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Abstract

Environmental microorganisms continue to serve as a major source of bioactive natural products
(NPs) and as an inspiration for many other scaffolds in the toolbox of modern medicine. Nearly
all microbial NP-inspired therapies can be traced to field expeditions to collect samples from

the environment. Despite the importance of these expeditions in the search for new drugs, few
studies have attempted to document the extent to which NPs or their corresponding production
genes are distributed within a given environment. To gain insight into this, the geographic
occurrence of NP ketosynthase (KS) and adenylation (A) domains was documented across 53

and 58 surface sediment samples, respectively, covering 59,590 square kilometers of Lake Huron.
Overall, no discernable NP geographic distribution patterns were observed for 90,528 NP classes
of nonribosomal peptides and polyketides detected in the survey. While each sampling location
harbored a similar number of A domain operational biosynthetic units (OBUSs), limited overlap

of OBU type was observed, suggesting that at the sequencing depth used in this study, no single
location served as a NP “hotspot’. These data support the hypothesis that there is ample variation
in NP occurrence between sampling sites and suggests that extensive sample collection efforts are
required to fully capture the functional chemical diversity of sediment microbial communities on a
regional scale.

1. Introduction

The preparation of Pyocyanase in 1899 and the discovery of bioactive natural products
(NPs) penicillin and gramicidin in 1928 and 1939, respectively, marked the beginning of
modern microbial drug discovery efforts.1~* Since then, environmental microorganisms have
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served as a major source of bioactive NPs and as an inspiration for a plethora of therapeutic
scaffolds. These small molecules have generated therapies for an array of diseases such as
cancer, bacterial infections, immune disorders, and others, as 34% of FDA approved drugs
from 2000 to 2014 were NPs or NP-derived.5 Importantly, nearly all of these microbial NP-
inspired therapies resulted from field expeditions to collect samples from the environment.
In general, these field expeditions have been guided by the hypothesis that environments in
diverse geographic locations contain different ecological pressures, and as a result harbor
minimally-overlapping populations of NP biosynthetic pathways.5-8

Despite the importance of sample collection expeditions toward the search for new drugs,
few studies have attempted to document the extent to which NPs or their corresponding
production genes are distributed in any given environment. Charlop-Powers et al. compared
the NP biosynthetic potential of soil samples from a diverse array of environmental
microbiomes.? Their analyses of 185 soil microbiomes collected from five continents
suggested that geographic distance and local environment contributed to biosynthetic
diversity differences observed between samples.® Additionally, Lemetre et al. found that
changes in latitude correlated with changes in biosynthetic domain composition within soil
samples on a continent-wide scale.10 Borsetto et al. correlated the observed differences in
biosynthetic gene cluster (BGC) diversity in a range of soils within metagenome data, with
the microbial community present at each site and with geographic location, and suggested
that environmental variables influence the biosynthetic potential at a given site.11 Similarly,
Sharrar et al. found that patterns of abundance of BGC types varied by taxonomy in

soil bacteria, and that bacteria with higher biosynthetic potential were associated with
specific types of soil vegetation.12 These studies demonstrate that biosynthetic domain
composition can differ with changing geography and/or variables within the soil. Thus,
characterizing the geographic distribution of NP-producing BGCs at a finer geographical
resolution will inform front-end discovery practices such as sample collection and microbial
library generation, which traditionally have a high degree of uncertainty.13

Due to decreasing sequencing costs and availability of online tools, probing microbial-
based chemical diversity in nature has become attainable without relying on cultivation
techniques. To gain insight into how specific NP classes are distributed in an environment,
the occurrence of NP domains was characterized in up to 58 surface sediment samples
covering a 59,590 square kilometer region in Lake Huron. Ketosynthase (KS) domains
from polyketide synthases (PKS) and adenylation (A) domains from nonribosomal peptide
synthetase (NRPS) were examined, as they represent conserved domains within two
common classes of NPs that often encode for the production of antibiotics, siderophores,
and other bioactive compounds. The current study provides preliminary evidence that there
is substantial variation in NP compaosition between sampling sites on a regional scale and
suggests that extensive sample collection efforts will be required to fully capture the BGC
diversity that exists in sediment. Investigating BGC distribution patterns and dynamics in
Lake Huron represents an essential initial step toward the design of a more methodical
environmental sample collection approach, a critical front-end process that has been largely
unchanged since antibiotic discovery efforts began in the early 20t century.
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2. Results and Discussion

2.1 Characterization of BGC Domain Sequence Diversity in Sediment

In August and September of 2014, 59 samples were collected from Lake Huron — a
geographic region that spans 59,590 square kilometers (Table S1). To confirm the bacterial
diversity present represents populations that commonly occur in freshwater systems, the
taxonomic diversity of bacteria at each site was assessed using microbial 16S rRNA gene
amplicons (Supp. Experimental Procedures). Results were congruent with those of typical
lake bacterial populations (Supp. Table S4).14 To assess the composition of NP domains

at each collection site, previously designed degenerate primers were used to amplify the
KSa domain for PKS 111° and the A domain for NRPS genes from genomic DNA (gDNA)
extracted from sediment samples.18 The KSa and A domains were selected because they are
among the most conserved catalytic domains of the PKS type Il and NRPS gene clusters
respectively. Furthermore, this sequence conservation has yielded primer sets for PCR
amplification1>17 as well as bioinformatic tools and databases to facilitate the annotation
and prediction of NPs.18.19

The selected conserved regions were PCR-amplified from genomic DNA using a two-stage
PCR protocol, as described previously.2° Briefly, 613 bp fragments of KSa. (B-ketoacyl
synthase) and 700 bp fragments of NRPS A domains were amplified using degenerate
oligonucleotides, respectively.15:16 All primers were synthesized with a locus-specific
sequence as well as a universal 5” tail.20 Resulting sequences were filtered using profile
hidden Markov models (pHMMSs) downloaded from antiSMASH’s HMM detection modules
to remove non-specific sequences.2! These models are based on known and predicted KSa
and A domain architectures.?2 Filtered sequences were then clustered at 85% similarity

to approximate compound class designations and to avoid overestimation of chemical
diversity in sediment.2® Sequences were extracted from the manually curated and annotated
BGC database MIBiG?9, subjected to different clustering thresholds, and evaluated for
their ability to group according to similar biosynthetic origins/molecular products. The
optimal clustering threshold fluctuated and was dependent on the specific compound class
and ranged from 80% to 90%. Therefore, analysis proceeded using an 85% similarity
threshold. At 85% similarity, the sequence groupings — or operational biosynthetic units
(OBUs) — represent an estimation of compound classes. To further scrutinize this clustering
method, amplicons from a control Streptomyces strain, Streptomyces coelicolor A3(2),
were subjected to this process (see Methods section 4.5).24 S. coelicolor A3(2) produces
two KSa domain-containing compounds (actinorhodin and a spore pigment) and twelve

A domain-containing compounds (CDA1b, CDA2a, CDA2b, CDA3a, CDA3b, CDA4a,
CDAA4b, coelibactin, coelimycin P1, undecylprodigiosin, SCO-2138, and a putative tris-
hydroxamate tetrapeptide iron chelator coelichelin).242> Analysis of S. coelicolor A3(2)
amplicons at 85% similarity yielded two KSa. domain OBUs and fifteen A domain OBUs,
and confirmed this as a suitable threshold to organize 300 bp fragments into groups that
represent compound classes.

Of the 59 sediment samples, 6 from the KSa dataset and 1 from the A domain dataset
did not return sufficient quality data to be included in the analysis. In total, 1,818 KSa
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OBUs (5,815 total sequences) throughout 53 sediment samples, and 171,527 A domain
OBUs (1,730,091 total sequences) throughout 58 sediment samples were observed. This
represents approximately 34 KSa and 2,957 A domain OBUSs per sediment sample (Table
1). These original numbers were then adjusted to account for suspected overestimation of
chemical diversity, as described in the following section. The large disparity in KSa and

A domain OBU counts may be attributed to (1) primer biases and accuracy, (2) depth of
sequencing, and (3) the size of the family to which these domains belong. A domains belong
to a large superfamily of adenylate-forming enzymes, 26 in contrast to the smaller KSa (a.-
ketoacyl synthases) domain family, which are known to produce aromatic polyketides and
polyenes, and whose primers were designed specifically for strains within the Streptomyces
genus.27-28 The number and putative identity of OBUs for each compound class is listed in
Supporting Tables S6A-B. As previously reported, the KSa primers are highly degenerate,
with substantial off-target amplification.2 Due to this limitation, KSa data, including
distribution analysis and maps, can be found in the Supplemental Information.

2.2 Analysis of Characterized NP BGC Distribution in Lake Sediment

In order to assess the occurrence of known NP BGC classes across Lake Huron sediment,
the identity of each OBU was verified. Sequence representatives from each OBU were
aligned against domain sequences extracted from the MIBIG database using the DIAMOND
alignment tool via its default settings.39:31 MIBIG associates BGCs with known NP
structures, allowing prediction of the product of each matching OBU and as a result,
estimation of the chemical diversity at each sample site. To ensure that a 300 bp amplicon

is sufficient for structural annotation, sequences from control strain S. coelicolor A3(2) were
amplified, sequenced, and aligned (Supplementary Experimental Procedures).2* Amplified
KSa and A domain sequences from S. coelicolor A3(2) aligned appropriately against
coelichelin, coelibactin, and select calcium-dependent antibiotic (CDA) sequences from S.
coelicolorin MIBIG at a maximum e-value of 3.90 e™3. In general, an e-value smaller

than 0.01 is considered a reliable hit for homology matches, while an e-value in the range
of 16720 is considered a match of high reliability.32 These results were used as a guide to
select a list of annotated OBUs to map across lake sediment. Based on empirical tests and
comparison to e-values obtained from the S. coelicolor A3(2) control, a maximum e-value
threshold of 1.2 e715 was selected for KSa. domain OBUs and 1.3 e11 for A domain OBUs.
These stringent cutoffs allowed only high-confidence OBU assignments to be used in the
study.

Once OBU sequence representatives were aligned against sequences from the MIBIG
database, the majority of these could not be assigned to known chemical compound classes.
In total, of the 1,818 KSa. domain OBUs that were observed across 53 samples, 32 (1.7%)
were assigned to known compound classes. Similarly, of 171,527 total A domain OBUs
observed across 58 samples, 108 (0.06%) were assigned to known compound classes. Of
particular note is that some distinct OBU sequence representatives were assigned to the
same compound class (for example, five separate OBU sequence representatives aligned to
rifamycin), which resulted in an overestimation of compound classes present in sediment. To
correct for this, it was necessary to estimate the average number of times a compound class
was divided into separate OBUs in the dataset; this average was deemed a “split correction
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factor” (see Supplementary Table S6 for discussion). The total number of observed OBUs
was then divided by that factor, resulting in a more accurate estimation of the compound
classes present in sediment: a total of 1,198 KSa domain OBUs, of which 21 (1.8%) were
known compound classes, and a total of 90,528 A domain OBUSs, of which 57 (0.06%) were
known compound classes. Further details are listed in Supplementary Tables S6A-B.

Of the 78 OBUs matched to known classes of PKS (21) and NRPS (57) NPs in MIBIG,
distribution maps of compounds that occurred in at least two distinct locations were
generated after rarefaction analysis to the lowest sample count (15 sequences for KSa
domain OBUs and 3,487 for A domain OBUs). A total of 30 OBUs met these criteria.

These 30 OBUs were further categorized into antibiotics, siderophores, and other bioactive
NP classes such as anticancer and antiviral compounds. OBUs from each of the 30 classes
were mapped and patterns of occurrence were assessed (representative OBUs per category
are shown in Figure 2, while maps for the remaining OBUs are shown in Supplementary
Figures S3-5). The size of the colored circles are proportional to the number of sequences
detected at each sampling site, after rarefaction. Figures 2A-D show the distribution of
cyclomarin, surugamide, pyoverdin, and coelichelin classes. For example, sequence reads
for cyclomarin class antibiotics (Figure 2A) were detected in five distinct geographic
locations across the lake, while sequence reads for pyoverdin-type siderophores (Figure

2C) were detected in 38 distinct geographic locations across the lake. Four of these locations
contained both compounds. Overall, the distribution profiles among the compound classes
analyzed were non-overlapping in lake sediment. In general, siderophores were the most
frequently detected compound class in lake sediment, exceeding that of antibiotics and other
bioactive NPs.

2.3 Analysis of Uncharacterized NP BGC Distribution in Lake Sediment

The majority of OBUs detected in Lake Huron sediment were not assigned to known
compound classes (98.3% KSa domain OBUs and 99.9% of A domain OBUSs, respectively).
Instead of constructing maps for all 90,528 uncharacterized A domain OBUSs, the number
of locations at which a given OBU was detected was plotted (Figure 3). This allowed
determination of the frequency of occurrence of OBUs across lake sediment. Figure 3
demonstrates that the vast majority of A domain OBUs (96.5%) occurred in fewer than

10 samples (in varying occurrence patterns, data not shown), across the 58 locations. For
example, 40,003 OBUs (83.7%) were detected in only a single sediment location, and
2,524 OBUs (5.3%) were detected in only two locations (in varying occurrence patterns).
However, no more than 1,042 OBUs were detected at any single sampling site (Figure

4); thus, the genetic diversity detected is broadly distributed. Figures 3 and 4 together
demonstrate that there is little overlap among occurrence patterns of these OBUSs, indicating
that there are not select NP “‘hotspots’ among our 58 sampling sites and that NP occurrence
varies considerably across Lake Huron sediment.

We sought to determine whether A domain OBUs were likely to co-occur in the
environment. Correlation coefficients based on presence/absence and abundance were
calculated for each OBU pair for the 1,000 most abundant OBUs from rarified BIOM
tables,33 based on the formula in Supp. Table S7. Among these, 0.16% of OBUs displayed
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a strong positive correlation with each other (a correlation score of 0.9 or above). This
analysis further supports the lack of co-occurrence of dominant OBU classes in these
sediments. Similarly, correlation analyses were undertaken to assess whether A domain
OBUs correlated with the presence of specific Actinobacteria or Proteobacteria OTUs

at each location (see Supplemental Information Table S7). No significant correlations
were observed. One possible cause of this may be that the detected OBUs are

associated with mobile genetic elements and therefore are associated with multiple taxa.34
Alternatively, primer biases (OBU versus OTU) coupled with insufficient OTU sequencing
depth prevented sufficient detection of the necessary sequences needed to observe such
correlations. Further experiments using shotgun metagenome sequencing will be required to
confirm this result.

This study aimed to generate a preliminary assessment of how NP OBUs are distributed
across Lake Huron sediment. As shown in Figure 2 (and Supp. Figures S3-S5), among the
select 30 characterized OBUs that were analyzed, no discernable patterns of occurrence

in Lake Huron surface sediment were observed. Some NP OBUs exhibited frequent
occurrences in sediment across the geographic locations sampled, while others were
confined to select sample sites.

This study is one of the few attempts to document the distribution of specific classes

of NPs at a regional scale in an environment representative of a collection expedition.3®
The observed NP distribution profiles lend experimental evidence to a few predictable
phenomena, that to the best of our knowledge have seldom been demonstrated on a large
scale. First, individual compound profiles, particularly those that represent bioactive NPs
(antibiotics, anticancer, etc), exhibit sparse occurrence across Lake Huron sediment. Second,
some profiles occur more frequently across the collection sites, such as the pyoverdins

and griseorhodins (Figure 2C and Supp. Figure S5H). This may suggest that the NP

is highly functional in its environment or is located on a mobile genetic element that

is commonly transferred between species, among other possibilities. Regardless, of the
greater than 90,000 known and uncharacterized NP OBUs analyzed, there is little evidence
for discernable patterns of NP occurrence across Lake Huron sediment. This suggests

that robust sampling is required to survey an environment of this magnitude, and that
oversampling leading to redundant NP recovery is not a major concern (though cultivation
methods will be a significant factor in recovering those NP populations from sediment).23
Further experiments should be performed to assess whether the OBU distribution trend
observed in this study is also detected in the culturable bacterial population, a metric

more appropriate to evaluate the efficiency of most microbial drug discovery programs. An
attempt to document OBU recovery from culturable bacterial populations was addressed in
other complementary studies.23:36 A similar study that analyzes sequences within an area
of higher geographic resolution, at multiple time points, and with consideration toward
environmental pressures specific to the benthic lake environment, would provide more
detailed information on the available NP chemical space in Lake Huron sediment. Events
such as algal blooms or other localized environmental phenomena at the time of collection
can influence results in any of the sampled locations.
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The need for novel approaches to improve detection of NP BGCs from
eDNA—There are a few experimental limitations to the current study (see SI for more
detailed explanation). First, the low abundance of sequence reads belonging to NPs can be
attributed to undersampling, limited eDNA extracted from sediment, or biases generated
from PCR amplification using highly degenerate primers. In addition, the resulting
amplicons are only partially representative of the BGC population present in sediment.
The design of new primers with a broader detection range can improve discovery of non-
traditional BGCs. However, alternative, non-PCR-based approaches such as deep shotgun
metagenome sequencing coupled with long-read sequence data (e.g. data generated using
Oxford Nanopore and Pacific Biosciences sequencing platforms), or enrichment strategies
followed by deep sequencing (e.g., Oxford Nanopore selective sequencing,3’ hybridization
capture+shotgun metagenome sequencing38) will be necessary for further discovery. Finally,
the MIBIG database was used to assess compound classes.1® The number of existing

NPs greatly outnumbers the entries in MIBIiG, underlining the need for the community

to contribute to and expand this valuable resource.

3. Conclusion

Despite decades of collecting soil microorganisms for use in drug discovery, few attempts
have been made to measure the extent to which NP production genes are distributed in

the environment. In this study, KSa and A domain amplicon sequencing was used to
document distribution profiles of NPs across Lake Huron surface sediment. Overall, no
discernable NP geographic distribution patterns were observed when comparing OBUs from
greater than 90,000 NP classes (NRPS and PKS). We observed that the distribution profiles
of the majority of A domain OBUs were non-overlapping across the 58 locations, while
each location harbored relatively equal number of OBUSs, suggesting that at the sequencing
depth used in this study, no single location served as a NP ‘hotspot’. Finally, analysis of

the top 1,000 most abundant OBUs detected in Lake Huron sediment, which belong to
unknown/uncharacterized NPs, indicate that co-occurrence patterns are rare, but do exist.
This preliminary evidence supports that there is ample variation in NP occurrence between
sampling sites and suggests that extensive sample collection efforts will be required to

fully capture the diversity that exists in sediment on a regional scale. Overall, investigating
BGC distribution patterns and dynamics in Lake Huron has highlighted the need for a

more methodical environmental sample collection approach, a great unmet need in NP drug
discovery.

4. Methods

4.1 Collection of Sediment Samples, Cultivation of Sediment Bacteria on Nutrient Agar

Sediment samples were collected using a PONAR grab in the summer of 2012 from Lake
Huron, the Georgian Bay, and the Northern Channel during a research expedition aboard the
EPA’s Lake Guardian Research Vessel. Surface depths of sediment are listed in Supp. Table
S1. Approximately 1 cm3 of sediment was homogenized, and an aliquot was placed into a 2
mL cryovial containing 20% glycerol. These were stored in cryogenic vials in a Dewar until
transported back to the laboratory where they were stored in a —20°C freezer.

ACS Chem Biol. Author manuscript; available in PMC 2022 March 10.
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4.2 Genomic DNA Isolation from Sediment and Nutrient Agar

Cryogenic vials were thawed at room temperature, and gDNA was extracted from
approximately 0.25 g of sediment, using a DNeasy PowerSoil Kit (Qiagen, Netherlands)
according to the manufacturer’s instructions.

4.3 KSa and A Domain Amplification and Sequencing

KSa and A domain amplicon sequencing was performed using the same two-

step PCR strategy described in the Supporting Information. Briefly, a 613 bp

fragment of the KSa (p-ketoacyl synthase) was amplified using degenerate primers
(5"-TSGCSTGCTTCGAYGCSATC-3") and (5'-TGGAANCCGCCGAABCCGCT-3").1°
700-bp NRPS A domain gene fragments were amplified using

degenerate oligonucleotides A3F (5"-GCSTACSYSATSTACACSTCSGG-3") and A7R
(5"SASGTCVCCSGTSCGGTAS-3").18 All primers were synthesized with a locus-specific
sequence as well as a universal 5” tail (i.e., CS1 and CS2 linkers). 20 pL of PCR reaction
mixture consisted of 1 pL of DNA at 10 ng/pL, 1 puL of a 10 uM solution of each primer,
10 pL KAPA Tag 2X ReadyMix (Kapa Biosystems), 0.8 pL of DMSO, 3.2 uL of 100 mg
mL~1 Bovine Albumin Serum, and 3 pL of DI water. The thermal cycling conditions were
set to an initial denaturation step at 95 °C for 5 min; 7 cycles of 1 min at 95 °C, 1 min

at 65 °C (annealing temperature was lowered 1 °C per cycle), and 1 min at 72 °C; and 40
cycles of 1 min at 95 °C, 90 s at 58 °C and 1 min at 72 °C; and a final elongation step

at 72 °C for 5 min. Amplification products were verified by agarose gel electrophoresis
and purified using a QIAquick PCR cleanup kit according to the manufacturer’s protocol
(Qiagen). The resulting PCR amplicons were used as templates for the second PCR step, as
described above, to incorporate sequencing adapters and sample-specific barcodes. Pooled
and purified amplicon libraries, with a 20% phiX spike-in, were loaded onto a MiSeq V3
flow cell, and sequenced using paired-end 2 x 300 reads. Sequencing was performed at the
Genome Research Core at the University of Illinois at Chicago.

4.4 Bioinformatic Analyses of BGC Data

Only forward reads were used in further analysis due to the low quality of reverse reads.
All sequences generated from the Illumina MiSeq sequencer were trimmed on the ends of
the read according to Phred quality scores, then denoised using the DADA?2 implemented
in Qiime2, and finally chimeras were removed using uchime-denovo as implemented in
Qiime2.3940 The degenerate primer sequences were removed. Filtered and trimmed reads
were then 6-frame translated into amino acid sequences using TranslatorX.41 Only frames
with no internal stop codons were kept using TranslatorX’s “guess most likely reading
frame” option. Amino acid sequences were then filtered via HMMER?2 using HMM prebuilt
generic detection models downloaded from antiSMASH v5.0.0.21 The following models
were used: AMP-binding and A-OX for A domain, and t2ks and t2pks2 for PKS type II.
Only sequences that passed the default e-value thresholds were kept, resulting in a much
lower number of sequences per sample (Supp. Table S3). Sequences were then clustered at
80%, 85%, 90%, and 95% using USEARCH v11’s UCLUST cluster_fast greedy algorithm
via the cluster_fast command. Singletons were kept for the clustering.*3 A feature-by-
sample abundance matrix (a feature table or biological observation matrix, BIOM)33 file
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was then created. A representative sequence from each cluster—Ilabeled an OBU—was
extracted to a separate file, using the USEARCH v11’s makeudb_usearch command, and the
file was aligned against the MIBIG database using DIAMOND.3! Sequence reads belonging
to the same molecular class clustered best at 85%. Therefore, the 85% sequence similarity
threshold was used for subsequent analyses. An OBU representative sequence was annotated
with its BLAST identity only if the pairwise identity was at least 85% and coverage over

at least 84 amino acids.** An OBU-by-sample BIOM file was then created and rarefied to
the minimum number of sequences within samples. Singletons were retained during OBU
clustering. Since OBU clustering occurred at 85% (as opposed to the single nucleotide/ASV
level), changes in a single nucleotide OBU diversity are not expected to change the richness
of the sample. In addition, to ensure that singletons were real sequences and not PCR error,
10 singletons from each domain were blasted against the NCBI’s protein database, and all
singletons mapped to the correct group (A and KSa. domains).43

4.5 Bioinformatic Method Validation Using Reference Strains

Control strain S. coelicolor A3(2) was included in wet lab and bioinformatics analysis to
ensure clustering methods and compound identities were valid. S. coelicolor A3(2) was
subjected to the same amplification procedure using the degenerate primers that amplify a
fragment of the KSa (p-ketoacyl synthase) and a fragment of the A domain. KSa and A
domain amplicons were sequenced and analyzed using the strategy described in sections 4.3
and 4.4. Resulting sequence data were then filtered using the same HMM prebuild generic
detection models described above. Sequences that passed the default e-value thresholds were
kept. Sequences were then clustered at 80% 85%, 90%, and 95%. At 85%, KSa. amplicons
grouped into two OBUs. A representative sequence from each OBU was mapped against
MIBIG for compound identification. Indeed, the representative sequence from the first OBU
mapped to actinorhodin and the representative sequence from the second OBU mapped to a
spore pigment, as expected. Similarly, at 85%, A domain amplicons grouped into 15 OBUs.
After mapping against MIBIG, a representative sequence from 10 OBUs mapped to the
CDA family of compounds (CDA1b, CDA2a, CDA2b, CDA3a, CDA3b, CDA4a, CDA4b),
one representative sequence mapped to coelimycin P1, one representative sequence mapped
to coelibactin, and three representative sequences mapped to coelichelin. There were no
OBU representative sequences mapped to the remaining A domain containing compounds
undecylprodigiosin and SCO-2138.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Boxplots depicting the variability of KSa and A domain OBU abundance /n each sediment

sample. A and B represent boxplots of OBU counts after adjustment by the split correction
factor, which corrects for overestimations of compound classes present in sediment.
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Figure2.
Detection of domain sequences of select NP classes in Lake Huron sediment. Figures 2A—

D show the detection and relative read abundance of cyclomarin, surugamide, pyoverdin,
and coelichelin classes, respectively. Figures S3-5 depict the distribution of additional NP
classes. Different sized circles represent sequence read abundance at a rarefaction depth of
13 sequences per sample for KSa domain sequences and of 3,487 sequences per sample for
A domain sequences at each collection site in Lake Huron. Representative structures from
each of the four compound classes are shown in Figures 1E-H.
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Figure 3.
The number of locations from which an A domain OBU occurs. The majority of A domain

OBUSs occur in fewer than ten locations.
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Figure 4.
Box plot indicating observed number of A domain OBUs across all locations at a rarefaction

depth of 3,487; each point represents the number of A domain OBUs at that location. The
number of A domain OBUs that appears in each location ranges from 491 to 1,042.
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Table 1.
A and KSa domain abundances in sediment.
KSa A
Total # of OBUs detected 1,818 171,527
Total # of OBUs after adjustment by the split correction factor 1,198 90,528

Average # of OBUs per sample after adjustment by the split correction factor 23 (¥18) 1,561 (+798)
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