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Numerous therapeutically relevant small molecules have been iden-
tified from the screening of natural products (NPs) produced by
environmental bacteria. These discovery efforts have principally
focused on culturing bacteria from natural environments rich in
biodiversity. We sought to assess the biosynthetic capacity of urban
soil environments using a phylogenetic analysis of conserved NP
biosynthetic genes amplified directly from DNA isolated from New
York City park soils. By sequencing genes involved in the biosynthesis
of nonribosomal peptides and polyketides, we found that urban park
soil microbiomes are both rich in biosynthetic diversity and distinct
from nonurban samples in their biosynthetic gene composition. A
comparison of sequences derived from New York City parks to genes
involved in the biosynthesis of biomedically important NPs produced
by bacteria originally collected from natural environments around the
world suggests that bacteria producing these same families of
clinically important antibiotics, antifungals, and anticancer agents
are actually present in the soils of New York City. The identification
of new bacterial NPs often centers on the systematic exploration of
bacteria present in natural environments. Here, we find that the soil
microbiomes found in large cities likely hold similar promise as
rich unexplored sources of clinically relevant NPs.

natural products | metagenomics | biosynthesis

Bacterial natural products (NPs) have a rich history of serving as
the inspiration for the development of diverse small-molecule

therapeutics (1). The discovery of new bioactive bacterial metabo-
lites conventionally begins with the culturing of bacteria from the
environment and the subsequent examination of the molecules they
produce in pure culture. The search for new bacteria to introduce
into NP discovery pipelines has led to a global search for natural
ecosystems from which diverse bacteria can be cultured (2, 3). In
some instances, molecules isolated from bacteria originally obtained
in remote environments have subsequently been found to be pro-
duced by organisms acquired closer to home. For example, the
macrolactins are a series of antiviral compounds originally isolated
from marine microorganisms (4) but later found to be encoded by
common root-associated Bacillus species (5). We wondered whether
urban park soils might represent rich reservoirs of NP biosynthetic
diversity. Here, we used targeted metagenome sequencing to
explore the biosynthetic diversity of the urban park soil micro-
biomes of New York City (NYC). In these studies, phylogenetic
analysis of individual next-generation sequencing reads, derived
from the conserved biosynthesis genes amplified from environ-
mental DNA (eDNA), was used to predict the gene cluster
families present in an environment. Our analysis revealed the
presence of rich NP biosynthetic diversity throughout NYC park
soils. A comparison of eDNA sequences to gene clusters that
encode biomedically important NP families revealed that park
soils likely contain bacteria that encode congeners of many
biomedically important NPs, including clinically used antibiotics,
antifungals, and anticancer agents. Although previous efforts to
identify metabolites have focused on the global-scale culturing of

bacteria from natural environments, NPs capable of improving
human health may lie hidden much closer to home, in the urban
park soil microbiomes of our large cities.

Results and Discussion
Despite supporting almost 9 million people at one of the highest
population densities in the United States (6), the diverse eco-
systems found in NYC parks support a large collection of flora
and fauna, including 2,000 species of plants and 350 species of
birds (7, 8). Microbial diversity surveys indicate that NYC is
also home to diverse bacterial and fungal communities (9, 10).
Although bacteria produce a tremendous diversity of small
molecules, nonribosomal peptide (NRP) and polyketide (PK)
biosynthesis is responsible for producing many of the most bio-
medically important NPs characterized from bacteria (1, 11).
Both biosynthetic systems follow the same paradigm wherein
molecules are generated in an iterative building process, using
enzymes that are composed of conserved domains organized into
modules (Fig. 1). A prototypical module contains three domains:
one for selecting building blocks, one for connecting building blocks,
and one for carrying the growing NP. We used nonribosomal
peptide synthetase (NRPS) adenylation (AD) and polyketide syn-
thase (PKS) ketosynthase (KS) domain-specific degenerate pri-
mers (12, 13) to amplify biosynthetic domains from eDNA isolated
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from 275 top soils collected across the five boroughs of NYC.
(Fig. 2 A and B and Dataset S1) Phylogenetic analysis of these
amplicons was used to assess the NP biosynthesis in urban
park soils.
AD and KS domain operational taxonomic unit (OTU) di-

versity estimates were calculated for each site using Chao1 rare-
faction methods. This analysis suggests the presence of thousands
of unique AD and KS domain sequences in each park soil. Al-
though diversity estimates varied from site to site (Fig. 2C), we did
not observe significant differences between ecotypes or boroughs
(Figs. S1–S3). Maritime Forest samples had the fewest predicted
OTUs, and Bronx samples had the most; however, these differ-
ences were small and, in the case of ecotype-based differences,
were strongly influenced by a few outliers.
For comparison purposes, we amplified and sequenced AD

domains from eDNA isolated from 96 nonurban US soils, which
were processed in the same manner as described above. Rare-
faction analysis indicates slightly lower, but comparable, domain
diversity in urban versus nonurban soil environments (Fig. 2D).
To compare the NYC-derived AD domain sequences with those
from other regions of the United States, we performed a non-
metric multidimensional scaling (NMDS) ordination analysis of
intersample distances. In the NMDS ordination plot, AD do-
main sequences from samples collected in the four different
areas (NYC, upstate New York, Midwest, and West) cluster into
distinct groups (Fig. 2E). Similar geographic distance-dependent
differences in species beta diversity as well as NP biosynthetic
diversity have been observed in other environmental surveys of
bacterial species (14, 15) (16, 17). It is still unclear whether these

differences arise from selection in the environment or if they
indicate limits to the natural dispersion of microorganisms over
long distances. Taken together, the alpha and beta diversity
analyses suggest that the NYC park soils are rich in biosynthetic
diversity and that the collections of biosynthetic domains in these
samples are distinct from nonurban environments.
To look for relationships among populations of biosynthetic

domain sequences derived from different urban park soils, we
performed a principal component analysis (PCA) of AD and KS
OTUs. Both ecotype and geography-dependent sample cluster-
ing patterns were present in a 2D PCA plot where the axes
represent the first two principal components (Fig. 3). We also
observed a correlation between AD and KS domain relationship
patterns in the PCA plot. We believe this correlation can be
explained by the fact that a particular sequence variant of a gene
cluster is often specific to one strain and, therefore, specific AD
and KS domain sequences would be expected to cosegregate
with a specific strain or species in the environment.
When annotated according to ecotype (Fig. 3A), samples de-

rived from the Maritime Forest and Upland Grass environments
cluster together on the PCA plot, whereas the Upland Forest
ecotype, which contains the majority of samples in NYC, is found
throughout the plot. This finding suggests that the grouping
defined by the Maritime Forest and Upland Grass delineates
environments with largely similar microbiomes, whereas the
Forest ecotype grouping does not. At the park level, we observed
clustering of samples collected within a number of parks (Fig.
3B). Although this is not the case for all parks, it suggests that, as
seen in nonurban environments, geography might be a factor in
domain population differences. We therefore expanded our
geographic analysis to look for borough-based clustering of do-
main populations. This analysis revealed a distinct cluster con-
sisting almost exclusively of samples collected in Staten Island,
seen at the bottom left hand corner of both the AD and the KS
domain PCA plots in Fig. 3C. The remainder of the PCA plot
shows an intermingling of samples collected throughout the five
boroughs. These results indicate that Staten Island appears to
contain not only soils that resemble those seen in the other four
boroughs but also a set of soils that is biosynthetically distinct
from most samples collected throughout the rest of the city (Fig.
3C). This is perhaps not surprising, as it is the least populated
and most suburban of the boroughs and is separated from the
rest of the city by the New York Bay.
Although the PCA analysis was able to detect patterns of OTU

populations, the first two principle components, which were used to
construct the PCA plots, account for less than 10% of the variance
between samples, indicating significant differences in populations
of AD and KS domain amplicons even from physically close sam-
ples. This finding suggests that soil microbiomes may encode geo-
graphically distinct core secondary metabolomes (Figs. 2 and 3).
Furthermore, the large sample-to-sample variation we observed
suggests that urban park environments will be rewarding starting
points for NP discovery. Based on the domain richness and diversity,
our data suggest that, in NYC, future urban NP discovery efforts
should focus particular attention on collection sites in Staten Island.
To facilitate the assignment of environmental sequences to

natural gene cluster families of interest, we previously developed
the web-based analysis platform eSNaPD (environmental Sur-
veyor of Natural Product Diversity) (18, 19). In brief, eSNaPD
classifies amplicon sequences by using BLAST to compare them
to a curated dataset of known gene clusters, as well as to all other
AD and KS domain sequences found in GenBank. This BLAST
analysis identifies environmental domains that are more closely
related to a curated gene cluster of interest than to any other
biosynthetic sequence in GenBank and is experimentally simi-
lar to cataloging bacterial species in a metagenome using 16S
rRNA sequences (19). We have shown eSNaPD classification to
be a robust indicator of a functional relationship between a

Fig. 1. Surveying NP biosynthesis by phylogenetic analysis of PCR ampli-
cons. (A) In NRP and PK biosynthesis, NPs are produced by megasynth(et)ases
in thio-templated assembly line fashion. Each module in a megasynth(et)ase
is composed of a highly conserved set of domains and is responsible for the
incorporation of one amino acid or coenzyme A (CoA)-based building block
into the growing NP. (B) Phylogenetic analysis of domain fragments PCR-
amplified from eDNA can be used to study biosynthetic diversity hidden in
soil microbiomes.

14812 | www.pnas.org/cgi/doi/10.1073/pnas.1615581113 Charlop-Powers et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615581113/-/DCSupplemental/pnas.1615581113.sd01.csv
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615581113/-/DCSupplemental/pnas.201615581SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615581113/-/DCSupplemental/pnas.201615581SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/doi/10.1073/pnas.1615581113


microbiome-derived gene cluster yielding an AD or KS domain
sequence tag and a curated known gene cluster (20–22). Based
on empirical data from previous metagenomic analyses (20–23),
the homology cutoffs used in this study (e value < 10−100) will
identify gene clusters with a high likelihood of encoding either
the same metabolite or a novel derivative (congener) of the
metabolite encoded by the matching curated gene cluster.
eSNaPD profiling of biosynthetic domain sequences from New

York park soil microbiomes revealed AD and KS domain se-
quences that map to a diverse collection of gene cluster families
that encode bioactive NPs. These data can be used to track the
distribution of individual, biomedically relevant biosynthetic fami-
lies across NYC park soil microbiomes. For example, Fig. 4A
shows the distribution of metagenome-derived amplicon sequences
assigned by eSNaPD to the epothilone gene cluster. Epothilone is
a PKS-derived anticancer agent that interferes with microtubule
formation. The epothilone analog, ixabepilone, is approved for use
as a treatment for metastatic breast cancer (24). Alternatively, the
NP-encoding capacity of a metagenome at a specific collection site
can be profiled using domain sequence data. As an example of this,
Fig. 4A lists a subset of biosynthetically and biomedically in-
teresting gene cluster families detected by eSNaPD in one urban
park, Prospect Park in Brooklyn.
In an effort to better understand how NYC’s metagenomic

biosynthetic diversity might compare with historical fermenta-
tion-based efforts to identify therapeutically relevant NPs, we
mapped AD and KS domain sequences to gene clusters that
encode 11 therapeutically relevant NPs. These 11 NPs include
clinically approved anticancer, antibacterial, immunosuppres-
sive, antifungal, and antiparasitic agents that were originally
discovered using bacteria cultured from natural environments
found all over the world (Fig. 4B, Inset). The distribution of
eDNA-derived domain sequences that map to gene clusters that
encode these NPs is shown in Fig. 4B. Remarkably, our domain
sequence data suggest biosynthetic gene clusters with the potential

to encode either these specific NPs or their close congeners
likely lie hidden in the natural areas of a single city. Less than
1% of reads are assigned to a gene cluster using our existing
eSNaPD database. Although this number will undoubtedly in-
crease as more gene clusters are annotated and more annotated
gene clusters are added to the eSNaPD database, it suggests the
presence of a large reservoir of unknown gene clusters in these
environments. Previous efforts to identify NPs with therapeu-
tically relevant activities have largely focused on the worldwide
collection and screening of bacteria cultured from natural en-
vironments. Our analyses of urban microbiomes show the ex-
istence of tremendous biosynthetic diversity throughout urban
park soils, suggesting an equal effort should be applied to
studying and cataloging urban microbiomes, as they appear to
encode diverse, potentially biomedically relevant NPs. Because
of its high population density and its status as an important
point of entry for foreign visitors, NYC is an epicenter of in-
fectious diseases in the United States. Interestingly, our meta-
genomic sequence tag analysis suggests that natural cures to
many of these diseases may lie hidden in the NYC park soil
microbiome.

Conclusions
The sequencing of DNA extracted directly from environmental
isolates allows for the NP-encoding capacity of soil microbiomes
to be explored in greater detail than with culture-based methods.
Our data suggest that even environments such as small urban
parks harbor extensive and largely unexplored chemical diversity.
The identification of specific soils that are particularly rich in
biosynthetic diversity should help guide the identification of
productive starting points for future novel NP discovery efforts.
We show that many gene cluster families that were first found in
samples collected in disparate environments around the world
are predicted to be present in the collective soil microbiome of a
single city. Although we examined urban soil environments in

Fig. 2. AD and KS domain analysis in soils from di-
verse NYC parks ecotypes. The five boroughs of NYC
contain a large collection of parks, many of which
contain both heavily groomed and “natural” envi-
ronments. (A) Soil samples were collected from each
of the parks marked on the NYC map. (B) Natural
environments found in these parks represent diverse
ecotypes. (C) AD and KS domain richness was de-
termined for 275 different NYC park soils using
Chao1-based rarefaction analysis of domain frag-
ment PCR-amplified directly for eDNA. AD domains
are responsible for selecting amino acid building
blocks used in NRP biosynthesis, whereas KS domains
are responsible for the formation of carbon−carbon
bonds between CoA building blocks in PKS bio-
synthesis. (D) NYC AD domain richness (green) is
compared with soils collected in nonurban areas of
upstate New York (pink), Michigan (blue), and the
western United States (yellow). (E) NMDS analysis of
AD domains sequenced from soils collected in NYC
parks and nonurban areas of upstate New York,
Michigan, and the western United States.
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this study, it is likely that similar observations would hold true for
many complex environmental microbiomes. Our results suggest
that it may prove more productive to focus on a deeper explo-
ration of individual environmental samples in the search for new
therapeutically relevant NPs, instead of scratching the surface of
samples obtained from a large number of environments.

Materials and Methods
Soil Collection and DNA Isolation. In collaboration with the Natural Areas
Conservancy (NAC), the NYC Department of Parks and Recreation, and the
Rockefeller University Summer Science Outreach Program, we collected 275
topsoil samples from parks located throughout NYC’s five boroughs (Fig. 2A).
Collection sites were divided into five ecotypes based on the NAC’s pre-
established Ecological Covertype Map of NYC, a map derived primarily from
satellite imagery of the vegetation at each park site (25, 26). The five eco-
types used in this study—Upland Grass/Shrubs, Maritime Forest, Upland
Forest, Forested Wetland, and Freshwater Aquatic Vegetation—represent
high-level classifications that reflect the broad ecological patterns found in

NYC parks (Fig. 2B). Soils were collected from existing forest assessment plots
in each park, prioritizing parks where at least three distinct plots existed per
ecotype. A soil core was used to collect 30 g of soil from within 15 cm of the
soil surface at each site. DNA was extracted from 0.25 g of soil using the 96-
well PowerSoil-htp soil DNA isolation kit (MoBio) according to the manu-
facture’s instructions. Sample collection information appears in Dataset S1.
Soils in this study are largely collected from areas with parks that had
been designated as natural areas by the NYC Department of Parks and
Recreation under their Forever Wild initiative (New York Parks Forever Wild
Initiative, https://www.nycgovparks.org/greening/nature-preserves).

Degenerate Primer PCR. Degenerate primer pairs targeting NRP AD domains
[A3F (5′-GCSTACSYSATSTACACSTCSGG) and A7R (5′-SASGTCVCCSGTSCGGTA)]
(12) and PK KS domains [degKS2F (5′-GCNATGGAYCCNCARCARMGNVT) and
degKS2R (5′-GTNCCNGTNCCRTGNSCYTCNAC)] (27) were used to PCR-amplify
biosynthetic domains from each eDNA sample. To permit parallel sequencing
of amplicons from each sample, we adopted a primer design strategy in which
both forward and reverse primers contained barcodes that, together, can be

Fig. 3. PCA plots of New York Soil AD and KS domain intersample distances. Sample distances derived from KS and AD OTU tables were used to perform a
PCA to look for both ecotype- and borough-based relationships. (A) Sample collection sites for each ecotype are marked on maps of NYC. Ecotype-specific PCA
plots for AD and KS domain sequences reveal clustering of samples from some ecotypes. (B) Similar clustering is observed for samples from some parks,
especially in the case of Marine Park (MP), Ocean Breeze Park (OBP), and Arden Heights Preserve (AHP). (C) Borough-specific PCA plots show a cluster of
samples from all five boroughs as well as a cluster of samples that is almost exclusively derived from Staten Island.
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used to uniquely identify a sample. Primers contained the invariant Illu-
mina p5 or p7 sequence, an 8-bp barcode sequence, a spacer sequence
needed to minimize the “strobe” effect of sequencing amplicons by
phasing the amplicon sequences and the degenerate primer (Fig. S4) (28).
After the first round of PCR, each amplicon contained two 8-bp barcodes
that were used to uniquely identify the source of the amplicon. The 40-μL
PCR reactions were set up as follows: 20 μL of FailSafe PCR Buffer G (AD) or
Buffer E (KS) (Epicentre), 1 μL of Taq Polymerase (Bulldog Bio), 1.25 μL of
each primer (100 μM), 14.5 μL of water and 2 μL of purified eDNA. Am-
plification conditions for AD domain primers were as follows: 95 °C for 4
min followed by 40 cycles of 94 °C for 30 s, 67.5 °C for 30 s, 72 °C for 1 min,
and, finally, 72 °C for 5 min. Amplification conditions for KS domain pri-
mers were as follows: 95 °C for 4 min followed by 40 cycles of 94 °C for 40 s,
56.3 °C for 40 s, 72 °C for 75 s, and, finally, 72 °C for 5 min.

Second-Round PCR for Sequencing. First-round amplicons contained in-
complete Illumina adaptors and therefore required a second round of PCR to
append the remainder of the adaptor sequence. First-round amplicons were
pooled as collections of 96 samples and cleaned using Agencourt Ampure XP
magnetic beads (Beckman Coulter). Cleaned, pooled amplicons were used as
template in a second 20-μL PCR using the following reaction conditions:
10 μL of FailSafe Buffer G (Epicenter), 5.8 μL of water, 0.4 μL of each primer
(100 μM) (MiSeqForward, CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTC-
AGACGTGTGCTCTTCCGATCT; MiSeq Reverse AATGATACGGCGACCACCGAGATC-
TACACTCTTTCCCTACACGACGCTCTTCCGATCT), 0.4 μL of Taq, and 3 μL of cleaned
amplicon (50 ng to 100 ng). Amplification proceeded as follows: 95 °C for

5 min, six cycles of 95 °C for 30 s, 70 °C for 30 s, and 72 °C for 45 s, and,
finally, 72 °C for 5 min.

Processing of KS and AD Domain Sequences. Second-round PCR amplicons
were cleaned twice with Agencourt Ampure XP magnetic beads (0.6:1 bead
volume to DNA solution) and sequenced using Illumina MiSeq 2 × 300
technology (602 cycles: 301 × 301). Separate sequencing runs were per-
formed for pooled AD and KS domain amplicons yielding 28 × 106 or 33 ×
106 clusters, respectively. Reads were demultiplexed using a publicly avail-
able python package for debarcoding paired-end reads (https://github.com/
zachcp/paired-end-debarcoder). The fastq files corresponding to the for-
ward and reverse reads were split into sample specific fastq files based on
the unique 16-bp barcode that was created by concatenating the first 8 bp
of the forward read and the first 8 bp of the reverse read. Using the trimfq
command in seqtk (29), quality bases were removed each read. Forward
reads shorter than 240 bp and reverse reads shorter than 175 bp were re-
moved. The remaining forward and reverse reads were trimmed to 240 bp
and 175 bp, respectively. Paired end reads were concatenated using a single
“N” spacer between the forward read and the reverse complement of the
second read. A single fasta file of debarcoded, quality-filtered sequences of
uniform length (416 bp) was created for each sample.

Clustering of Concatenated Sequences. Concatenated reads were clustered
using a variation of the UPARSE clustering pipeline (30). For each sample,
reads were dereplicated and clustered at 97% identify using UPARSE. After
the first round of clustering, all remaining singletons were discarded. In a

Fig. 4. Distribution of biomedically relevant NP gene cluster families in New York Park soils. (A) Park sites with domain sequences related to the biosynthetic
gene cluster for the anticancer agent epothilone are shown as a representative chemical biographic map of NYC. Metagenomic AD and KS domain sequences
related to gene clusters that encode the biosynthesis of the bioactive NPs listed here were found in a single soil collected from Prospect Park in Brooklyn. (B)
Original collection sites for the bacteria that produce 11 therapeutically relevant NPs are shown on the world map. Metagenomic sequencing of biosynthetic
domains found in NYC park soils indicates that bacteria containing gene clusters capable of encoding either these NPs or close congeners of these NPs are
likely widely distributed in park soils from a single city. Original discovery sites for molecules included on the world map in B were obtained from the fol-
lowing references: epothilone (32), rapamycin (33), teicoplanin (34, 35), erythromycin (36), CDA (calcium-dependent antibiotic) (37), tiacumicin B (38),
FR910464 (39), ascomycin (40), natamycin (41), geldanamycin (42), nemadectin (43, 44).
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second round of clustering, 97% centroid sequences from all samples were
pooled and clustered at 95% identity using Usearch cluster_fast (30).
Membership in these 95% identity clusters was used to construct a combined
OTU table in Phyloseq (31).

Richness and Relationship Analyses.
Rarefaction.ADandKS rarefaction curves were generating by subsampling the
OTU table at regular intervals: 1 × 101, 1 × 102, 1 × 103, and every multiple of
1 × 103 until 30 × 103. The Chao1 diversity metric was used to predict the
diversity at each depth (31). At each depth, we independently subsampled
and calculated the Chao1 diversity metric 10 times and reported the mean of
these 10 iterations.
NMDS ordination. To compare geographically distant samples (i.e., NYC and non-
NYC samples), we performed an ordination analysis of the OTU table using
Bray−Curtis distances (31). For this analysis, we removed any OTUs that were not
present in at least three samples and any samples that did not have at least 1,000
reads after the rare OTUs were removed. Read counts in a sample were nor-
malized to be a fraction of total reads in the sample. NMDS ordination analysis of
the normalized table was carried out using phyloseq’s ordinate command (31).
MDS ordination. We used PCA to assess patterns within NYC samples. For this
analysis, OTUs not present in two or more samples were discarded, and
samples were normalized by read count. Principle component analysis was
performed on the intersample distance matrix calculated with the Bray−Curtis
distance metric. PCA plots show the first two principal components that ac-
count for 6.6% (Axis 1, 3.9%; Axis 2, 2.7%) and 7.7% (Axis 1, 4.4%; Axis 2,
3.3%) of the AD and KS domain data, respectively.

Assignment of AD and KS Domains to Known Gene Clusters. Gene clusters
predicted to encode medically important families of NPs are common in the
urban park soil microbiome. Only a small fraction of sequences derived from
most soil metagenomic sequencing efforts are closely related to functionally
characterized genes; this is also true of our NYC AD and KS sequence data,
which suggests not only that urban microbiomes encode structurally and
functionally diverse NPs but that many of these NPs likely differ from known
NPs. When using PCR amplicon data to study NP biosynthesis, the small
numbers of sequences that are closely related to well-characterized clusters
are informative, as they allow for detailed predictions about the types of
metabolites that are encoded in soil microbiomes. AD and KS amplicons were
assigned to known biosynthetic gene clusters using the eSNaPD program (18,
19). Empirical exploration with the eSNaPD algorithm has shown that e
values as high as 10−40 to −60 return reliable gene cluster predictions (20–22).
We used an expectation value to 10−100 for this analysis. The eSNaPD 2.0,
populated with sequence data deposited in GenBank as of 2014, was used in
this study. All hits displayed in Fig. 4 were manually validated by BLAST
analysis against GenBank.
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