Exploring the Roles of Ribosomal Peptides in Prokaryote-Phage Interactions through Deep Learning-Enabled Metagenome Mining
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Supplementary Information

The confidence level of TrRiPP-predicted RiPP families
In accordance with the confidence assignment principle outlined in the Methods section, approximately 26% (2,202) of RiPP families from metagenomes were assigned the label of "high confidence". The low rate of "high confidence" in metagenomes is primarily attributed to the issue of fragmentation, with only one gene or 1-kbp region frequently found in the proximity to the RiPP family (~25%, Figure S35B). Due to the presence of incomplete flanking information and the possibility of discrete biosynthetic patterns, it is inevitable to omit the core post-translational modifications (PTMs). Furthermore, deep learning methods, which solely focus on capturing the features of precursor sequences, exhibit a higher tolerance for novel PTMs compared to domain-based PTM searching algorithms, such as antiSMASH[1]. This characteristic allows deep learning methods to identify and analyze PTMs that are not yet documented or understood in the existing body of knowledge.
Comparison of TrRiPP-predicted RiPP families from Ocean metagenomes with publicly available databases
We compared 8,354 RiPP families from ocean metagenomes with those from public databases (Figure S10, Supplementary Data 16): (1) RiPP precursors with high confidence predicted by TrRiPP from RefSeq bacterial genomes[2] (RefSeq REF), (2) RiPP precursors extracted from OMD[3] (predicted by antiSMASH), (3) RiPP precursors extracted from BIG-FAM[4] (predicted by antiSMASH) and (4) experimentally validated RiPPs from MIBiG[5]. RiPP families from ocean metagenomes (Figure S10, up and bottom row) showed similar identity distribution patterns with RiPPs from different public databases between the high- and low-confidence group, except for a slight shift towards higher identity in the high-confidence group (Figure S10, "RefSeq REF" and "BIG-FAM", mainly ranging from 60% to 100%). When compared with RiPPs from OMD[3], which was a recently published Ocean Microbiomics Database and contributed a large portion of microbial genomic data in this study (Supplementary Data 16), more than 85% of (1880/2202) RiPP families from ocean metagenomes with high confidence showed medium-to-low (≤60%) similarity with OMD, and around 26% (486/1880) of them could not find homologs in the OMD (Figure S10, "OMD"). This revealed the great performance of TrRiPP in mining RiPPs from metagenomic assemblies compared with antiSMASH[1], which only detected 1031 non-redundant RiPP precursor sequences (100% identity) from OMD. When compared with RiPPs from MIBiG (Figure S10, "MIBiG"), 56% (4704/8354) RiPP families from ocean metagenomes didn’t have any homologs in MIBiG, elucidating the great potential of discovering novel RiPPs from ocean microbiome.
RiPP-encoding BGCs from Kordia
We illustrated RiPP-encoding BGCs from Kordia by BiG-SCAPE[6] using the default parameters. The TrRiPP-predicted RiPP subclasses were dominant by rSAM-modified peptide and lanthipeptide. For the BGCs containing class-defining PTMs, we found some putative novel biosynthetic modules. For instance, LanC cyclase and Nucleotidyltransferase co-localized with the TrRiPP-predicted RiPP precursor (Figure 3B, Lan6-10). LanC cyclase is the core modification enzyme of lanthipeptide[7], while Nucleotidyltransferase was proposed to catalyze the glycosylation of the phosphorylated lasso peptide pseudomycoidin[8, 9]. Additionally, The bioinformatic analysis also reported the Nucleotidyltransferase-containing RaS-RiPP BGCs in Parabacteroidetes[10]. Therefore, LanC cyclase and Nucleotidyltransferase are probably to synergistically catalyze the RiPP precursor via a novel modification mechanism. The second attractive case is that multiple Subtilase-related Peptidase S8 and ABC transporter co-localize with the RiPP precursor (Figure S16, ABC5,12,28). Subtilase-related Peptidase S8 (PF00082) was reported to show serine-type peptidase activity. The well-known modification enzyme PatA/PatG of cyanobactin belongs to this peptidase family[11, 12]. In this study, multiple Subtilase-related Peptidases probably modify the RiPP precursors by themselves or assist other unknown enzymes. In addition, we also found several putative novel BGCs without class-defining PTMs.  They contain enzymes or transporter associated with the biosynthesis of RiPPs, such as ABC transporter, Peptidase C39, Prolyl oligopeptidase, HylD, and Cupin-like domain (Figure S16), indicating their great potential for encoding novel PTMs.
Normalization factors for the comparison of different ecosystems
We normalized the RiPP-encoding OTUs by the average length of scaffolds (measured as the average number of bp from sequences) per habitat type (Figure S18B). The normalization factor used in each habitat type was: marine, 12.62kbp; non-marine-aquatic, 12.44kbp; terrestrial, 13.83kbp; host-associated, 20.01kbp; engineered, 19.35kbp.
Supplementary Figures
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Figure S1. RiPP BGC in genome and fragmented metagenome. Due to their larger lengths, PTM enzymes are more likely to be fragmented in metagenomes. This makes RiPP BGCs more difficult to identify with traditional tools such as antiSMASH, which rely on annotation of PTM enzymes.
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Figure S2. Scaffold length distribution of metagenomic samples. A: Histogram illustrating the percentage of long contigs (contigs ≥1000 bp) in a sample. The percentage shown on the x-axis means the number of long contigs over the number of all contigs. The majority of samples contain only <20% of long contigs. The mean value (weighted by the number of contigs in the samples) is 10.14%. B: Histogram illustrating the percentage of the total length of long contigs in a sample. The percentage shown on the x-axis means the total length of long contigs over the total length of all contigs. Most samples have long contigs contributing to 20%-60% of their total sequenced base pairs. The mean value (weighted by the total sequenced base pairs in the samples) is 40.32%.
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Figure S3. Detailed model architecture of TrRiPP. Amino acid sequence of length l is first converted into word embeddings (features of each amino acid) and positional embeddings (features of the position of each residue) by embedding layers, these two embeddings are summed and used as input of the transformer encoder. Each transformer encoder block contains a self-attention layer and several feedforward layers. Two residual connections present in each encoder block, each followed by a layer normalization. Multiple Transformer encoder blocks (N=4) are stacked together as the Transformer Encoder. The output from the Transformer encoder are then fed to multiple Bi-LSTM layers (N=2). Bi-LSTM layers process sequences in both forward and backward order and outputs the hidden state for each amino acid residue. These hidden states are pooled by concatenating the final, the maximum, and the mean values along the sequence length dimension and sent to a fully connected network with 2 layers, which reduces the dimension of hidden states from 6h (6x LSTM hidden size) to n (number of classes). The model then takes softmax of the final hidden state, and the output is used to calculate the loss against labels. l: sequence length, e: embedding size = 128, i: intermediate hidden size =256, h: LSTM hidden size =64, c: classification hidden size =192, n: number of classes = 10.
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Figure S4. Ablation study of TrRiPP. Ablation results on the test set for two tasks: RiPP vs. non-RiPP peptide (binary) and RiPP classification (multiclass). Ablations are compared to the full model and reported as the average of the 10-fold cross-validation results. In each box, the center bar represents the median, the box represents the upper and lower quartiles, and the whiskers represent 1.5 times the interquartile range. Gray lines indicate the median of the full model. P-values are calculated by two-tailed Student’s t-test. *: p<0.05. ***: p<0.0005. 
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Figure S5. Composition of training data. Left: Number of RiPP and non-RiPP sequences in the final dataset. Right: Distribution of RiPP classes in the final dataset. The number and percentage of sequences in each class are shown.
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Figure S6. Confusion matrix of TrRiPP, DeepRiPP, and NeuRiPP in binary prediction (RiPP vs. non-RiPP). Confusion matrices depict the sum of the results of a 10-fold cross-validation (Supplementary Data 17). The x-axis is the predicted labels, while the y-axis is the true labels. Values in the diagonal indicate the true positive rate of RiPP and non-RiPP.
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Figure S7. Confusion matrix of TrRiPP and DeepRiPP in multiclass prediction (RiPP classification). Confusion matrices depict the sum of results of a 10-fold cross-validation (Supplementary Data 17). The x-axis is the predicted labels, while the y-axis is the true labels. Values (>0.01) in the diagonal indicate the true positive rate of each RiPP family.
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Figure S8. Validation of high confidence predicted precursors via BGC visualization. Top: Sequence similarity network of predicted RiPPs in “PTM” and “RiPP-related” validity levels (Figure 1E) from bacterial complete genomes. Each node represents a unique precursor. Selected clusters are labeled, where red labels are correctly predicted RiPPs, and blue labels are incorrectly predicted RiPPs. Bottom: Representative BGCs from selected RiPP precursor clusters. Key PTM enzymes are highlighted with red dashed lines. Important Pfam domains of each RiPP class are shown on the right. 
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Figure S8. Validation of high confidence predicted precursors via BGC visualization (continued).
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Figure S9.  Sequence logo of predicted precursors from cluster F1. Sequences of the predicted precursors from cluster F1 in Figure S8 were used to create the sequence logo using Weblogo v3.7.4 (http://weblogo.threeplusone.com). Error bars indicate sample correction, and the total height of the error bar is twice this correction. Four cysteine residues show a highly conserved pattern in the C-terminus, which is a common feature of rSAM-modified peptides. We hypothesize that this is the reason why TrRiPP misclassified them as rSAM-modified peptides.
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Figure S10. Comparison of TrRiPP-predicted RiPP families from Ocean metagenome to reference RiPP precursor database, including “OMD”, “BiG-FAM”, “RefSeq”(TrRiPP-predicted RiPPs from RefSeq bacterial genomes with high confidence) and “MIBiG” (experimentally validated RiPPs). The x-axis represents the average of the maximum sequence identity of the RiPP family against sequences in the reference database. The y-axis shows the distribution of the mean maximum sequence identity of RiPP families against different reference databases. The two rows represent the RiPP families from ocean metagenome with high and low confidence, respectively. The columns represent the reference databases, and the values in the brackets are the numbers of nonredundant RiPP precursor sequences from corresponding databases.
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Figure S11. RiPPs from marine metagenomes and isolated genomes. A. Class distribution of predicted RiPPs from self-curated marine metagenome database and 13,050 isolated marine bacterial genomes. B. Venn diagram of predicted RiPP precursors in metagenomes and 13,050 isolated genomes. The number represents RiPP clusters with 60% sequence similarity.
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Figure S12. Comparison of chemical space of RiPPs from marine metagenomes and isolated genomes. Chemical space is visualized by the DensMAP plot of ECFP6 chemical fingerprints of RiPP clusters. Each node represents a RiPP cluster that is clustered with 60% sequence identity and coverage. Node size indicates the number of sequences in that cluster. 
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Figure S13. The RiPP capacity of prokaryotic phylum from global ocean metagenomes. The figure shows the RiPP capacity defined as the number of RiPPs encoded in the genomes/scaffolds (left) and the number of RiPPs encoded in the genomes/scaffolds per kilobase pair (right). The y-axis represents the prokaryotic phylum, and the color denotes the number of RiPPs. Source data can be found in Supplementary Data 18, 19.
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Figure S14. The RiPP capacity of prokaryotic phylum from the MAR REF. The figure shows the RiPP capacity defined as the number of RiPPs encoded in the genomes/scaffolds (left) and the number of RiPPs encoded in the genomes/scaffolds per kilobase pair (right). The y-axis represents the prokaryotic phylum and the color denotes the number of RiPPs. Source data can be found in Supplementary Data 18, 19.
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Figure S15. The existence of RiPP-rich phylum in the MAR REF and metagenomes. The “RiPP-rich” is defined as (1) the number of RiPP precursor sequences within genomes/contigs is larger than 5; (2) the number of RiPP precursor sequences within genomes/contigs per kilobase pair is larger than 0.01. The black and blank cells of the heatmap plot represent the existence of the RiPP-rich phylum in different sources. The phyla and the sources (MAR REF and Metagenome) were shown at the bottom and the right side, respectively.
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Figure S16. The RiPP-encoding Biosynthetic Gene Clusters (BGCs) from Kordia (continued from Figure 3). The core regions of BGCs were rendered with yellow backgrounds.For the BGCs not containing class-defining PTMs (ABC1-ABC28), the RiPP subclasses in the bracket represent the TrRiPP-predicted ones. For BGCs containing multiple precursors, the precursors were labeled separately using different numbers.
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Figure S17. The Sequence Similarity Network (SSN) and sequence logo of RiPP precursors from Kordia. The SSN was constructed using EFI-EST (E-value=5, alignment score=8) and visualized by Cytoscape[13] and colored by RiPP subclasses (except ABC transporter). The sequence alignment of each cluster in SSN was generated using alignmentviewer (https://alignmentviewer.org/).
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Figure S17 (continued). The sequence of selected RiPP precursors from Kordia. The RiPP precursor sequences that couldn’t be clustered with others were shown here.
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Figure S18. Compare RiPP-encoding OTUs among five different ecosystems. A. A five-set Venn figure visualizing the intersections of RiPP-encoding OTUs from five different ecosystems. The values in the figure represent the number of sharing or unique RiPP-encoding OTUs among ecosystems. The niche-specific parts were highlighted. B. The percentages of RiPP-encoding OTUs (top) and phyla (bottom). The normalized percentages (divide the average length of scaffolds from different ecosystems; see Supplementary Information) of RiPP-encoding OTUs among the whole detected OTUs were shown in solid bars and niche-specific ones were in hollow bars in the top figure. The percentage of niche-specific RiPP-encoding phyla among the detected OTUs is shown in the bottom figure. Only the top 10 phyla in five ecosystems were shown here.
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Figure S19. Metagenomic and metatranscriptomic data collected from global ocean. A total of 886 metagenomic and 154 metatranscriptomic sequencing data were collected from 349 globally distributed sites (64S ~ 79N, 179W ~ 180E), including 4 layers (“bathypelagic”, “deep chlorophyll maximum”, “mesopelagic” and “surface”) and 5 ocean projects (“Tara Oceans”, “Malaspina”, “BATS”, “HOT” and “Biogeotraces”). Map tiles © Esri.
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Figure S20. The co-abundance networks of genes and transcripts between RiPP families and flanking protein families. DefenseFinder and MobileOG-db were further applied to expand the MGEs, especially the “Defense-related” genes. Based on the expanded MGEs, the co-abundance networks between flanking protein families and RiPP families were constructed and visualized using Cytoscape. For “Biosynthesis-related”, we focused on the region of 50kbp rather than the 10kbp in the vicinity of RiPPs proposed by antiSMASH. Because we considered the distantly and transcriptionally related biosynthetic proteins[14]. “Defense-related”, “Phage-related,” and  “Other MGE-related” represent antiphage defense genes, integrated phage genes, and  the Mobile genetic elements except for antiphage defense genes and integrated phage genes, respectively.
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Figure S21. The abundance of “Defense-related”, “Phage-related” and “Other MGE-related” genes and transcripts that correlated in modules with RiPP families. The truncated violin plot was used and the median and quartile values were shown as the dashed line in dark and grey respectively.
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Figure S22. The workflow of constructing the host-phage interaction network. Step01. The identification of phage sequences starts from collecting scaffolds from public ocean genomic databases. The scaffolds are then discriminated by integrating results from VirSorter2 and VirFinder and detecting whether the sequence contains BUSCO-related host single-copy genes and viral family proteins (VPF; Methods). The Global Oceans Viromes (GOV2) is used as a control for the validation of this method. We combine the identified phage sequences in this study and GOV2 as Ocean Virus Database (OVD) with 1.8 million viral scaffolds (99% identity). The details of gene annotation and taxonomy classification can be found in Method. Step02. We leverage the constructed databases OGD and OVD, containing 21171 prokaryotic genomes/scaffolds and 1,894,072 viral scaffolds, respectively, as the host-phage pairwise searching pool. We build the host-phage connectivities based on the host-encoded CRISPR spacers, shared tRNA and host-integrated prophage (Methods). Step03. The RiPP precursors and viral proteins are clustered into families. Then, transcript profiling of RiPP families and viral protein families is based on the aggregation of reads mapping to the corresponding genes. Then, WGCNA is used for the co-transcription analysis of RiPP families and viral protein families (Methods).
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Figure S23. The phage-host relationship linked by different methods. The workflow of identifying phage-host relationships can be found in Figure S22 and Methods. This figure shows the number of phage-host relationships detected based on different methods and the overlaps among them. 
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Figure S24. The summary of the whole RiPP-involving prokaryote-phage interaction network. A. The bar plot showed the distribution of flows from prokaryotic phyla. The y-axis showed the prokaryotic phyla and the values of flows were on the straight right side of the bars. The pie chart showed the distribution of flows from RiPP families, which were separated based on confidence (at least one member of the RiPP family having flanking PTMs within 10 genes in the vicinity is defined as high confidence, and vice versa). B. The bar plot showed the distribution of flows to phage taxon. The y-axis showed the phage taxon and the values of flows were on the straight left side of the bars. The pie chart shows the distribution of flows to the functional categories of viral protein families.
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Figure S25. The proportion of Prodigal-short predicted ORFs without RBS in isolated marine bacterial genomes. Phyla with less than 5 genomes and Candidatus phyla were removed. In each box, the center bar represents the median, the red dot represents the mean, the box represents the upper and lower quartiles, and the whiskers represent 1.5 times the interquartile range (IQR); black dots are outliers outside the 1.5 x IQR range. For the top 5 phyla: Cyanobacteria, Chlorobi, Chlamydiae, Ignavibacteriae, and Verrucomicrobia, their ORFs were not filtered by RBS.
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Figure S26. The optimization of MMSeqs2 clustering parameters by mapping the grouping of 193 known RiPP precursors with links to NPAtlas compounds. The optimized parameters were coverage (-c), coverage mode (-cov-mod), and minimal sequence identity (--min-seq-id). Clustering agreements between NPAtlas families of the compounds and MMSeqs-derived RiPP families are compared across different thresholds, as measured by the v-score (dashed line) and differences in the total number of RiPP families (solid line). In the end, the minimal sequence identity of 0.5, 0.6, 0.7 and coverage of 0.4, 0.5, and 0.6 showed better agreement with NPAtlas family agreement (high v-score and low difference in the total number of RiPP families), were retained for the second-round optimization.
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Figure S27. The optimization of MMSeqs2 clustering parameters by minimizing the number of RiPP families with low sequence alignment scores. The optimized parameters were coverage (-c), coverage mode (-cov-mod) and minimal sequence identity (--min-seq-id). GLAM2 was used to discover sequence motifs and calculate the sequence alignment scores of RiPP families. The alignment scores of RiPP families derived by different MMSeqs clustering parameters were shown in the box plot (5-95 percentile). In the end, “-c 0.6 --min-seq-id 0.6 -cov-mod 2” were picked as the optimized parameters to use for our analysis, which showed the balanced distribution of the alignment scores of RiPP families.
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Figure S28. Voting-based taxonomy classification. The scaffolds and genomes are first queried against the NCBI non-redundant nucleotide database (NT) using MEGABLAST (v2.12.0+). The fragments are individually classified based on the LCA of all hits with evalue<0.00001. Hits in gray are not included in the final annotation of the fragment. The classification of scaffolds or genomes is based on a voting approach of all classified fragments, by summing all lengths of fragments supporting a certain classification. The scaffold or genome is classified as the classification with the highest percentage and at least 50% of the whole length of the scaffold or genome. The final classification is shown at the bottom.
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Figure S29. The identified viral sequences from GOV2 and the Metagenomes in this study using defined principles. The workflow of viral sequence identification can be found in Figure S22 and Methods. We separate the VirSorter results into two parts: (1) hallmark >0 or viral% > 50%, representing high confidence in VirSorter2; (2) hallmark = 0 or viral% < 50%, representing low confidence in VirSorter2. The points from different phyla are rendered with different colors. The purple points (“Viruse”) tend to locate around the right bottom region, revealing the performance of our method. The x-axis represents the number of viral proteins hit to VPF. The y-axis represents the percentage of viral proteins hit to BUSCO-related host single-copy genes.
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Figure S30. Compare annotations of viral genes from GOV2 and Metagenomes in this study. The Pfam-A, VOGDB and KOfam databases are used for the viral gene annotations. The classification, WV: significant hits against VOGDB; NV: no significant hits against VOGDB; NH: no significant hits against three databases. We separate the VirSorter results into two parts: (1) hallmark >0 or viral% > 50%, representing high confidence in virSorter2; (2) hallmark = 0 or viral% < 50%, representing low confidence in VirSorter2. The legend represents the four regions in Figure. S29. Region 2,3 and 4 (yellow boxes) meet the thresholds of BUSCO and VPF (see Method Details), representing the high confidence of the candidate viral sequence. In these regions (yellow boxes), more sequences contain uncharacterized proteins (could not find any homologies in the three databases), and fewer sequences contain proteins that could not find in VOGDB.
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Figure S31. Viral gene families annotated against different protein databases. The details of annotations can be found in Method. This figure shows the number of viral protein families annotated against different databases and the overlaps among them. The viral protein databases and the related intersections are highlighted in red.
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Figure S32. The influence of different environmental factors on the transcriptions of RiPPs. The explored environmental factors are temperature, depth and latitude. The figures show only the top 50 RiPP families with the highest abundance of transcripts for visualization. The higher temperature and lower latitude show higher transcription levels of RiPP families.
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Figure S33. The influence of different environmental factors on the transcriptions of viral proteins. The explored environmental factors are temperature, depth and latitude. The figures show only the top 50 viral protein families with the highest abundance of transcripts for visualization. The higher temperature and lower latitude show higher transcription levels of RiPP families. Some layer-specific activate viral protein families also exist.
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Figure S34. The network of host-phage relationships containing 489,051 nonredundant host-phage links. The node column denoted the prokaryote phyla (left) and phage taxon (right). The numbers in the brackets represented the flows between nodes. For example, Proteobacteria was the source of 265,608 flows and Caudoviricetes was the target of 355,099 flows. The string ‘class’, ‘order’ and ‘family’ in the bracket represented the phage class, order, and family. 
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Figure S35. A. The distribution of RiPP families with high or low confidence from MAR, Metagenome and RefSeq. The intersections between MAR and Metagenome were highlighted in red. B. The length distribution of RiPPs-encoding genes flanking regions. The number of genes (left) and kilobase pairs (right) of flanking regions including both upstream and downstream in metagenome and RefSeq were shown in two figures.



Supplementary Table

Table 1. Model performance comparison of DeepRiPP, NeuRiPP and TrRiPP on binary prediction task (RiPP vs. non-RiPP). Values represent the average of the results of a 10-fold cross validation. The highest values in each column are highlighted in bold. For NeuRiPP, all 5 models were evaluated.  
	Model
	Accuracy
	Precision
	Recall
	F1
	MCC
	AUROC

	NeuRiPP-cnn-parallel-lstm
	0.990 
	0.973 
	0.912 
	0.942 
	0.937 
	0.989 

	NeuRiPP-cnn-parallel
	0.987
	0.963
	0.889
	0.925
	0.919
	0.982

	NeuRiPP-cnn-linear
	0.987
	0.948
	0.898
	0.922
	0.916
	0.983

	NeuRiPP-cnn-linear-lstm
	0.990
	0.960
	0.921
	0.940
	0.935
	0.988

	NeuRiPP-lstm
	0.988
	0.932
	0.939
	0.935
	0.929
	0.991

	DeepRiPP
	0.970 
	0.987 
	0.660 
	0.790 
	0.793 
	0.947 

	TrRiPP
	0.994 
	0.981 
	0.953 
	0.967 
	0.964 
	0.995 




Table 2. Model performance comparison of DeepRiPP and TrRiPP on multiclass prediction task (RiPP classification). Values represent the average of the results of a 10-fold cross validation. The highest value in each column are highlighted in bold.
	Model
	Accuracy
	Weighted F1
	Cohen’s kappa

	DeepRiPP
	0.969 
	0.960 
	0.776 

	TrRiPP
	0.994 
	0.993 
	0.960 










Table 3. Comparison of RiPPs predicted by antiSMASH and TrRiPP. RiPP precursors annotated by antiSMASH were grouped to the classes used in TrRiPP. N/A: no precursor was identified by antiSAMSH for this RiPP class.
	Class
	AntiSMASH annotated class
	AntiSMASH annotated precursor
	TrRiPP predicted precursor
	AntiSMASH annotated precursor (deduplicated)
	TrRiPP predicted precursor (deduplicated)

	Autoinducing peptide
	cyclic-lactone-autoinducer
	N/A
	4833
	N/A
	1328

	Bacterial head-to-tail cyclized peptide
	sactipeptide
	N/A
	1096
	N/A
	273

	Cyanobactin
	cyanobactin
	N/A
	559
	N/A
	164

	Lanthipeptide
	lanthipeptide
	4956
	7866
	2371
	3374

	Lasso peptide
	lassopeptide
	1069
	5248
	560
	2076

	rSAM modified peptide
	RaS-RiPP, ranthipeptide, sactipeptide
	228
	7216
	12
	2817

	Thiopeptide
	thiopeptide
	117
	763
	70
	320

	Graspetide
	microviridin
	N/A
	489
	N/A
	323

	Other
	linaridin, thioamitides, proteusin, bottromycin, epipeptide, glycocin, guanidinotides, LAP, lipolanthine, spliceotide
	N/A
	5404
	N/A
	1746











Table 4. Amino acid and PTM enzyme requirements of RiPPs. Neighboring ORFs are defined as ORFs within 10kb genetic context of the precursor gene.
	Class
	Precursor AA requirement
	PTM enzyme requirement

	Autoinducing peptide
	Cys or Ser
	Neighboring ORFs have PF04647

	Bacterial head-to-tail cyclized peptide
	-
	Neighboring ORFs have PF01944

	Cyanobactin
	-
	Neighboring ORFs have PF00082 or PF18047 or PF18065

	Lanthipeptide
	Cys, and Ser or Thr
	Neighboring ORFs have PF05147

	Lasso peptide
	Asp or Glu
	Neighboring ORFs have PF00733

	rSAM modified peptide
	Cys or Trp or Tyr or His
	Neighboring ORFs have PF04055

	Thiopeptide
	Cys, and Ser or Thr
	Neighboring ORFs have PF02624

	Graspetide
	Asp or Glu, 
and Ser or Thr or Lys
	Neighboring ORFs have ‘ATP-grasp’#


# Searched by InterProScan instead of hmmsearch.

Table 5. The principles of host predictions using different tools.
	Tools
	Principles

	CRISPRCasFinder
	(1) blastn-short (-evalue 0.00001 -word_size 7);
(2) 2 mismatch/gap;

	tRNA-scan SE
	(1) blastn (-evalue 0.00001);
(2) filter promiscuous tRNA;
(3) 2 mismatch/gap;

	MEGABLAST
	(1) identity  70%;
(2) match  2500bp;
(3) match  30% viral coverage;
(4)  30% of the host contig to be outside the prophage region alignment;
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