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Figure S1: Example illustrations for assessing quality of homologous gene-clusters produced by fai. A) Gene calling or frame-shift
differences between the query gene-cluster and coding-sequence predictions in the target genome have resulted in a discrepancy for
OG_1 (highlighted) from the query being regarded as two separate coding-sequences in the target genome. B) Three candidate gene-
cluster segments located near scaffold edges which match the query gene-cluster and meet the thresholds needed for detection as
requested in fai in aggregate.
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Figure S2: Conservation in the upstream regions of coding sequences of genes in
the leporin BGC. The average entropy of the 100 bp upstream regions is shown for each
of the genes from the leporin BGC. Coloring of the bars corresponds to effects on BGC
expression (for lepE and lepB) or metabolite production (using a mutant with
overexpression of lepE) when genes were knocked out as determined by Cary et al. 2015.
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Figure S3: Influence of dereplication on evolutionary statistics computed by zol. The relationship in values for analogous ortholog groups which map to query proteins from
E. faecalis V583 for different evolutionary statistics (A-I) when different sets of gene-clusters corresponding to different approaches in dereplication are shown. Only ortholog
groups which lacked any paralogous proteins are shown and accounted for. A line is shown in each plot corresponding to a 1:1 ratio.
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Figure S4: The ortholog group with epaX features greater diversity relative to other
glycosyl transferase related ortholog groups from the epa locus in E. faecalis. An
approximate maximum-likelihood phylogeny based on gap-filtered protein alignments of
ortholog groups with domains featuring “glycosyl” and “transferase” as key words.
Ortholog groupings (coloring of phylogeny branches) by zol were largely consistent with
phylogenetic clades. Association of clades to genes from E. faecalis V583 based on
sequence alignment are noted.
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Figure 1: Overviews of fai and zol. A) A schematic of how prepTG, fai, and zol are integrated to perform evolutionary investigations by searching for gene-clusters. An overview of the prepTG (B), fai (C) and zol (D) algorithms and workflows.

(optional step)







1









-









oxic

oxycline

anoxic

not sampled

not sampled

Oxygen availability 
for sampling

sampling date (month/day)

sampling depth (meters)

A

















B





-

+

Consensus direction



Conservation

100%

50%

25%

75%

Median length

-

2,200 bp

Ortholog group conservation in consensus order

putative terminase small subunit

putative terminase large subunit

putative portal protein

methyltransferase

putative capsid protein

putative lysozyme





Figure 2: Targeted viral detection in metagenomes using fai. A) Total metagenomes from a single site in Lake Mendota across multiple depths and timepoints from Tran et al. 2023 were investigated using fai for the presence of a virus found in two of the three earliest microbiome samplings (red box). The presence of the virus is indicated by a phage icon. Metagenome samples are colored according to whether they corresponded to oxic, oxycline, or anoxic. The most shallow sampling depths varied for different dates and consolidated as a single row corresponding to a sampling depth of either 5 or 10 meters.  B) The pangenome of the virus is shown based on the consensus order and directionality of coding sequences inferred by zol. Bar heights correspond to the median length of coding sequences and are colored based on the percentages of the nine metagenomes the virus was detected in.
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Figure 3: Evolutionary trends of common BGCs in A. flavus. A) The proportion of 216 A. flavus genomes from NCBI’s GenBank database with coding-sequence predictions available. B)  Comparison of the sensitivity of fai and alternate approaches based on assemblies for detecting the leporin BGC. The red-line indicates the total number of genomes (n=216) assessed. A schematic of the (C) leporin and (D) aflatoxin BGCs is shown with genes present in > 10% of samples shown in consensus order and relative directionality. Coloring of genes in (C) corresponds to FST values and in (D) to Tajima’s D  values, as calculated by zol. Grey bars in the legends, at (C) 0.92  and (D) -0.98, indicate the mean values for the statistics across genes in the BGC. *For the leporin BGC, lepB corresponds to an updated open-reading frame (ORF) prediction by Skerker et al. 2021 which was the combination of AFLA_066860 and AFLA_066870 ORFs in the MIBiG entry BGC0001445 used as the query for fai. For the aflatoxin BGC, ORFs which were not represented in the MIBiG entry BGC0000008 but predicted to be within the aflatoxin BGC by mapping of gene-calls from A. flavus NRRL 3357 by Skerker et al. 2021 are shown in gold. The major allele frequency distributions are shown for (C) aflX and (D) pksA, which depict opposite trends in sequence conservation according to their respective Tajima’s D calculations. 
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Figure 4: The epa locus is conserved across most enterococcal species. The distribution of the epa locus and associated genes, based on criteria used for running fai, is shown across 463 representative genomes across Enterococcus. Coloring of the heatmap corresponds to the normalized bitscore of the best alignment to coding sequences from E. faecalis V583.



E. faecalis

E. faecium

E. lactis

E. gallinarum







0.0

0.1

1.0

Normalized bitscore to 
E. faecalis V583 
query proteins







A

B

Figure 5: Assessment of gene-cluster restricted ortholog grouping by fai and zol. A) zol gene-cluster constricted ortholog group predictions for epa locus proteins from 42 distinct representative enterococcal species were compared to genome-wide predictions of ortholog groups by OrthoFinder. A phylogeny based on gap-filtered protein alignments of ortholog groups with domains featuring “glycosyl” and “transferase” as key words is shown from (B) epa loci in the 42 representative genomes and (C) a more comprehensive set of 2,442 epa loci. Each node represents a specific protein and coloring of the track corresponds to their ortholog group designations by zol. Note, (B) 2 (0.07%) and (C) 79 proteins (0.4%) were removed prior to phylogeny construction due to an abundance of gaps in the trimmed alignment. 
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Figure 6: Effects of dereplication on the calculation of evolutionary statistics by zol. The heatmap shows the correlation of values for analogous ortholog groups for various evolutionary statistics computed by zol when different approaches to dereplication are used. See Methods for further details. *To simulate no dereplication, gene-cluster dereplication with re-inflation parameters were used in zol. 
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Figure 7: Distribution of the epa locus and associated genes across the genus of Enterococcus. A) A schematic is shown for the epa locus in E. faecalis for genes which were found in > 25% of 83 representative genomes for the species presented in consensus order with consensus directionality as inferred by zol. The coloring corresponds to the conservation of individual genes. Genes upstream and/or including epaR were recently proposed to be involved in decoration of Epa by Guerardel et al. 2020. “//” indicates that the ortholog group was not single-copy in the context of the gene-cluster. The tracks below the gene showcase their sequence similarity across the E. faecalis genomes measured using (B) Tajima’s D and (C) the average sequence alignment entropy. D) The major allele frequency is depicted across the alignment for the ortholog group featuring epaX. Sites predicted to be under negative selection by FUBAR, Prob(𝛼>𝛽) > 0.9, are marked in red. E) An approximate maximum-likelihood phylogeny based on gap-filtered codon alignments for the ortholog group corresponding to epaX and epaX-like proteins in the joint E. faecalis and E. faecium investigation of the epa locus using zol. F) Conservation of epaX is shown amongst E. faecalis and E. faecium genomes with a high-quality representation of the epa locus available. Coloring of the bars corresponds to the proportion of genomes with a certain copy-count of the epaX-like ortholog group.
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Figure S1: Example illustrations for assessing quality of homologous gene-clusters produced by fai. A) Gene calling or frame-shift differences between the query gene-cluster and coding-sequence predictions in the target genome have resulted in a discrepancy for OG_1 (highlighted) from the query being regarded as two separate coding-sequences in the target genome. B) Three candidate gene-cluster segments located near scaffold edges which match the query gene-cluster and meet the thresholds needed for detection as requested in fai in aggregate.
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Figure S2: Conservation in the upstream regions of coding sequences of genes in the leporin BGC. The average entropy of the 100 bp upstream regions is shown for each of the genes from the leporin BGC. Coloring of the bars corresponds to effects on BGC expression (for lepE and lepB) or metabolite production (using a mutant with overexpression of lepE) when genes were knocked out as determined by Cary et al. 2015.
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Figure S3: Influence of dereplication on evolutionary statistics computed by zol. The relationship in values for analogous ortholog groups which map to query proteins from E. faecalis V583 for different evolutionary statistics (A-I) when different sets of gene-clusters corresponding to different approaches in dereplication are shown. Only ortholog groups which lacked any paralogous proteins are shown and accounted for. A line is shown in each plot corresponding to a 1:1 ratio. 
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Figure S4: The ortholog group with epaX features greater diversity relative to other glycosyl transferase related ortholog groups from the epa locus in E. faecalis. An approximate maximum-likelihood phylogeny based on gap-filtered protein alignments of ortholog groups with domains featuring “glycosyl” and “transferase” as key words. Ortholog groupings (coloring of phylogeny branches) by zol were largely consistent with phylogenetic clades. Association of clades to genes from E. faecalis V583 based on sequence alignment are noted.
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Figure 5: Assessment of gene-cluster restricted ortholog grouping by fai and zol. A) zol gene-cluster constricted ortholog group predictions for epa locus proteins from 75 E. faecalis were compared to OrthoFinder genome-wide orthology predictions. B) An approximate maximum-likelihood phylogeny based on gap-filtered protein alignments of ortholog groups with domains featuring “glycosyl” and “transferase” as key words. Ortholog groupings (coloring of phylogeny branches) by zol were largely consistent with phylogenetic clades. Association of clades to genes from E. faecalis V583 are noted. C) zol ortholog group predictions were compared to OrthoFinder predictions for a set of diverse epa loci extracted from 42 different enterococcal species. 
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Figure 1: Overviews of fai and zol. A) A schematic of how prepTG, fai, and zol are integrated to perform evolutionary investigations by searching for gene-clusters. An overview of the prepTG (B), fai (C) and zol (D) algorithms and workflows.

(optional step)
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Figure 2: Targeted viral detection in metagenomes using fai. A) Total metagenomes from a single site in Lake Mendota across multiple depths and timepoints from Tran et al. 2023 were investigated using fai for the presence of a virus found in two of the three earliest microbiome samplings (red box). The presence of the virus is indicated by a phage icon. Metagenome samples are colored according to whether they corresponded to oxic, oxycline, or anoxic. The most shallow sampling depths varied for different dates and consolidated as a single row corresponding to a sampling depth of either 5 or 10 meters.  B) The pangenome of the virus is shown based on the consensus order and directionality of coding sequences inferred by zol. Bar heights correspond to the median length of coding sequences and are colored based on the percentages of the nine metagenomes the virus was detected in.
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Figure 3: Evolutionary trends of common BGCs in A. flavus. A) The proportion of 216 A. flavus genomes from NCBI’s GenBank database with coding-sequence predictions available. B)  Comparison of the sensitivity of fai and alternate approaches based on assemblies for detecting the leporin BGC. The red-line indicates the total number of genomes (n=216) assessed. A schematic of the (C) leporin and (D) aflatoxin BGCs is shown with genes present in > 10% of samples shown in consensus order and relative directionality. Coloring of genes in (C) corresponds to FST values and in (D) to Tajima’s D  values, as calculated by zol. *For the leporin BGC, lepB corresponds to an updated open-reading frame (ORF) prediction by Skerker et al. 2021 which was the combination of AFLA_066860 and AFLA_066870 ORFs in the MIBiG entry BGC0001445 used as the query for fai. For the aflatoxin BGC, ORFs which were not represented in the MIBiG entry BGC0000008 but predicted to be within the aflatoxin BGC by mapping of gene-calls from A. flavus NRRL 3357 by Skerker et al. 2021 are shown in gold. The major allele frequency distributions are shown for (C) aflX and (D) pksA, which depict opposite trends in sequence conservation according to their respective Tajima’s D calculations. 
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Figure 4: The epa locus is conserved across most enterococcal species. The distribution of the epa locus and associated genes, based on criteria used for running fai, is shown across 463 representative genomes across Enterococcus. Coloring of the heatmap corresponds to the normalized bitscore of the best alignment to coding sequences from E. faecalis V583.
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Figure 5: Assessment of gene-cluster restricted ortholog grouping by fai and zol. A) zol gene-cluster constricted ortholog group predictions for epa locus proteins from 75 E. faecalis were compared to OrthoFinder genome-wide orthology predictions. B) An approximate maximum-likelihood phylogeny based on gap-filtered protein alignments of ortholog groups with domains featuring “glycosyl” and “transferase” as key words. Ortholog groupings (coloring of phylogeny branches) by zol were largely consistent with phylogenetic clades. Association of clades to genes from E. faecalis V583 are noted. C) zol ortholog group predictions were compared to OrthoFinder predictions for a set of diverse epa loci extracted from 42 different enterococcal species. 
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Figure 6: Effects of dereplication on the calculation of evolutionary statistics by zol. The heatmap shows the correlation of values for analogous ortholog groups for various evolutionary statistics computed by zol when different approaches to dereplication are used. See Methods for further details. *To simulate no dereplication, gene-cluster dereplication with re-inflation parameters were used in zol. 
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Figure 7: Distribution of the epa locus and associated genes across the genus of Enterococcus. A) A schematic is shown for the epa locus in E. faecalis for genes which were found in > 25% of 83 representative genomes for the species presented in consensus order with consensus directionality as inferred by zol. The coloring corresponds to the conservation of individual genes. Genes upstream and/or including epaR were recently proposed to be involved in decoration of Epa by Guerardel et al. 2020. “//” indicates that the ortholog group was not single-copy in the context of the gene-cluster. The tracks below the gene showcase their sequence similarity across the E. faecalis genomes measured using (B) Tajima’s D and (C) the average sequence alignment entropy. D) The major allele frequency is depicted across the alignment for the ortholog group featuring epaX. Sites predicted to be under negative selection by FUBAR, Prob(𝛼>𝛽) > 0.9, are marked in red. E) An approximate maximum-likelihood phylogeny based on gap-filtered codon alignments for the ortholog group corresponding to epaX and epaX-like proteins in the joint E. faecalis and E. faecium investigation of the epa locus using zol. F) Conservation of epaX is shown amongst E. faecalis and E. faecium genomes with a high-quality representation of the epa locus available. Coloring of the bars corresponds to the proportion of genomes with a certain copy-count of the epaX-like ortholog group.
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Figure S1: Example illustrations for assessing quality of homologous gene-clusters produced by fai. A) Gene calling or frame-shift differences between the query gene-cluster and coding-sequence predictions in the target genome have resulted in a discrepancy for OG_1 (highlighted) from the query being regarded as two separate coding-sequences in the target genome. B) Three candidate gene-cluster segments located near scaffold edges which match the query gene-cluster and meet the thresholds needed for detection as requested in fai in aggregate.









Average upstream 100 bp sequence entropy

Figure S2: Conservation in the upstream regions of coding sequences of genes in the leporin BGC. The average entropy of the 100 bp upstream regions is shown for each of the genes from the leporin BGC. Coloring of the bars corresponds to effects on BGC expression (for lepE and lepB) or metabolite production (using a mutant with overexpression of lepE) when genes were knocked out as determined by Cary et al. 2015.
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Figure S3: Influence of dereplication on evolutionary statistics computed by zol. The relationship in values for analogous ortholog groups which map to query proteins from E. faecalis V583 for different evolutionary statistics (A-I) when different sets of gene-clusters corresponding to different approaches in dereplication are shown. Only ortholog groups which lacked any paralogous proteins are shown and accounted for. A line is shown in each plot corresponding to a 1:1 ratio. 
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