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Although bacterial bioactive metabolites have been one of the most
prolific sources of lead structures for the development of small-
molecule therapeutics, very little is known about the environmental
factors associated with changes in secondary metabolism across
natural environments. Large-scale sequencing of environmental micro-
biomes has the potential to shed light on the richness of bacterial
biosynthetic diversity hidden in the environment, how it varies from
one environment to the next, and what environmental factors corre-
late with changes in biosynthetic diversity. In this study, the sequenc-
ing of PCR amplicons generated using primers targeting either
ketosynthase domains from polyketide biosynthesis or adenylation
domains from nonribosomal peptide biosynthesis was used to assess
biosynthetic domain composition and richness in soils collected across
the Australian continent. Using environmental variables collected at
each soil site, we looked for environmental factors that correlated
with either high overall domain richness or changes in the domain
composition. Among the environmental variables we measured,
changes in biosynthetic domain composition correlate most closely
with changes in latitude and to a lesser extent changes in pH. Although
it is unclear at this time the exact mix of factors that may drive the
relationship between biosynthetic domain composition and latitude,
from a practical perspective the identification of a latitudinal basis for
differences in soil metagenome biosynthetic domain compositions
should help guide future natural product discovery efforts.

chemical biogeography | eDNA | polyketide synthase |
nonribosomal peptide synthetase | continental soil analysis

Bacteria rely heavily on small molecules (natural products,
NPs) to interact with their environment (1). Among other

roles, NPs serve as chelators, toxins, and signaling agents that allow
bacteria to obtain nutrients as well as defend against, and com-
municate with, other organisms. In addition to their natural eco-
logical roles, bacterial secondary metabolites are of interest as they
have served as one of the most productive sources of lead structures
for developing small-molecule therapeutics. Understanding how
NP biosynthetic gene clusters are distributed in the environment
and what factors drive their distribution is therefore of interest both
from an ecological perspective and from a practical therapeutic
discovery perspective. It is now well established that most bacteria
present in the environment are not readily cultured in the labora-
tory (2–4); as a result, the NPs they produce remain hidden in the
environment, thus preventing the comparative analysis of secondary
metabolomes from different environments using culture-based an-
alytical chemistry methods. The sequencing of DNA extracted di-
rectly from environmental samples (environmental DNA, eDNA)
can be used to estimate bacterial biosynthetic domain richness in an
environment and to gauge how biosynthetic domain composition
varies from one environment to the next. In this context, richness is
intended to be a measure of the sheer number of different se-
quences predicted to be present in an environment, while compo-
sition reflects the type of sequences present. Unfortunately, it
remains impractical to shotgun-sequence complex environmental

microbiomes to a depth that can reliably yield information about NP
biosynthetic diversity. In a process similar to the use of 16S genes
amplified from environments to profile bacterial species diversity,
bacterial biosynthetic diversity can be assessed using degenerate
primers targeting conserved genes found across large NP bio-
synthetic families. Although bacterial NPs comprise an amazing
diversity of chemical structures, many of the most biomedically in-
teresting metabolites arise from only a small number of evolution-
arily related biosynthetic families. Two of the most common classes
of NPs that have yielded biomedically interesting metabolites arise
from polyketide synthase (PKS) and nonribosomal peptide synthe-
tase (NRPS) biosynthetic gene clusters (5). In a growing number of
studies, individual next-generation sequencing reads (NP sequence
tags, NPSTs) derived from PCR amplicons generated using primers
targeting domains in PKS or NRPS gene clusters have been used to
predict the biosynthetic richness and diversity present in environ-
mental metagenomes (6–12). Unfortunately, the ad hoc nature of
existing domain sequencing studies has made it difficult to identify
environmental features associated with differences in either bio-
synthetic domain composition or richness.
To more systematically identify factors that correlate with

changes in biosynthetic composition we sought to assess NRPS
adenylation (AD) domain and PKS ketosynthase (KS) domain
diversity across a well-characterized collection of soils derived
from a large and ecologically diverse land mass. The Australian
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continent provides a unique natural laboratory for this type of
large-scale study, as it is both an isolated and ecologically diverse
landmass (13). Here we report on KS and AD domain composi-
tion and richness in Australian soil on a continent-wide scale. In
this analysis, the most consistent correlations were observed be-
tween changes in biosynthetic domain composition and changes in
latitude and, to a lesser extent, pH, suggesting that both edaphic
and nonedaphic factors may be important in determining the
biosynthetic gene cluster content of environmental microbiomes.
A growing body of evidence from whole-genome sequencing
studies suggests that bacterial speciation is, at least in part, likely
to depend on the differentiation of an organism’s secondary
metabolome (14–17). As a consequence, understanding secondary
metabolism distribution patterns has the potential not only to
assist with the practical search of novel bioactive NPs but also to
inform on factors that determine species distribution in nature,

one of the key outstanding questions in the fields of ecology and
biogeography (18).

Results and Discussion
Sample Collection and Sequencing. As part of an ongoing continent-
wide environmental monitoring program (AusPlots), the Terres-
trial Ecosystem Research Network (TERN) group at the Uni-
versity of Adelaide collected topsoil from 397 ecologically and
geographically diverse sites across Australia; 361 samples were
collected from areas broadly defined as rangeland, with the
remaining 36 samples collected from northern and southern
coastal environments. Rangeland, colloquially known as the
“outback,” makes up ∼81% of Australia. The rangelands consist
of a diverse collection of largely unmodified ecosystems that in-
clude shrublands, grasslands, woodlands, and tropical savannas,
which together make up many of the habitats seen across Australia
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Fig. 1. Biosynthesis and ecotype: (A) Polyketide and (B) nonribosomal peptide assembly line-like biosynthesis is responsible for producing a disproportionately
large fraction of biomedically relevant bacterial NPs. For this analysis we used degenerate primers targeting AD and KS domains to assess biosynthetic diversity in
Australian soils. (C) Representative pictures of the 16 different ecotypes from which soil samples were collected (1: cleared, nonnative vegetation, buildings;
2: eucalyptus low open forests; 3: eucalyptus open forests; 4: eucalyptus open woodlands; 5: Chenopod shrublands, Samphire shrublands, and orblands; 6: eucalyptus
woodlands; 7: Mallee open woodlands and sparseMallee shrublands; 8: Mallee woodlands/shrublands; 9: Melaleuca forests and woodlands; 10: Casuarina forests and
woodlands; 11: Acacia forests and woodlands; 12: other forests and woodlands; 13: other shrublands; 14: tropical eucalyptus woodlands/grasslands; 15: tussock
grasslands; 16: Acacia shrublands). (D) Collection sites in Australia are color-coded according to ecotype. Because of the scale of the map, some collection sites that
appear to be marked with a single marker area actually indicative of more than one sample being collected (upper map). On the lower map, individual sites on the
map were jittered using R’s jitter function. All subsequent sample site maps are presented with a jittering. (E) KS and AD domain Chao1 diversity estimates by sample
site ecotype. (F) AD and KS domain NMDS ordination plots are color-coded according to sample-site ecotype.
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(13). Our sampling efforts were a pragmatic balance between
covering diverse ecotypes and geographies and being logistically
limited by the remote regions of northwestern Australia. We
aimed to collect multiple samples from the major vegetation
groups shown in Fig. 1 (see also Figs. S1 and S2). The samples
used in this study encompass much of the diversity of soil types
found in Australia. Each collection site was assigned to a major
vegetation group based upon the structure and composition of
plants observed at that site. Latitude, longitude, altitude, and soil
pH were recorded at each site, and average yearly rainfall and
yearly average daily high temperature were obtained for each site
from modeled data (19, 20).
To compare and contrast biosynthetic domain diversity, eDNA

was extracted from soil collected at each site (96-well PowerSoil-
HTP soil DNA isolation kit; MoBio). NRPS AD and PKS KS
domains were then PCR-amplified from each eDNA isolate using
domain-specific degenerate primers (21, 22). PCR amplification
with degenerate primers using crude eDNA as a template is not
always successful. In this study, we were able to obtain amplicons
from 246 sites using degenerate KS primers and 367 sites using
degenerate AD primers. Forward and reverse primers contained
different collections of 8-bp barcodes resulting in amplicons from
each site containing unique 16-bp barcodes upon concatenation of
the two 8-bp barcodes. Barcoded amplicons generated from all

soils were pooled and sequenced using Illumina MiSeq technology
(2 × 300 bp). Forward and reverse reads were concatenated to-
gether, and the KS and AD operational taxonomic units (OTUs)
present in each site were generated using Usearch by clustering the
reads at 95% sequence identity (23). OTU tables generated from
the site-specific amplicon sequence data in conjunction with met-
adata recorded at each collection site were used to compare and
contrast NP biosynthetic domain composition and richness across
the Australian continent.

Factors That Correlate with Changes in Biosynthetic Domain Richness
on a Continent-Wide Scale. KS and AD domain OTU richness at
each collection site were estimated using the Chao1 diversity
metric. When subsampled to an even depth of 5,000 and
10,000 reads for AD and KS data, respectively, AD domain esti-
mates ranged from below 1,000 to above 5,000 OTUs per soil and
KS domain estimates ranged from ∼2,000 to over 7,500 OTUs per
soil. Despite this variation in sample-to-sample richness, we de-
tected only minimal correlations between biosynthetic domain
richness and any environmental factor we measured (Fig. 1). In-
terestingly, our data also did not show a latitudinal gradient of
biosynthetic domain richness across the Australia continent (Figs.
S3–S5), whereas such a gradient of increased species richness from
the poles to the equator is well established in the ecology of
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animals and plants (24–27). Whether a biosynthetic domain rich-
ness gradient exists on a larger global scale will require future
analysis of biosynthetic domains across a wider set of latitudes.

Factors That Correlate with Changes in Biosynthetic Domain Composition
on a Continent-Wide Scale. Relationships between the populations of
biosynthetic domain sequences from different soils were explored
using ordination analysis of the AD and KS OTU tables. After re-
moving very rare OTUs (present at two or fewer sites) and sites
containing fewer than 1,000 reads, we performed an ordination
analysis of the OTU tables using nonmetric multidimensional scal-
ing (NMDS) (28). To identify factors that most strongly correlate
with site-to-site differences in biosynthetic domain composition,

environmental variables associated with each site were mapped onto
the resulting KS and AD NMDS ordination plots (Figs. 2 and 3).
Both KS and AD NMDS ordination plots were initially an-

notated according to the 16 different vegetation descriptors used
to classify collection sites (Fig. 1). Within the resulting ecology-
annotated NMDS ordination plots we only observed vegetation
type clustering when all samples with the same ecotype de-
scriptor were obtained within close geographic proximity to each
other (Fig. 1 and Figs. S6 and S7). In cases where the samples
were collected from geographically distant sites but classified as
the same ecotype we observed clustering based on geography,
suggesting that differences in vegetation do not directly govern
differences in bacterial biosynthetic composition.
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To look for potential geographic relationships in the bio-
synthetic domain composition data, the 397 collection sites were
initially divided into five general geographical regions [Fig. 2; north
(yellow), central west (purple), central east (red), southwest (blue),
and southeast (green)]. When KS and AD domain NMDS ordi-
nation plots were annotated according to these gross geographic
groupings, general geographic clustering patterns emerged in both
the KS and AD ordination plots (Fig. 2). To further explore a
potential geographic basis for differences in biosynthetic domain
composition, NMDS ordination plots were labeled according to
either collection-site latitude or longitude. Regardless of a sample’s
ecological origin, we observed a continent-wide correlation be-
tween a soil’s latitudinal position and its NMDS ordination plot-
defined biosynthetic composition.
Sample-site elevation, precipitation, average temperature (i.e.,

nonedaphic factors), and pH (i.e., edaphic factor) were recorded for
each soil collection site as they have been reported to potentially play
roles in macro- and microorganism diversity in the environment (29–
31). To look for factors that might explain the correlation we ob-
served between sample-site latitude and metagenome KS and AD
domain composition, NMDS plots were annotated based on each of
these environmental factors (Fig. 3). Collection-site elevations
ranged from just above sea level to 928 m above sea level, with many
sites falling between 250–500 m above sea level. We found that the
higher-elevation sites did not consistently cluster on NMDS plots in
an elevation-dependent manner (Fig. 3A). They instead cluster with
samples collected at different elevations but in close geographic
proximity. Many soil collection sites in the rangeland receive similar
amounts of precipitation per year (250–500 mL). Collection sites
that received more precipitation occur along the northern and
southern coasts of Australia. In neither of the NMDS ordination
plots did these geographically distant samples with similarly high
precipitation levels cluster together. Instead, they clustered into two
geographic groupings that contain other soils from collection sites in
close geographic proximity (Fig. 3B). The average daily annual high
temperature across our sample collection sites varied from 34.7 °C in
the north to 22.7 °C in the south. This continent-wide temperature
gradient largely mirrors latitude, as seen in the annotated NMDS
ordination plots (Fig. 3C). However, the domain composition at sites
where temperatures do not fall into this general continent-wide
gradient cluster, once again, based on geographic location.
In analyses of soil-derived 16S gene sequences, the composition

of soil bacterial communities has been reported to correlate across
long distances with either soil pH or salinity (29–31). Interestingly,
a cursory examination of the KS and AD domain NMDS ordina-
tion plots annotated according to site pH suggested a similar pH-
based correlation with biosynthetic domain composition. In our
case, however, this observation appears to be biased by a general
latitudinal gradient of pH change across our sample collection
sites, with lower-pH sites predominately found in the north and
higher-pH sites predominately found in the south. As with tem-
perature, in a number of instances where soil pH falls outside of
this general gradient or when soils with different pH occur in close
geographic proximity (Fig. 3D, black oval) we see clustering in the
NMDS ordination plot by geographic proximity rather than by site
pH, suggesting a stronger dependence on latitudinal position than
any other factor we measured (Fig. 3E).
While we believe Australia is a model natural laboratory for this

type of large-scale ecological study, our results must be viewed in
the light of the limitation of this natural system. The very remote
nature of northwestern Australia limits sample collection in these
areas, and therefore the longitudinal distribution of our samples is
more limited than the latitudinal distribution. In addition, with this
single-epoch collection approach no consideration is given to ei-
ther long-term (evolutionary) or short-term (seasonal) effects on
changes in environmental microbiome. It will be interesting to
extend this analysis to examine more variables, in a larger number
of ecologically and geographically diverse samples. When samples

encompassing even more dramatic ecological variation are exam-
ined, it is possible that stronger correlations may be observed to
some environmental variables. In addition to expanding the geo-
graphic diversity of collection sites, it will also be interesting to
examine the composition and richness of NPSTs associated with a
more diverse collection of common NP classes.
In an effort to explain the latitudinal species richness gradient

that is seen for macroorganisms, a variety of ecological, evolu-
tionary, historical, and stochastic models have been proposed (24–
27). In ecological models, a global temperature gradient is believed
to have been key to the development of the richness gradient as a
result of temperature-induced differences in growth and mutation
rates at different latitudes (24–27). Our data do not support a
temperature-based explanation for the correlation between lat-
itudinal position and biosynthetic domain composition. Causative
factors that might explain this correlation could be an as-yet-
unrecognized combination of environmental variables we have
already measured or as-yet-unknown environmental variables. As
with the species richness gradient observed for macroorganisms,
which has been studied for over 50 years, the identification of
underlying causative factors associated with the biosynthetic do-
main composition relationships we observed remains elusive and
will likely require additional analysis of biosynthetic domain se-
quences from more geographically and ecologically diverse soils.

Tracking Biomedically Relevant Gene Cluster Families in Australian
Soils. One of the ultimate goals of studying NP biosynthetic di-
versity is to guide the identification of new bioactive metabolites.
One way NPST data can assist with this is by identifying environ-
ments that are rich in gene cluster families that are known to encode
clinically important metabolites (29–35). Biosynthetic gene clusters
that encode families of structurally related metabolites generally
share a common evolutionary ancestor and therefore exhibit high
sequence identity. Using NPST data, this correlation can be
exploited to predict the presence of gene cluster families of interest
in a metagenome. In this type of analysis, NPSTs are compared using
BLAST to a curated database of domain sequences where domains
derived from biomedically relevant gene cluster families are appro-
priately annotated. This BLAST search identifies NPSTs that are
more closely related to the biomedically relevant gene cluster fam-
ilies of interest than to any other sequence gene cluster. Due to the
common ancestry of individual members within a family of gene
clusters, this is a good indicator of a functional relationship between
an environmental gene cluster yielding an NPST and a gene cluster
family of interest. To facilitate this type of analysis on metagenome
sequence data, we have previously developed a web-based sequence
analysis platform, eSNaPD (environmental Surveyor of Natural
Product Diversity), which automates the identification of meta-
genomes that are predicted to contain gene cluster families of in-
terest (36, 37). Using eSNaPD we searched our Australian KS and
AD NPST datasets for metagenomes predicted to contain gene
clusters that are related to NPs of biomedical interest, including NP
antibiotics, antiproliferative agents, immunosuppressants, and an-
tifungals. We would propose that sites with the most sequence tags
represent the most productive starting points for identifying addi-
tional potentially therapeutically improved congeners of NP fami-
lies of biomedical interest. The locations of the five soils producing
the most NPSTs related to six biomedically interesting NPs are
shown in Fig. S8. The molecules presented in Fig. S8 were selected
because of both their biomedical relevance and the diverse distri-
bution patterns of their NPST data. Equally interesting are NPSTs
only distantly related to sequences from functional characterized
gene clusters. As the vast majority of bacteria remain uncultured
and the vast majority of gene clusters in culture bacteria are silent,
most NPST sequence tags found in any environment are not closely
related to a functionally characterized gene cluster. The KS and
AD domain Chao1 diversity estimates presented in Fig. 1E are
therefore reasonable metrics for identifying the ecotypes that are on
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average the most likely to be productive starting points for poten-
tially identifying novel bioactive NPs. This type of chemical bio-
geographic data for NP gene cluster families of biomedical interest
should prove to be a useful guide for the future discovery of ther-
apeutically relevant NPs from Australian soils.

Conclusion
Secondary metabolism is a critical component of a bacterium’s
capacity to interact with its surroundings. Although the constitution
of the collective bacterial secondary metabolome present in an
environment is likely critical to the function of its microbiome, we
currently lack an understanding of factors associated with changes
in secondary metabolism on a metagenome-wide scale. In an effort
to address this deficiency we have coupled targeted sequencing of
secondary metabolite biosynthesis domains with metadata collected
at geographically distant sites across the continent of Australia.
When metadata collected at each soil site were used to look for
environmental factors that might correlate with biosynthetic do-
main richness, the richness appeared to be independent of any
sample site characteristics we analyzed and showed little variation
across the continent. We did not detect any significant correlations
between biosynthetic domain richness patterns and any environ-
mental parameters we measured. Changes in biosynthetic domain
composition correlated most closely with changes in collection-site
latitude. The other factors we measured, in particular pH, corre-
lated with biosynthetic domain composition differences across
subsets of the sites we sampled; however, none of these correlations
was as robust as what we observed for latitude. Interestingly, this
more closely resembles what has been reported for macroorganisms
where nonedaphic factors (i.e., latitude and temperature) can

correlate with changes in species composition or richness. For soil
microorganisms, changes in edaphic factors (i.e., pH and salinity)
have been found to correlate most strongly with changes in species
composition or richness (29–31). From a practical perspective, our
results indicate that maximizing differences in collection-site lati-
tude may provide a simple means for maximizing the biosynthetic
gene cluster diversity used in future novel NP discovery efforts, al-
though a more in-depth analysis of additional environmental vari-
ables and combinations of environmental variables from a more
geographically diverse collection of soils is needed to be able to
understand causative factors driving the differences in biosynthetic
composition at different latitudes.

Methods
Around 200 g of topsoil was collected from 397 Australian sites along with a
series of environmental variables for each site. Degenerate primers were used
to PCR-amplify AD and KS domains before performing DNA sequencing on an
Illumina MiSeq platform (602 cycles: 301 × 301). Raw reads from the se-
quencing were debarcoded and trimmed to remove low-quality reads and
bases. Subsequently, OTUs were generated with the Usearch software (23).
An NMDS analysis with the Bray–Curtis distance ordination method was
performed using the phyloseq R package (28). The resulting OTUs were also
queried using eSNaPD for AD and KS NPST annotation against our database
gene cluster domains characterized for producing NPs of medical impor-
tance (36, 37). A more detailed description of the methods can be found in
SI Methods.
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