and 0.5% vitamin K at 37 ◦ C until reaching 

an optical density.

For the hydrolytic activity assay, Pro.3, Pro.4 and Pro.5 were diluted to 2.5μM and 0.25μM respectively using elution buffer. Then 

mixed the diluted endolysin with P. gingivalis and anaerobically cultured at 37 ◦ C for 100 min with the following groups.

(1) Group 1: P. gingivalis + elution buffer (negative control).

(2) Groups 2 & 3: P. gingivalis + 2.5 μM or 0.25 μM Pro.3 endolysin.

(3) Groups 4 & 5: P. gingivalis + 2.5 μM or 0.25 μM Pro.4 endolysin.

(4) Groups 6 & 7: P. gingivalis + 2.5 μM or 0.25 μM Pro.5 endolysin.

(5) Groups 8 & 9: P. gingivalis + 2.5 μM or 0.25 μM of an equimolar mixture of Pro.3, Pro.4, and Pro.5 endolysins.

Buffer was included as negative controls. After incubation, bacterial lysis was quantified by measuring the absorbance at 600 nm of 

the supernatant, reflecting hydrolysis of endolysin on P. gingivalis. OD 600nm was detected by Microplate reader (SpectraMax 190, 

Molecular Devices, San Jose, CA, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were presented as the means ± SE. p value was calculated by two-tailed Student’s t tests, Wilcoxon test or Kruskal–Wallis rank-

sum test according to the data types using R package rstatix (v 0.7.0). Statistical methods were depicted in figure legends. Statistical 

analyses were described with Origin Software (2021b) and R software (v 4.0.3).

ADDITIONAL RESOURCES

Human Oral Virome Database (HOVD): https://hovd.example.org.
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