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source of antibiotics so far. However, rediscovery of known antibiotics from well-studied cultured
microorganisms, and the fact that the majority of microorganisms in the environment are out of reach

by means of conventional cultivation techniques, have led to the exploration of the biosynthetic potential

in natural microbial communities by novel approaches. In this mini review we discuss how sequence-

ﬁi{ Y;?;‘:lscs based analyses have exposed an unprecedented wealth of potential for secondary metabolite production
Microbiomes in soil, marine, and host-associated microbiomes, with a focus on the biosynthesis of non-ribosomal pep-
Natural products tides and polyketides. Furthermore, we discuss how the complexity of natural microbiomes and the lack
Secondary metabolites of standardized methodology has complicated comparisons across biomes. Yet, as even the most com-
Nonribosomal peptides monly sampled microbiomes hold promise of providing novel classes of natural products, we lastly dis-
Polyketides cuss the development of approaches applied in the translation of the immense biosynthetic diversity of
natural microbiomes to the procurement of novel antibiotics.
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1. Introduction

The increasing occurrence and spread of antibiotic resistant
bacteria pose major threats to public health, and mitigation of
the current development represents one of the most significant
challenges to modern medicine. In 2019, approximately 2.6 million
laboratory-confirmed urinary tract infections caused by Escherichia
coli or Klebsiella pneumonia were reported to the Global Antimicro-
bial Resistance and Use Surveillance System (GLASS), of which
54.4% and 43.1%, respectively, were resistant to the first-line
antibiotic co-trimoxazole. Notably, in the 500,000 reported blood-
stream infections the occurrence of methicillin-resistant Staphylo-
coccus aureus was 15% in high income countries and 33% in low and
middle income countries [1]. While programs aiming at limiting
the spread and reducing the emergence of antibiotic resistance
are widely applied and under continuous development [2], it is
of paramount importance that we can provide a continuous supply
of new and effective antibiotics.

Decades ago, in the ‘Golden era of antibiotic discovery’, new
compound classes were regularly discovered and nearly all antibi-
otics used today are derived from compounds described in the
1940s to 1960s [3,4]. The principle approach in the bioprospecting
for antibiotics during this period was based on agar overlay inhibi-
tion assays developed by Selman Waksman and colleagues [5].
With a primary focus on soil-derived actinobacteria, these initial
systematic screening approaches, in combination with bioactivity
guided fractionation, were instrumental for the identification of
anti-microbial agents. In addition, they highlighted the fact that
microorganisms from the soil microbial communities were profi-
cient producers of antimicrobial compounds [6]. However, as
re-discovery rates increased, bioprospecting hit the law of dimin-
ishing returns [7], and was in large part abandoned due to the
consensus belief that the potential of cultured microbes had been
exhausted. The search for novel antibiotics turned to chemical syn-
thesis and class modification, where success rates were initially
higher [8]. However, the chemical library approach has not been
able to provide truly novel compounds in the long run and as the
search continues, we have turned to nature yet again in the pursuit
for structural novelty and truly novel classes of antibiotics.

While the screening of culturable bacteria and filamentous
fungi has proven extremely useful in bioprospecting for novel
antibiotics historically, cultivation-based discovery of novel sec-
ondary metabolites has two major limitations: first, the majority
of microorganisms inhabiting natural niches are recalcitrant to cul-
tivation as monocultures under standard manmade laboratory
conditions, and although cultivation techniques have greatly
improved in recent years, e.g. with the development of the iChip
[9] and highly parallelized droplet cultivation [10], the majority
of bacteria have ever only been observed through their DNA
sequences [11,12]. Second, even if microorganisms can be success-
fully cultured in the laboratory, they often only express a fraction
of their biosynthesis potential under the conditions provided in
standard screening programs [13,14].

The last two decades have seen a remarkable development in
high-throughput sequencing, allowing us to query the uncultur-
able majority of microorganisms. By high-throughput amplicon
sequencing approaches targeting the 16S rRNA gene, astounding
amounts of information has become available describing micro-
biome composition and diversity in natural environments. Further-
more, sequencing targeting specific functional genes has shed light
on the distribution and diversity of various functional groups of
microorganisms in nature. As the sequencing output continues to
increase, such targeted approaches are gradually replaced by
broader, untargeted metagenomic sequencing of bulk environmen-
tal DNA (eDNA), and the subsequent generation of metagenome

344

Computational and Structural Biotechnology Journal 20 (2022) 343-352

assembled genomes (MAGs) has allowed us to investigate the
metabolism and ecology of unculturable microorganisms even fur-
ther. Collectively, through the explosion in sequencing data and
the in silico bioinformatic tools developed alongside, it has become
evident that there is a large biosynthetic capacity in the uncultur-
able majority of microorganisms, as well as a yet un-explored
potential in the already cultured. However, the challenge of
exploiting this genetic potential remains, and a more holistic and
systematic understanding of the drivers of natural product diver-
sity in different environments is needed. Biosynthetic domain-
targeted amplicon sequencing and untargeted genome-resolved
metagenomic studies have started to map this incredible diversity
in environments ranging from arid soils to the ocean floors.

2. Evaluating the natural product biosynthesis potential of the
unculturable majority

The collective microbiome of Earth encompasses a staggering
10%° bacterial cells [11], representing extensive microbial richness,
which potentially represents as many as 10'? distinct species
[15,16]. These microorganisms drive the major element cycles on
the planet, and are also master chemists capable of producing in
excess of 10° distinct small (<1 kDa) bioactive molecules [17].
The natural roles of many bioactive small molecules are not eluci-
dated [18], yet the untapped potential of these molecules as novel
anti-microbial compounds is beyond a doubt enormous.

Assessing the potential of environmental microbial community
members to produce bioactive compounds, and hence potential
novel anti-microbial therapeutics, is by no means trivial. Cultiva-
tion recalcitrance and the enigmatic notion of “silent” or cryptic
biosynthetic gene clusters (BGCs), complicates the holistic study
of bioactive secondary metabolites produced by microbiomes
in situ. Fortunately, recent advances in ‘-omics’ methodology have
enabled reliable, high-throughput and cultivation-independent
approaches to study the secondary metabolism of microorganisms
in their environment. Some of the largest classes of bioactive sec-
ondary metabolites are the polyketides (PKs) and the nonriboso-
mal peptides (NRPs). These compound classes have a wide range
of biological activities and pharmacological properties; for exam-
ple, the NRP actinomycin is a clinical anti-cancer drug and the PK
erythromycin is a widely used antibiotic. The modular and iterative
nature of the enzymatic biosynthesis of PKs and NRPs involves
modules of highly conserved domains responsible for the incorpo-
ration of coenzyme A (CoA)- or amino acid-based building blocks
in growing chains of compounds. The minimal module for a nonri-
bosomal peptide synthetase (NRPS) consists of an adenylation
domain (AD), selecting the respective amino acid, a condensation
(C) domain, catalyzing the peptide bond formation, and finally a
peptidyl carrier domain, which is carrying the growing chain. A
polyketide synthase (PKS) has a very similar structure, in that a
minimal module contains an acyltransferase (AT), a keto-
synthase (KS) and an acyl carrier protein, however often additional
domains such as a keto-reductase can be found. This high degree of
conservation has facilitated the design of degenerate primers for
high-throughput amplicon sequencing and subsequent clustering
into operational biosynthetic units (OBUs), allowing targeted anal-
yses of the biosynthesis potential for these two classes of com-
pounds (Fig. 1) [19,20]. The primers most widely used to target
conserved domains in BGCs encoding PKSs, were originally
designed from conserved regions in 20 known modular PKSs and
were used to study the geldanamycin BGC in Streptomyces
hygroscopicus NRRL 3602 [21]. Similarly, the most widely used
NRPS primers were originally designed to be specific for actino-
mycetes based on six characterized NRPS gene clusters [22]. Addi-
tional primers have subsequently been made increasingly
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Fig. 1. Working principle of biosynthetic gene clusters and their targeted analysis by amplicon sequencing. The genetic organization of an example PKS gene cluster is shown,
along with the resulting enzyme complex and the final synthetized product. By targeted PCR amplification on environmental DNA, KS domains can be retrieved, sequenced

and clustered into OBUs.

degenerate to target a broader range of PKS BGCs from taxonomi-
cally different microorganisms [23]. Initially, heterologous expres-
sion of such soil-derived PCR amplicons provided early evidence
that the hidden potential of the unculturable majority could be
tapped, and that it likely represented a trove of structural novelty
[24]. Subsequently, within the past decade, targeted short- and
long-read amplicon sequencing, as well as untargeted shotgun
metagenomics have generated a multitude of sequence data
describing the biosynthesis potential of some of nature’s prevalent
microbiomes.

2.1. The biosynthesis potential of soil microbiomes

In addition to being readily accessible, soil is characterized by
several features of significant importance for microbial secondary
metabolite production. Often soil holds a significant amount of
microbial biomass comprising approximately 10° bacteria, and
10° fungi per gram [25]. Especially, filamentous soil-dwelling acti-
nomycetes exhibit a very high biosynthesis potential and account
for the production of more than two thirds of known antibiotics
[26]. Soil microbiomes have therefore rightly served as a starting
point surveying the genetic potential for secondary metabolite pro-
duction. More than 2000 soil samples have been queried using the
PKS/NRPS amplicon approach described above [19,27-33], and,
perhaps not surprisingly, the majority of sequences, i.e. 80-99%,
cannot be recovered in available databases. DNA extracted from
around 0.25 g of soil is estimated to represent a richness of KS
and AD domains in the range of 10°-10* OBUs [19,29,32]. Thus,
natural soil microbiomes hold an immense degree of biosynthetic
diversity and consequently, structurally novel chemistry. While it
is difficult to ascertain the spatial distribution of microorganisms
in soil [34], the microscale heterogeneity is likely in part the reason
why exploratory studies have reported a large inter-sample varia-
tion, even within the same collection site. Despite this variation,
geographical distance, or dispersal limitation, and biome, or ‘habi-
tat’, seem to be the most important drivers of biosynthetic diver-
sity in soil [19,29,30,32,35]. Hence, widely interspersed terrestrial
sampling sites should increase chances of unearthing the widest
possible selection of metabolites in our pursuit of novel
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anti-microbial agents. However, in contrast to this line of thinking,
the genetic capacity to synthesize specific biomedically relevant
natural product families is widespread. For instance, the conserved
domains originating from genes encoding the antibiotics ery-
thromycin and teicoplanin, have been recovered from a single soil
sample collected in the US, despite the fact that the compounds
were originally isolated from microorganisms collected in the
Philippines and India, respectively [29].

While the underlying physicochemical parameters in large
parts shape the biomes and the small spatial scale heterogeneity,
no single environmental driver of secondary metabolite richness
or diversity has to date been identified using PKS/NRPS-targeted
short-read amplicon sequencing. Weak correlations between the
richness of NRPS and PKS sequences and the concentrations of
potassium and calcium, and soil pH, have however been observed
[19]. Other studies utilizing long-read sequencing methodology,
have reported that biome may in some cases be a stronger driver
than geographical distance. For instance, PKS fragments cloned
from microbial community DNA extracted from soil and street sed-
iment samples produced putative cosmopolitan KS and AT domain
sequences, which consistently occurred in particular habitats sep-
arated by hundreds of kilometers [36]. In polar desert soil NRPS
and PKS cluster richness, as determined using a third generation
long-read sequencing approach, was negatively correlated with
environmental parameters such as moisture, carbon, and nitrogen
content. Hence, NRPS and PKS biochemistry may be an important
physiological trait for survival in arid, nutrient-starved soils [37].
Whether the physicochemical drivers are habitat specific, remains
to be determined.

While such targeted PCR-based approaches have inherent limi-
tations, genome-resolved metagenomic approaches have corrobo-
rated the notion that the untapped secondary metabolite
biosynthesis potential of soil microbiomes is immense. Crits-
Christoph et al. reported that of 240 NRPS and PKS BGCs recovered
from 376 MAGs from 120 grassland soil microbiomes, 220 did not
share more than 50% of the genes of previously described clusters,
and little sequence identity was observed at the amino acid level
when compared to the ‘Minimum Information About a Biosyn-
thetic Gene’ (MIBiG) [38] repository [39]. Furthermore, more than
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900 additional BGCs were identified using the ‘Antibiotics and Sec-
ondary Metabolite Analysis Shell (AntiSMASH) [40], the majority of
which encoded putative bioactive peptides, terpenes, and metabo-
lites of unknown function. Similarly, genome-resolved metage-
nomics has revealed and compared thousands of diverse and
novel BGCs from various grassland and forest soil microbiomes,
underlining that habitat and soil depth are likely major drivers of
overall BGC richness [41].

2.2. The biosynthesis potential of marine microbiomes

More than 70% of Earth’s surface is covered by oceans and mar-
ine environments represent the largest biosphere on the planet.
Here, a plethora of niches distinct from any terrestrial environment
exists. As a consequence, equally diverse microbiomes have
evolved, and this diversity manifests itself in the compounds pro-
duced [42,43] and comparisons of chemo-informatic data have
shown that over 70% of molecular scaffolds in the Dictionary of
Marine Natural Products (DMNP, 2007.6) are unique to marine
organisms [44]. Nonetheless, marine microbiomes have not been
scrutinized to the same extent as their terrestrial counterparts in
the pursuit of novel secondary metabolites. As for soil micro-
biomes, most bioprospecting efforts in the marine environment
have focused on lineages with culturable representatives, such as
proteobacteria [43] and actinobacteria [45], resulting in the discov-
ery of multiple bioactive compounds, of which many are antibi-
otics [46-50]. A few targeted metagenomic approaches have
been used to assess the biosynthesis potential of the unculturable
fraction of marine microbiomes, and especially marine sediments
seem to hold a significant biosynthesis potential [20,51,52]. Coastal
sediment microbiomes harbor twice as many KS and AD OBUs (97%
sequence similarity cut-off) as compared to the coastal seawater
above it, and in addition, 97.4-99.7% of OBUs from both seawater
and sediments cannot be recovered from available databases
[20]. Furthermore, seawater and sediment from the same location
represent significantly different microbiomes in terms of their
genetic capacity to synthesize PKs and NRPs indicating that habitat
is a key driver of the diversity of the biosynthesis potential of mar-
ine microbiomes as well. Untargeted genome-resolved metage-
nomic analyses of a combined collection of ca. 35,000 MAGs,
single amplified genomes (SAGs), and cultivated reference gen-
omes from more than 1000 samples collected across the oceans,
have in addition shown a significant differential biogeographic
structuring of the oceanic biosynthetic potential [53]. In the
oceans, tropical and epipelagic waters are enriched in terpenes as
opposed to the less noticeable polar and deep waters, which con-
versely seem to harbor a more pronounced genetic potential for
the biosynthesis of NRPSs and PKSs. Yet, as for soil microbiomes,
the underlying drivers of the differentiation between habitats
remain to be resolved.

2.3. The biosynthesis potential of host-associated microbiomes

While the evolutionary and ecological forces selecting for an
elaborate repertoire of bioactive metabolites are varied [39], the
microbiomes associated with eukaryotic hosts are likely hotspots
for biosynthetically talented bacteria. In terrestrial systems, the
plant-associated microbiomes of the phyllo- and rhizospheres rep-
resent rich repositories for novel BGCs [54,55]. However, even
within identical plant cultivars, the biosynthetic gene composition
is significantly different between individuals, and is additionally
affected by plant health, growth stage, and geographical distance
[56,57]. This suggests that plants engage in host-microbe interac-
tions with microorganisms producing distinct collections of
diverse bioactive compounds. Similarly, in marine systems, micro-
biomes associated with invertebrates, e.g. ascidians and sponges,
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have been widely studied due to their production of exceptionally
diverse secondary metabolites [58-63]. An initial cultivation-
independent approach seeking to evaluate the natural product
biosynthesis potential of marine sponges showed that of 150 dis-
tinct KS OBUs, 127 formed an independent clade that was present
in the majority of a diverse collection of marine sponges, suggest-
ing that sponge microbiomes produce ubiquitous yet unexplored
polyketides [64]. In contrast to this finding, the exceptionally pro-
lific secondary metabolite-producing microbiomes of the lithistid
sponge Theonella swinhoei produce largely non-overlapping
metabolite profiles, resulting in distinct host chemotypes [58,65].
Global genome-resolved metagenomic data has revealed that
microbiomes associated with more complex eukaryotic host ani-
mals including arthropods, insects, and humans all harbor a broad
assortment of BGCs encoding the most prevalent classes of sec-
ondary metabolites, i.e. PKs, NRPs, ribosomally synthesized and
post-translationally modified peptides (RiPPs), and terpenoids
[12,66], yet in-depth comparisons of the richness and diversity of
BGCs across host-associated microbiomes are currently lacking.

2.4. Comparisons across biomes and methods

Individual studies evaluating the natural product biosynthesis
potential of microbiomes from divergent biomes are limited
[12,20,67], and our extrapolation and presentation of the current
state of the field in the subsections above compile data retrieved
from multiple distinct environments using different methodolo-
gies, each with inherent limitations. Studies relying on amplicon
sequencing targeting conserved domains within PKS and NRPS
BGCs, which is the most widely applied high-throughput approach,
suffer from the fact that the amplicons only cover parts of the
domains of interest. Since PKSs and NRPSs consist of multiple
domains, each amplicon in itself does not easily allow for the infer-
ence of a specific natural product, nor the taxonomy of the organ-
ism it originated from. Furthermore, there are differences in the
choice of target domains, sequencing technology, and primer pairs
across studies. An in silico PCR analysis using the most common
primer pairs on: 1) an existing collection of MAGs from a soil
microbiome [39,41], and 2) all KS and AD domains from the Anti-
SMASH database [68], shows that some primers fail to amplify the
majority, if not all target sequences in these two extensive datasets
(Table 1). For KS domains, the highest number of observed hits are
generated using the MDPQQRf/HGTGTr primer pair designed by
Tae et al. (2006) [61]. However, the in silico generated amplicons
vary in length, indicating a potential risk for unspecific amplifica-
tion. The degKS2F/degKS2R primer pair initially designed by Schir-
mer et al. (2005) [23,29], which has been used to generate the
majority of KS sequencing reads from soil and marine systems
[20,29,30,32], is in contrast quite consistent in amplicon length
and generates the second highest number of hits (Table 1). Simi-
larly, the Schirmer et al. (2005) NRPS primers targeting AD
domains, exhibit superior performance compared to other primer
pairs in silico. However, due to the longer amplicons generated
with this set of primers, it has been substituted with the A3F/
A7R AD-targeting primers [22] in most high-throughput amplicon
sequencing studies as these are based on short-read sequencing
technologies [20,29,30,32]. Interestingly, the more recently devel-
oped primer pairs designed to target divergent NRPS and PKS clus-
ters from soil microbiomes across latitudes and climate zones
[69,70], perform poorly in silico, both against soil derived MAGs
known to carry a broad repertoire of PKS and NRPS BGCs [39,41],
and the collective sequence data in the antiSMASH database. In
extension of the difficulty of developing suitable primers, amplicon
sequencing approaches are confined to the analysis of a select sub-
set of compound classes, i.e. only NRPS and PKS clusters currently.
Furthermore, comparisons with un-targeted metagenomic
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List of degenerate primers used in biosynthetic amplicon studies targeting various conserved domains in NRPS and PKS BGCs, and the number of in silico amplicons obtained with
the listed primers. The publicly available program ‘in silico PCR’ (https://github.com/egonozer/in_silico_pcr) was used to generate amplicons form a set of 1334 metagenome-
assembled genomes of a soil microbiome [41] and all KS and AD domains on the AntiSMASH database (stand: august 2019) allowing for one mismatch and one insertion per

primer sequence.

Name Target domain Theoretical Sequence Reference Hits Hits in % detected of In silico
amplicon in AntiSMASH  AntiSMASH amplicon
length MAGs database domains length
degNRPS-1F  AD 900-1100 AARDSNGGNGSNGSNTAYBNCC Schirmer 2005 891 15,255 37 1010 £ 43
(23]

degNRPS- CKRWANCCNCKNANYTTNAYYTG

4R

MTF2 AD 1000 GCNGGYGGYGCNTAYGTNCC Neilan et al. 342 7039 17 1004 + 51
1999 [99]

MTR CCNCGDATYTTNACYTG

A3F AD 700 GCSTACSYSATSTACACSTCSGG Ayuso sacido 178 8060 20 709 + 25
and Genilloud
2005 [22]

A7R SASGTCVCCSGTSCGGTAS

F AD 480 CGCGCGCATGTACTGGACNGGNGAYYT Amos 2015 0 0 0 NA
(69]

R GGAGTGGCCGCCCARNYBRAARAA

DnDmF C 480 ATGCATCACATTRTNYYNGA Woodhouse 16 NA NA 481 +15
2013 [60]
DCCR GTGTTNACRAARAANCCDAT
MDPQQRf KS 670 RTRGAYCCNCAGCANCG Tae 2006 [61] 1517 7833 40 674 +179
HGTGTr VGTNCCNGTGCCRTG
degKS2F KS 700 GCNATGGAYCCNCARCARMGNVT Schirmer 2005 93 4330 22 680 + 10
(23]

degKS2R GTNCCNGTNCCRTGNSCYTCNAC

KSDPQQF KS 700 MGNGARGCNNWNSMNATGGAYCCNCARCANMG  Piel 2002 69 3513 18 705 + 7
[100]

KSHGTGR GGRTCNCCNARNSWNGTNCCNGTNCCRTG

KSLF KS 700 CCSCAGSAGCGCSTSYTSCTSGA Courtois 2003 32 2419 12 671+ 11
[101]

KSLR GTSCCSGTSCCGTGSGYSTCSA

DKF KS 700 GTGCCGGTNCCRTGNGYYTC Moffitt 2003 19 1125 6 683 + 51
[102]

DKR GCGATGGAYCCNCARMG

MAK1 KS 320 GACACSGCSTGYTCBTCGTCG Savic and 0 656 3 3170
Vailjevic 2006
[103]

MAK3 CCGTTSGACGCRCCGTCCTGGTTSCA

P1 KS TSGAYCCSCAGCARCG Zhao 2012 78 25 0.1 591 + 427
[56]

P2 GTSGAYACNGCSTGYTC

K1F KS - methyl- 1200-1400 TSAAGTCSAACATCGGBCA Ayuso-Sacido 9 NA NA 1304 + 47

malonyl-CoA and Genilloud
transferase 2005 [22]
M6R CGCAGGTTSCSGTACCAGTA
PKS_firmi_F  ACP 340 GCNGGNCAYWSNYTNGGNGARTAYA Aleti 2017 [57] 10 NA NA 340+ 4
PKS_firmi_R CATRWANCKNSWRTGRAANGCNCC
KSo-F KS alpha (type 613 TSGCSTGCTTCGAYGCSATC Metsd-Keteld 15 28 0.1 613 + 0.3
II pks) 1999 [104]

KSa-R TGGAANCCGCCGAABCCGCT

F KS alpha (type 350 GGCAACGCCTACCACATGCANGGNYT Amos 2015 0 0 0 NA
Il pks) [69]

R GGTCCGCGGGACGTARTCNARRTC

approaches, which in some cases can generate complete or near-
complete BGCs [71], are hampered by the relatively limited infor-
mation stored in the small sequences generated by amplicon
sequencing. This issue can to some extent be resolved using bioin-
formatic tools such as dom2BGC [72], or the ‘Environmental Sur-
veyor of Natural Product Diversity’ (eSNaPD), which compares
the sequenced amplicons to a curated reference dataset of 450
unique gene clusters, resulting in around 10,000 signature domains
[73]. However, only a small percentage of detected OBUs can be
assigned to corresponding domains in the database and the results
are highly dependent on the somewhat arbitrary set similarity cut-
off. While amplicon sequencing currently remains the best tool for
deep-sequencing of specific biosynthetic domains, un-targeted
metagenomic approaches are gradually replacing this approach
as the field progresses, hopefully fostering a more standardized
approach across studies and microbiomes.
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3. Tapping into microbial biosynthetic diversity

Considering the diversity of microbial biosynthesis genes in
nature, even the most commonly sampled microbiomes hold pro-
mise of providing novel classes of natural products. As classical
bioprospecting has only been able to capture a miniscule amount
of the true biosynthetic potential, alternative measures are needed
to procure truly novel classes of antibiotics.

3.1. Tying taxonomy to biosynthesis and focusing cultivation

In recent years, several new cultivation and isolation techniques
have been developed, some implemented with the aim of discover-
ing novel bioactive compounds. By applying the principle of in situ
cultivation, the novel antibiotic teixobactin was identified through
the screening of extracts from over 10,000 iChip-derived soil iso-
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lates [74]. The promising therapeutic candidate is the first antibi-
otic to bind lipid II, validating the potential for obtaining structural
novelty from yet-to-be cultured microorganisms. Similarly, droplet
cultivation techniques eliminate competition for space and nutri-
ents by microencapsulation, allowing otherwise cultivation recal-
citrant microorganisms to grow under controlled conditions
[10,75,76]. While increasing the culturable fraction of environmen-
tal microorganisms, such approaches are untargeted and necessi-
tate extensive downstream screening of isolates. Focusing on
specific uncultured taxa exhibiting elaborate biosynthetic reper-
toires could increase the efficiency of such cultivation-based
approaches substantially. Combining droplet cultivation with fluo-
rescence in situ hybridization in living cells (liveFISH [77]) intro-
duces the possibility for high-throughput and targeted isolation
of single microbial cells belonging to promising taxonomic groups.
A prerequisite is, however, that the interconnection between tax-
onomy and biosynthesis potential can be determined. The genera-
tion of complete, or near-complete, MAGs from metagenomes
clearly allows for this interconnection and coupling taxonomic
affiliations. Using the ribosomal S3 protein-encoding gene in com-
bination with antiSMASH outputs for individual MAGs, have
demonstrated that the biosynthesis potential varies greatly across
phyla in soil microbiomes, and that actinobacteria, but also the less
well-studied chloroflexi phylum, likely harbors an extensive sec-
ondary metabolite repertoire [41]. In addition, candidate phyla
without cultured representatives, e.g. rokubacteria, eisenbacteria,
and dormibacteraeota, may be promising candidates for targeted
cultivation efforts. The size and repetitive nature of many BGCs,
and the extensive diversity of low-abundant microorganisms, does
however represent significant challenges for MAG-based
approaches. In contrast, the application of linear correlation analy-
ses on targeted amplicon sequencing data allows for the connec-
tion between taxonomy (16S operational taxonomic units; OTUs)
and biosynthesis potential (OBUs) of low-abundant taxa [20]. Such
analyses have demonstrated that most marine bacterial species
have no, or very few associated OBUs, while taxa not previously
associated with secondary metabolism may in fact be promising
targets for cultivation efforts. Interestingly, in both soil and marine
microbiomes, targeted approaches have demonstrated that the
majority of the uncharacterized biosynthesis potential is associ-
ated with low-abundant taxa [20,27]. Yet again other approaches
have been able to link secondary metabolite biosynthesis potential
to taxonomy in microbiomes. Coupling mass-spectrometry data to
16S OTUs have established the connection between staurosporine
and the Salinispora genus in ocean sediments [51], and single-cell
sequencing approaches have facilitated the assignment of individ-
ual PKS and NRPS genes to sponge-associated members of the
Poribacteria, the Chloroflexi, and the candidate genus Entotheonella
[58,78]. Lastly, opposed to indirect correlation of 16S amplicon
data with functional gene amplicon (or chemistry data), emulsion
paired isolation and concatenated PCR (epicPCR) fuses phyloge-
netic and functional amplicons directly in vitro [79]. This tech-
nique, which makes use of the capture of single cells in
emulsified droplets, has been used to taxonomically identify sul-
fate reducing bacteria and bacteria carrying antibiotic resistance
genes [80,81], and may in a similar manner be a promising tool
in the determination of which taxa to bring into culture.

3.2. Culture-independent acquisition of novel secondary metabolites

Culture-independent discovery of secondary metabolites can be
facilitated by the use of metagenomic clone libraries in combination
with heterologous expression [82]. In such approaches, eDNA is cap-
tured in e.g. a cosmid library and maintained in a host organisms
[83]. The library can subsequently be screened either for functional-
ity such as coloration, bioactivity or compound detection by high
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performance liquid chromatography - mass spectrometry (HPLC-
MS) [84]. Two examples of novel antibiotics discovered by such
approaches include the small molecule turbomycin (1) (Fig. 2),
which was found by investigating melanin-like colored colonies of
alarge metagenomic soil eDNA clone library [85], and the compound
palmitoylputrescine (2) (Fig. 2), which was found by bioactivity
screening of a bromeliad tank water eDNA library [86].

Alternatively metagenomic clone libraries can be screened for
the presence of conserved DNA sequences such as AD and KS
domains by PCR [87]. The latter strategy recently led to the discov-
ery of a new class of calcium-dependent antibiotics, the malacidins
(3) (Fig. 2) [28]. These novel secondary metabolites were identified
in AD amplicon sequenced soil samples based on homology and
phylogenetic analysis of conserved AD domains of calcium-
dependent NRP antibiotics. Assisted by the eSNaPD tool [73], a soil
community especially rich in AD domains encoding for potentially
novel calcium-dependent NRPs was selected. Via cloning of eDNA
into a cosmid library, a novel BGC was identified, assembled,
cloned and expressed in the heterologous host Streptomyces albus,
eventually resulting in the discovery of the calcium-dependent
malacidin antibiotics [28]. A similar workflow has been employed
in the search for analogs of the anti-cancer compound mithramy-
cin in soil [88]. Metagenomic library screening with degenerate
primers targeting KSo genes resulted in the identification of a clus-
ter with structural similarity, but sufficient sequence divergence to
represent a novel analog. The BGC was cloned into S. albus for
heterologous expression, and after bioassay-guided fractionation
and pathway engineering, the novel compound metathramycin
(4) (Fig. 2) was structurally elucidated and characterized as a
potent anti-cancer compound. Hence, such examples demonstrate
the possibility of procuring novel secondary metabolites from
eDNA and, given the large untapped biosynthetic diversity, pro-
mise to be only the tip of the iceberg.

However, multiple technical challenges currently limit the
effectiveness of large-scale culture independent drug discovery
studies. Heterologous expression in a suitable host is not always
straightforward as problems such as codon incompatibility [89],
a lack of necessary regulatory elements [90] and toxicity of the
encoded compound towards the host can arise [91]. Several of
these challenges are being addressed both in heterologous expres-
sion and in induction efforts of silent BGCs from, and in, culturable
bacteria. Development of methods such as transformation-
associated recombination cloning of BGCs [92], promoter-
swapping [93], and experiences from the induction by e.g. co-
cultivation [94,95] could aid in overcoming challenges associated
with heterologous expression of metagenome-retrieved BGCs.
Another challenge is the size limitation of DNA inserts in cosmid
libraries, which means that BGCs larger than 40 kb will be dis-
tributed over two or more clones. This makes it more time con-
suming to screen, find and assemble BGCs [28]. Lastly, BGCs only
constitute a small proportion of bacterial genomic DNA [82,96],
which necessitates sufficiently deep clone libraries in combination
with extensive screening efforts to find them. Therefore, methods
aiming at enriching the microbial community for biosynthetic tal-
ented bacteria before generating a cosmid or sequencing library
may be a promising way to improve the discovery of novel BGCs
and their corresponding secondary metabolites. This strategy was
applied to extract an enriched fraction of the tunicate microbiome
actively expressing bioactive compounds at the time of sampling.
Through fluorescent labelling of the carrier proteins involved in
NRP and PK biosynthesis and subsequent fluorescence activated
cell sorting (FACS), it was possible to enrich the BGC content from
0.77 to 1.17 BGC per Mbp [97].

To what extent the need for clone libraries remains in the future
is unknown, however promising full length BGCs identified by
shotgun sequencing directly could potentially be extracted from
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Fig. 2. Flow chart for the culture independent discovery of natural products from environmental microbiomes. Starting with the environmental sample and the extracted
microbial DNA, KS and AD domains can be profiled to gain insights into the genetic biosynthesis potential. A combination of different pathways can lead then to the isolation
and characterization of novel natural products. Dashed arrows indicate methods not experimentally established yet. At the bottom four examples of bioactive natural

products are shown and color coded according to the methodology of isolation.

eDNA using targeted PCR and subsequent cloning into a suitable
host. This approach has been successful for silent BGCs of cultured
representatives; for example, a new phenazine compound from
Serratia fonticola has been successfully expressed in E. coli [98].
Lastly, single cell sequencing may prove a promising avenue for
the identification of candidate secondary metabolites in the future.
To date it has mainly been used to either identify the producer of a
known compound, or the BGC responsible for its biosynthesis. One
example of this approach is the identification of host-associated
onnamide A producers [58], where members of a complex sponge-
associated microbiome were isolated and the production of the
compound could be tied to members of the Entotheonella genus.

4. Summary and outlook

Microorganisms have been our most generous source of natural
products, and they have provided us with the majority of anti-
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microbial agents applied in our continuous battle against patho-
genic bacteria. Regrettably, as antibiotic resistance is on the rise,
the supply of novel antibiotics from established sources is running
dry, and we must again turn to nature to mitigate this
development.

The microbiomes of Earth harbor immense taxonomic diversity
and the development within the meta-omics field has enabled the
exposure of their genetic potential to produce novel secondary
metabolites. Through the past decade, targeted and untargeted
metagenomic analyses of soil, marine, and host-associated micro-
biomes have identified these as rich reservoirs of novel bioactive
compounds, including PKs and NRPs. However, a lack of standard-
ization in methodology has complicated comparisons across
biomes and current approaches have not yet enabled us to identify
key drivers of biosynthetic diversity. Nor are we currently able to
predict, which microbiomes are the most promising to mine for
truly novel anti-microbial agents.
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To exploit the biosynthesis potential of natural microbiomes,
both cultivation-dependent and cultivation-independent avenues
need to be explored. Through the development of targeted cultiva-
tion methodology, we may be able to isolate representatives of the
rare taxa, which seem to be proficient producers of uncharacterized
bioactive compounds in nature. However, it is improbable that we
will ever be able to cultivate the full phylogenetic range of microbes
found in the environment. Instead, cultivation-independent func-
tion based and sequence based metagenomics have been successful
in the identification and isolation of novel bioactive compounds.
With improved sequencing technologies, more sensitive and precise
bioinformatic pipelines, and a comprehensive understanding of the
biosynthesis, we will likely be able to extract BGC sequences directly
from environmental metagenomes and express them heterolo-
gously to find true chemical novelty. Additionally, single cell isola-
tion and sequencing hold a great promise of identifying rich
producers, for more focused efforts in cultivation or sequencing.
Eventually, we will need to make use of the full potential of environ-
mental microbiomes, using both cultivation and cultivation-
independent approaches to procure the novel anti-microbial agents
needed to avert the antibiotic resistance crisis.
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